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Tämän diplomityön tarkoitus on selvittää laserpohjaisen jauhepetisulatuksen (L-PBF) 
hyödyntämismahdollisuuksia puristusvalumuotin valmistuksessa. Tavoitteena on selvittää, 
missä tilanteissa L-PBF-menetelmä on varteenotettava vaihtoehto perinteisemmille 
muotinvalmistusmenetelmille. Tavoitteen saavuttamiseksi menetelmän tunnuspiirteitä 
tarkastellaan tuotesuunnittelun, kustannusten ja valmistuksen näkökulmista. 
 
Työssä on kirjallisuusosuus ja käytännön osuus. Kirjallisuusosuudessa selvitetään L-PBF-
menetelmällä valmistettavan puristusmuotin toiminnallisuuden ja valmistettavuuden 
kannalta olennaisia asioita. Käytännön osuus on tapaustutkimus, jossa selvitetään L-PBF-
menetelmän soveltuvuutta hammaslääkärin instrumenttipesujärjestelmään kuuluvan 
silikonikumitelineen muotin valmistamiseen, kun vertailukohtana on CNC-koneistus. 
 
Sekä kirjallisen että käytännön osuuden johtopäätös on, että L-PBF-prosessin tarjoama 
hyöty riippuu sovelluskohteen suunnittelusta, kuten koosta ja muodosta, sekä vaatimuksista, 
kuten vaaditusta pinnanlaadusta. Tapaustutkimuksessa tultiin tulokseen, että muotti on tällä 
hetkellä edullisempi valmistaa koneistamalla. Toisaalta työssä tunnistettiin myös L-PBF-
prosessin suuri sovelluskohde- ja ratkaisutapakohtainen potentiaali.
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The purpose of this thesis is to find out how laser-based powder bed fusion (L-PBF) can be 
utilized in manufacturing process of compression mold (CM) tool. The goal is to find out if 
L-PBF could be option for conventional processes. To reach this goal, the characteristics of 
L-PBF were observed from aspects of product design, costs, and manufacturing.  
 
This thesis includes literature review and practical implementation. Literature review 
includes the most fundamental phenomena and restrictions affecting manufacturability and 
functionality of the mold tool made with L-PBF. The practical implementation is a case 
study that compares L-PBF with CNC machining in the making of a CM tool for a silicone 
rubber part of an instrument rinse system of a dental unit. 
 
Both literature review and case study of conclude that the possible benefits of L-PBF at CM 
tool making depend on shape, size, and requirements of the surface quality. Case study 
concludes that it is more cost-effective to manufacture mold by machining. It was concluded 
that L-PBF has potential that is dependent on the application and the type of solution. 
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1 INTRODUCTION 
 

 

This thesis focuses on how laser-based powder bed fusion (L-PBF) can be utilized in design 

and manufacturing processes of compression mold tools. The thesis also includes a case 

study, where L-PBF is considered as a manufacturing method for compression mold that is 

used in the making of silicone rubber parts for dental instrument rinse system. Some of the 

most fundamental factors of this application are heat transfer and stability. These are critical 

factors due to cyclic temperature and high loads that occur during the molding process. 

(Mennig & Stoeckhert 2013, p. 54-55.) 

 

The case study is done for Finndent, a Finnish dental unit manufacturer. The brand name has 

been associated with dental chairs since the 1970’s. A large proportion of Finndent products 

are exported, but they can also be found all around clinics of Finland. Finndent will be 

launching its new product family Q soon. (Finndent 2020) 

 

1.1 Aim of thesis, research problem and questions 

The research problem is the lack of information about performance and relative costs of L-

PBF made compression mold tool. There is no established optimization process for L-PBF 

compression mold tool, and it is difficult to estimate when L-PBF could be an option for 

machining. 

 

The aim of this thesis is to determine the possibilities and limitations that L-PBF has in 

respect of designing and manufacturing of a compression mold tool.  

 

Research questions are: 

- Can a production compatible compression mold or parts of it be manufactured by using L-

PBF? 

- Can L-PBF be cost-effective option for more traditional manufacturing method in the 

making of compression mold? 

- How can AM be utilized in design phase of compression mold? 

- What advantages L-PBF has when it is utilized in mold making? 

- What are the limitations of L-PBF when it is utilized in mold making? 
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1.2 Research methods 

Research methods include literature review and a case study. Literature review examines 

structural characteristics and quality demands of compression mold. The characteristics, 

possibilities, limitations, and design aspects of L-PBF are also discussed. 

 

Case study of applicability of L-PBF is conducted. The information gained from literature 

review is utilized in design of different solutions. Computerized numerically controlled 

(CNC) machining is an option for AM, and design rules are learned by asking feedback from 

Finnish design and manufacturing companies that have experience of molds and castings. 

 

The utilization of lattice structures is included to this thesis. Body-centered cubic (BCC) 

lattices are chosen to be examinated. The creation of 3D models of mold components is 

performed by using CREO Parametric 6.0.4.0. Finite element (FE) analyzing and generation 

of lattice structures is executed with nTop Platform 2.14.3. Examination of CLI files and 

exporting them to STL form was performed with Netfabb. 

 

1.3 Framing 

Since the case study is focusing on compression molding of silicone rubber, the emphasis is 

on compression molding of elastomers. Multi-cavity molds are excluded as the focus is on 

manufacturing only one part per work cycle. Mold materials of the literature review are 

limited to aluminum, steel, and copper alloys, even though aluminum alloy is chosen in the 

case study without large-scale material selection process. Build process simulation of L-PBF 

parts is not performed. 
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2 LITERATURE REVIEW 
 

 

The literature review of this thesis discusses compression molding (CM), L-PBF and lattice 

structures. The literature review begins with assimilating the fundamentals of CM. Next step 

is to observe phenomena that have to be considered when designing and manufacturing parts 

with L-PBF. CM tool is exposed to a high pressure during the mold process (Mennig & 

Stoeckhert 2013, p. 55), and L-PBF process contains high temperature gradients that bring 

in the risk of failure of the part (Motibane et al. 2019, p. 1). Therefore, the structural and 

thermal phenomena are observed because they affect quality and performance of CM tool 

manufactured with L-PBF. Additive manufacturing technology has enabled free scalability 

of cells and a wider range of different topologies (Mines 2019, p. 2), and therefore lattice 

structures are also observed in this literature review. 

 

2.1  Compression molding 

Compression molding (CM) is the oldest elastomer forming technique that is still in use. CM 

process is often suitable for making prototypes due to relatively low costs. CM products have 

high strength, good chemical resistance, and good dimensional stability. A part made with 

CM process can usually stand high temperatures without deforming. CM process is an 

economical process that has advantages with pieces that have thin walls or large surface 

areas and with parts that are sensitive to deformation. CM process is presented in Figure 1. 

(Mennig & Stoeckhert, 2013 p. 53, 242.) 
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Figure 1. An example of CM process. Material inside the mold solidifies under certain 

pressure and temperature. (Ashby & Johnson 2010, p. 258.) 

 

Figure 1 shows that the compound is inserted into lower die of the mold. Pressure is applied 

after this by pressing the upper die towards the lower die. Mold compound solidifies under 

a certain pressure and temperature. Ejector pin eases the removal of the part. (Ashby & 

Johnson 2010, p. 258.) 

 

Two often used compression mold types are shear edge mold and overflow mold. These 

mold types are presented in Figure 2. (Banten 2019, p. 304.) 

 

 
Figure 2. Cross sections of shear edge mold and overflow mold (Banten 2019, p. 305). 

 

Figure 2 shows that shear edge molds have strict parting line that keeps the compound inside 

the cavity. The amount of compound inserted into shear edge mold has to be precise, because 

underfilling causes sink marks. The overflowed material of overflow mold compensates the 

contraction of the casting. Parts produced with overflow mold have flash around them that 

needs to be removed after the molding process. (Banten 2019, p. 304.) 

 

 Applicability of CM process 

Compression molding is mainly used for thermoset compounds, but it can also be applied to 

thermoplastics even though the effects of heating and cooling may cause problems. CM 

process is a common fabrication method of fibre-reinforced and long-fiber-reinforced 

thermoplastic products. CM is an economical option for many applications and widely 

utilized in electronics and automotive industriy, even though injection and injection-

compression molding have gained industrial use largely. One disadvantage of CM process 

is long cycle time. The heating takes time between each closing. Elastomer blanks also bring 
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their own challenge to the process. Blanks require pre- and postprocessing and they are quite 

expensive due to strict weight-per-area requirements. Pros and cons of CM process are 

presented in Table 1. (Mennig & Stoeckhert 2013, p. 52, 243.) 

 

Table 1. Pros and cons of compression molding of elastomers (Based on Mennig & 

Stoeckhert 2013, p. 243). 

Compression Molding of Elastomers 

Advantages Disadvantages 

• Suitable for wide range of elastomers 

• Robust process 

• Cost-effective mold and machinery 

• Capability is achieved quickly 

• Simple process 

• Only little know-how required for 

operating 

• Great flexibility 

 

• Long cycle times 

• Flashing 

• Production and preparation of blanks 

• Finishing of molded parts; deflashing 

• Having elastomer-free surfaces in 

inserted part is difficult or impossible 

• Optimization of process parameters as 

the forces are applied by a cylinder 

• Automatic operations are difficult to 

illustrate 

• Imprecise tolerance position of the parts

 

Table 1 shows that biggest advantage of CM process is its simplicity. Main disadvantages 

are flashing, which may need postprocessing, and long cycle times due to heating and 

cooling. The elastomer tends to fill all the space and cracks possible while molding, which 

is desirable phenomenon on a common level but can cause trouble when elastomer-free 

surfaces are desired in a final product. (Mennig & Stoeckhert 2013, p. 243.) 

 

 Mold structure 

Mold usually consists of two plates: upper and lower. Core and cavity shapes of these plates 

create the shape of the final product. Surfaces that are in contact with molding compound 

are often protected from the corrosion by applying a suitable surface treatment. The basic 

structure of the mold is presented in Figure 3. (Mennig & Stoeckhert 2013, p. 56, 58.) 
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Figure 3. CM process and the main components. (Modified from Mennig & Stoeckhert 

2013, p. 54.) 

 

As Figure 3 shows, mold plates are focused with guidance pins, of which properties have to 

be suitable for the sliding contact. Guidance elements can be under significant stresses when 

the load distribution is not uniform. Therefore, the choice of tolerances, material and surface 

treatment of guidance elements should be considered. (Mennig & Stoeckhert 2013, p. 56, 

58.) 
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 Molding process 

Preheated, tableted or pre-plasticized molding compound is inserted into the open mold in 

the beginning of molding process.  Loading of the compound can be performed manually or 

by utilizing a loading device. An elastomer compound is usually in a form of sheet. The pre-

formed sheet is inserted into preheated mold. The volume of inserted material should be 

close to volume of the cavity of the mold; oversizing of up to 5 % is acceptable. (Mennig & 

Stoeckhert 2013, p. 53.) 

 

Heat can be applied either directly or indirectly. Direct heating can be done by integrated 

electric heater or by using heat transfer fluids. Heat transfer fluids require channel for 

circulation. At indirect heating, the heat is applied to the mold by conduction through heat 

platens. Molds are often made of heat resistant steel to ensure reliability of the mold under 

different conditions. (Mennig & Stoeckhert 2013, p. 53.) 

 

The conventional way of applying heat to the mold is by conducting the heat via press 

platens. Furnace is also used for heating (Syahirah et al. 2016, p. 2). Heat can also be applied 

by utilizing electromagnetic induction, which provides more responsive control over the 

process and cuts down the processing time. The overall thermal mass of the process can be 

decreased by using induction instead of conduction heating. It has been observed that the 

use of induction heating in CM process instead of conduction heating can reduce the cycle 

time by 23 %. (Miller & Ramani 1997, p. 251, 257.) 

 

The molding compound is exposed to heat and pressure when the preheated mold is closed. 

The applied pressure depends on viscosity of the rubber and flow resistance of the mold and 

is usually between 15-70 MPa. The compound softens between the mold plates and spreads 

evenly in the cavity of the mold during the closure. After a certain time, the compressed and 

heated compound sets into a solid form. The time it takes for a piece to solidify depends on 

wall thicknesses of the piece, flowing properties of the material and of the preheating degree. 

Intermediate ventilation can be applied, if needed. The preform is removed from the mold 

by hand or by removal device after the solidification. (Mennig & Stoeckhert 2013, p. 53, 

242.) 
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 Mold materials 

Material properties of common metals and metal alloys used in mold making and AM 

processes are presented in Table 2. It has to be kept in mind, that the strength values of AM 

products differ in horizontal and vertical directions. For example, yield strength value for 

AlSi10Mg at horizontal direction can be 25 % higher than what it is at vertical direction. 

(Renishaw 2015, p. 2.)  
 

Table 2. Material properties of common metals and metal alloys used in mold making. If the 

value has been ranging, the maximum value has been chosen into this table. (Renishaw 2015, 

p. 1-2; StructX A 2020; StructX B 2020; MatWeb A 2020; MatWeb B 2020; MatWeb C 

2020.) 
 Coefficient 

of thermal 
expansion 
(10-6K-1) 

Density 
(kg/m3) 

Young’s 
modulus 

(GPa) 

Hardness 
(HB) 

Thermal 
conductivity 

(W/mK) 

Ultimate 
strength 
(MPa) 

Yield strength 
(MPa) 

 

Aluminum 23.1 2.7 68 NA 210 193 11 

AlSi10Mg 20 2.7 70 

(vertical 

direction) 

 

400 180 390 200 

Bronze 18.7 8.7 120 168 208 586 380 

CuBe2 NA 8.3 NA 400 160 1300 1000 

CuCoNiBe  8.9  250 250 900 550 

Stainless 
steel 304 

12 8.1 193 NA NA 1100 97 

Stainless 
steel 316 

12 8.1 193 149 NA 550 96 

Carbon 
steel 

12 7.9 200 NA 40 1900 690 

Copper, 
cold-

worked 

NA 9.0 NA 89 385 220 70 

 

Table 2 shows that material properties of different materials vary a lot. The final material 

selection will be made based on the chosen manufacturing method. Before the final selection 

the properties of materials have to be compared based on requirements of the mold. 
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Steel is the most used material for plastic mold making, and there is a large range of steel 

types for mold making. Several surface finishing processes have been developed to achieve 

an optimal service hardness of the mold. The cheapest and the most forthright mold making 

process is achieved by using pre-hardened plastic mold steel. The mold with higher hardness 

requirements can be pre-machined of annealed through-hardening plastic mold steel, which 

is finally vacuum hardened and hard machined. The hardness of 62 HRC achieved with this 

method. The same hardness can be also achieved by using case hardening steels. Even 

greater hardness is achieved by applying a surface finishing. The hardness after surface 

finishing depends on the method and varies between 700 and 3500 HV. (Mennig & 

Stoeckhert 2013, p. 421-422.) 

 

Aluminum has many advantages as a mold material due to its light weight, good 

machinability, high thermal conductivity, and good corrosion behavior. Thermal 

conductivity of aluminum – 110 to 220 W/mK – is higher than steel and lower than most 

copper alloys. Corrosion resistance of aluminum depends on percentage of pure material and 

dryness of environment; high aluminum percentage and dry conditions improve corrosion 

resistance. Aluminum has good machinability, which makes the processing of the mold 

faster. The processing time savings of the mold are from 50 up to 70 % when aluminum is 

used instead of steel.  (Mennig & Stoeckhert 2013, p. 442-443.) 

 

Al-Si alloys are used in casting applications due to their excellent castability and crack 

resistance. Al-Si alloys are aluminum alloys that contain silicone from 4 to 20 %. The upper 

content limit of silicone is caused by the plasticity of the alloy due to brittle nature of silicone 

phase. The lower content limit of silicone is defined by solidification gap that should be 

relatively narrow. Al-Si alloys are usually divided to 3xx and 4xx alloys; 4xx alloys contain 

only aluminum and silicone, 3xx alloys contain additional alloying elements. The most used 

alloying elements of 3xx alloys are copper, magnesium, zinc, and nickel. Alloying elements 

can make the 3xx product stronger and harder but can also reduce elongation. Magnesium 

concentration of 3xx alloy is usually between 0.2 and 0.6 %; lower limit is defined by 

enabling sufficient age hardening and the upper limit is set to prevent brittle fractures. 

(Glazoff et al. 2019, p. 405-408.) 
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Copper alloys have usually a high thermal conductivity, which enables shorter cycle times 

of a molding process. The machinability of copper alloy is often sufficient to produce mold 

components when modern tooling technologies are applied. Two of the largest groups of 

copper alloys are bronze and low-alloyed copper alloys. The main additives of bronze are 

aluminum and tin. Low-alloyed copper alloys usually contain under 2 percent of nickel, 

chrome, and beryllium. Bronze has lower thermal conductivity than low-alloyed copper 

alloys, but its better sliding properties make it more suitable material for guidance elements 

of the mold. Low alloyed copper alloys should always be chosen over bronze when thermal 

conductivity and good mechanical properties are the criteria. CuBe alloys offer the best 

strength properties in the group of copper alloys. It has to be noted that compressive strengths 

of copper alloys are lower than steel alloys, even though tensile strength of a CuBe alloy can 

be close to some steel alloys.   (Mennig & Stoeckhert 2013, p. 460-461.) 

 

 Design of CM tool 

Five things that should be considerated when minimizing the amount of rework and costs of 

compression mold are stability, heating, demolding, dimensional tolerances, and draft 

angles. Draft angles are not necessary if silicone rubber part can be deformed while removed 

from the mold (Albright 2020.), as Figure 4 shows. It is often reasonable to test the 

functionality of the mold with a prototype before manufacturing a production mold.  

(Mennig & Stoeckhert 2013, p. 54-55.) 

 

 
Figure 4. Silicone parts often allow deformation while removal. (Primasil 2016.)  
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Figure 4 shows silicone parts that are removed from the mold. Because the case study focuses 

on silicone rubber part that allows movement while removal, the observation of draft angles 

is mostly excluded from this part of the work. (Albright 2020.) 

 

The stability of the mold is important as the mold is exposed to a high pressure. Mold should 

not deform too much, and limits for an elastic deformation should be set. Too large 

deformation can deteriorate opening and demolding properties of the mold. Certain surface 

treatments increase the risk of surface tearing. The side walls with reasonable height to wall 

thickness ratio should be considered when designing the mold. Designing the mold to be 

oversized can improve stability and make temperature distribution more uniform. Material 

costs are relatively low when compared to other manufacturing expenses, therefore 

designing the mold larger can be a cost-efficient way to improve its overall performance in 

case of traditional manufacturing methods. (Mennig & Stoeckhert 2013, p. 55.) 

 

Post surface treatment should be considered during the design process of the mold. Majewski 

and Hopkinson (2004) carried out a study with mold manufactured by L-PBF and they 

noticed that surface finishing and used layer thickness significantly affect the force that 

needs to be applied to eject the workpiece off the mold. Majewski and Hopkinson (2004) 

noticed that ejection force reduces on average 79 % when the layer thickness of steel-based 

powder is changed from 50 to 20 µm. Majewski and Hopkinson (2004) also noticed that the 

ejection force is reduced by 59 % when decreasing the layer thickness of bronze-based 

powder from 50 to 20 µm. Figure 5 shows that the level of finishing has distinct effect on 

ejective force. (Majewski & Hopkinson 2004, p. 19-20.) 
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Figure 5. Peak ejection forces of differently finished L-PBF mold inserts made of 

DirectSteel 20 (Majewski & Hopkinson 2004, p. 20). 

 

As it can be noticed from Figure 5, the required ejection force decreases when post 

processing is applied; for example, the force required for ejection of shot-peened L-PBF 

mold is 15-20 % of the force that unfinished L-PBF mold requires (Majewski & Hopkinson, 

2004, p. 20). The reason for this is most likely reduced surface roughness, which has direct 

effect on static friction coefficient of the contact surface (Ivković, Djurdjanović & 

Stamenković 2000, p. 44). The relation between surface finishing and reduced static friction 

coefficient can be seen in Figure 6 (Ivković, Djurdjanović & Stamenković 2000, p. 44). 
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Figure 6. Polishing reduces static friction coefficient between test specimens. (Based on 

Ivković, Djurdjanović & Stamenković 2000, p. 44.) 

 

Figure 6 shows that polishing reduces static friction coefficient of material pair as value of 

surface roughness decreases (Ivković, Djurdjanović & Stamenković 2000, p. 44). The same 

phenomenon can be noticed when casting is ejected from the mold. Another reason for 

surface treatments is that cavity and core surfaces of the mold are exposed to mechanical 

and chemical wear. Surfaces contacting the compound should be protected by hardening or 

by wear resistant coating. It has to be noted that certain surface treatments can make 

especially the core parts more prone to failures.  (Mennig & Stoeckhert 2013, p. 55, 58.)  

 

Majewski and Hopkinson (2004) observed also how draft angle affects ejective force of L-

PBF mold, but no direct effect was found. The use of thinner layers reduces ejective forces, 

but it also increases build time. The use of thinner layers decreases surface roughness and 

required ejective force. The use of greater layer thickness leads to shorter processing time of 

the mold but also increases the surface roughness of the tool. (Majewski & Hopkinson 2004, 

p. 22.) 
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The casting of the case study is made of silicone rubber. Therefore, the focus of shrinkage 

characteristics is on this material. Silicone rubber parts usually shrink 2-3 % after the 

demolding process. Temperature of the mold is a major agent of shrinkage: the higher the 

temperature, the higher the expansion of material. Shrink percentage is higher the greater the 

change of temperature is when the casting cools down as it solidifies. Demolding 

temperature also affects shrinkage of the casting. (Si-Tech 2015.) 

 
2.2 Laser-based powder bed fusion process 

The first laser-based powder bed fusion (L-PBF) machine, M 250, was launched in 1995 by 

EOS. Next model M 270 was launched a decade later, and it enabled the production of direct 

metal parts with fiber laser. Dental implants were one on the first applications that utilized 

additive manufacturing at production phase. L-PBF started to get more popular in production 

of parts of industrial applications, and in 2008 it was utilized in several applications. Since 

then the growth of direct part production has been significant. (Stone & Cooper 2017, p. 

858.)  

 
The first power bed fusion (PBF) process was released under a trademark of selective laser 

sintering, which was developed for building prototypes out of plastics. In all PBF processes 

the material used for build is in a form of powder. The fusion of powder particles is executed 

by exposing heat to an area predefined by the 2D cross section of a certain layer of the 

workpiece. A wide range of materials is available for PBF processes, and the properties of 

fabricated products often fulfill the requirements of end-use product. (Gibson, Rosen & 

Stucker 2010, p. 103.) 

 

L-PBF has many advantages with parts that have very complicated features that would be 

difficult and time consuming to fabricate with other methods. AM makes revising of the 

parts more efficient as the workload of R&D decreases. The powder is used efficiently, and 

therefore the build process does not produce much waste. The efficient use of material 

enables the use of rare, more expensive metals, which would not be considered as reasonable 

material choices with many other manufacturing methods. An advantage that could be 

extremely useful in mold making is that AM enables fabrication of internal cooling channels, 

which could reduce cycle times. It would be very difficult or impossible to produce similar 

inner geometries with traditional manufacturing methods. L-PBF makes it possible to 
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combine an assembly into one part, as shown in Figure 7, which leads to savings due to 

elimination of other process steps such as welding. (Stone & Cooper 2017, p. 859.) 

 

 
Figure 7. 3D models of an assembly and single part demonstrating how optimal design of 

AM part can minimalize the need of separate parts.  
 

Figure 7 shows an example of part count reduction. The assembly costs are minimized or 

eliminated when the part count is decreased. Merging of separate parts makes the 

manufacturing process of an application more forthright. (Stone & Cooper 2017, p. 859). 

 

 Porosity of the part 

Porosity of a part is a combination of metallurgical pores and keyhole pores, of which sizes 

are less than 100 µm and more than 100 µm, respectively (Aboulkhair et al. 2014, p. 82). 

Morphology and processing parameters of the laser beam affect the formation of porosity. 

Particle size distribution (PSD) of the powder is one factor of this effect. The differences 

between sizes of powder particles increase porosity of the workpiece especially when the 

used powder is a mixture of spherical and non-spherical powders. Figure 8 shows an example 

of PSD of powder. (Jeon et al. 2018, p. 15.) 
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Figure 8. Spherical and non-spherical particles in a powder used in L-PBF (Jeon et al. 

2018, p. 4). 

 

Figure 8 shows spherical powder particle among non-spherical particles. The larger the non-

spherical grains, the smaller the density of a workpiece is. The more there are different sized 

and shaped particles among the used powder, the more pores there will be in a built part 

(Jeon et al. 2018, p. 15). PSD affects on powder flowability as different sized powder 

particles act differently in the building process: fine powder particles - sized 0.1-5 microns 

- often stick together which might leave scanned layer bumpy. On the other hand, particles 

over 60 microns lower the packing density of the layer. If PSD of the powder has a lot of 

fine particles, the powder produces more dense part and requires lower laser energy density. 

PSD with larger particles usually predicts better flowability. It is possible to adjust the 

density of final part by adjusting parameters of the L-PBF because the base material is in a 

form of powder. (Stone & Cooper 2017, p. 867-868.) 

 

Preheat treatment of powder bed between each layer leads to a more uniform microstructure 

of workpiece. Higher preheating temperature lowers the required heat input of laser, which 

enables production of equally dense parts with higher scanning speeds (Kempen et al. 2013, 

p. 6). Placing a heating element below the base plate of AM machine is one way of executing 

preheating (Mertens et al. 2016, p. 884). Figure 9 shows light optical microscope (LOM) 

image of a bottom of a workpiece produced by L-PBF. (Kolbus et al. 2015, p. 1423.)  
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Figure 9. LOM image of geometry built with L-PBF. (Modified from Kolbus et al. 2015, p. 

1423.) 

 

Figure 9 shows individual melt pools, pores, and borderlines between melt pools. According 

to Kolbus et al. (2015), the individual melt pool structures are created when powder bed has 

not been heat treated before scanning of each layer. Dark lines and pores between melt pools 

indicate that there is less contact between the particles. The number of pores can be 

minimized by adjusting parameters of the AM machine, but this could lead to increased 

formation of residual stresses. (Kolbus et al. 2015, p. 1423, 1430.) 

 

Inappropriate hatch spacing can increase porosity of a layer and varying energy input might 

cause porosity between the layers (Stone & Cooper 2017, p. 867). Figure 10 shows how 

hatch spacing affects to porosity of AlSi10Mg (Aboulkhair et al. 2014, p. 80). 
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Figure 10. Effect of hatch spacing to relative density of AlSi10Mg workpiece (Aboulkhair 

et al. 2014, p. 80). 

 

Figure 10 shows that the relative density of the AlSi10Mg decreases when hatch spacing 

increases. This is because of the gaps that are formed between the meltpools. More 

overlapping takes place when hatch spacing is decreased, which makes the workpiece more 

solid. Hatch spacing is often increased to shorten the build time, but it can lead to less dense 

result. Building workpiece with large hatch spacing requires thinner layer thickness to 

achieve sufficient relative density. Therefore, the relation between energy density and build 

time has to be considered. (Aboulkhair et al. 2014, p. 80-81.) 

 

Porosity of the part can be lowered by increasing energy density of the laser beam, but this 

might lead to delamination of the part (Kolbus et al. 2015, p. 1430). Even though energy 

density has effect on formation of porosity, it might not be the most suitable indicator of 

porosity as different values of porosity can be achieved by variating laser power and scan 

speed when energy density remains constant (Gu et al. 2013, p. 488). Cutting down humidity 
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of the build atmosphere may decrease porosity since too humid atmosphere can deteriorate 

spreading of powder and laser absorption (Stone & Cooper 2017, p. 866, 868).  

 

 Residual stresses 

The formation of residual stresses is a critical issue related to AM processes because residual 

stresses can cause distortion, cracking, or delamination of the part (Motibane et al. 2019, p. 

1). The effects and characteristics of residual stresses are fundamental since components of 

the mold are under a significant load in CM process and because geometric tolerances of the 

mold are strict (Mennig & Stoeckhert 2013, p. 55-58.).  

 

The measurement of residual stresses of L-PBF parts is challenging as there is no established 

nor standardized method of determining a stress-free reference piece. One challenge is to 

keep the properties of the metal powder constant, because the microstructure, thermal history 

and composition of the powder can vary between the powder batches. (Kolbus et al. 2015, 

p. 1420.) Residual stress profiles that Kolbus et al. (2015) defined for 316L steel workpiece 

manufactured by L-PBF, created based on X-ray diffraction and crack compliance method, 

showed that tensile stresses can be found at about 1 mm thin layer almost on the top and at 

the bottom of the workpiece, while compressive stresses take place in the middle of the 

workpiece. The maximum principal stress was perpendicularly facing the build direction. 

Earlier study (Shiomi et al. 2004, p. 198.) has also stated that largest value of residual stress 

is in the top layer and that it is tensile. 

 
Dynamic temperature distribution and short cycles of heating and cooling combined with 

high temperature gradients are the main phenomena causing residual stresses in AM 

processes. The volume of build material changes when the phase of the material changes. 

Changes of volume that lead to residual stresses occur during solidification when 

microstructure forms and phenomena such as martensitic transformation and precipitation 

take place. (Dutta, Babu & Jared 2019, p. 40-41.) 

 

There are two mechanisms that explain the formation of residual stresses: temperature 

gradient mechanism (TGM), and a mechanism that takes place during the cool-down phase 

of top layers. Main phenomena of TGM are formation of compressive stresses 𝜎 , plastic 
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deformation 𝜀  and tensile stresses 𝜎 . TGM occurs in solidified, previously built layer 

of a workpiece and is shown in Figure 11 (Kempen et al 2013, p. 3.) 

 

 
Figure 11. Stages of temperature gradient mechanism. (Kempen et al 2013, p. 3.) 

 

Figure 11a shows that the material in top layers of workpiece, that laser beam has just 

scanned, tends to expand due to high thermal input. This expansion is restricted by lower 

cooled layers of the workpiece. This leads to formation of compressive stresses in top layers 

of the workpiece. If compressive stresses exceed the yield strength 𝜎 , the top layers of the 

workpiece may deform plastically, as shown in Figure 11b. Compressive stresses turn in to 

tensile as material contracts during the cooling, which is shown in Figure 11c. (Kempen et 

al 2013, p. 3.) 

 

Another residual stress formation mechanism, which takes place cool-down phase of top 

layers, occurs when top layers of the workpiece tend to contract. The lower layers of the 

workpiece are restricting the contraction, which results in formation of tensile stresses in top 

layer, while lower layers are exposed to compression. (Kempen et al 2013, p. 3.) 

 

Heat treatment is the most effective way to reduce residual stresses during the manufacturing 

process (Yadroitsava & Yadroitsev 2015, p. 623). Heat treatment can be applied at several 

stages of the process. Re-scanning of each layer reduces tensile stresses of chrome 

molybdenum steel (JIS SCM440) workpiece by 55 % (Shiomi et al. 2004, p. 198). It has to 

be noted that re-scanning of each layer can contribute the formation of cracks due to 
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increased density and cooling rate (Kempen et al. 2013, p. 4). Residual stresses of JIS 

SCM440 workpiece can also be decreased by 40 % by preheating the powder bed (Shiomi 

et al. 2004, p. 198). 

  

Figure 12 shows how preheating temperature and scanning strategy affect residual stresses 

of Ti-6Al-4V workpiece made with L-PBF (Dutta, Babu & Jared 2019, p. 41).  

 

 
Figure 12. Bed preheat temperature as a function of average maximum residual stress when 

two different scanning strategies are used. (Dutta, Babu & Jared 2019, p. 40-41.) 

 

Figure 12 shows that higher preheating temperature and an optimal scanning strategy can 

decrease residual stresses. The increase of the preheat temperature decreases residual 

stresses with both scanning techniques. 90-degree alternating scanning produces Ti-6Al-4V 

parts with lower residual stresses than 5x5 chessboard scanning when preheat temperature 

is 100-470 °C. It can be seen from figure 10 that the slope of 5x5 chessboard scanning is 

deeper than the slope of 90-degree alternating scanning, and therefore it could be that these 

two graphs meet when even higher preheat temperature is applied. (Dutta, Babu & Jared 

2019, p. 41.) 
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Post heat treatment is an effective way to decrease residual stresses and deformations. Post 

heat treatment is usually performed by heating a workpiece in electrical furnace, vacuum 

furnace or in hot isostatic press (Crudible 2015, p. 16). Shiomi et al. (2004, p. 198.) noticed 

that keeping the workpiece built with L-PBF at elevated temperature for one hour can cut 

residual stresses down by 70 %. The material that Shiomi et al. (2004) used was chrome 

molybdenum steel mixed with copper phosphate and nickel powders and the post heat 

treatment temperatures were 600 and 700 °C. Figure 13 shows the relation between heating 

temperature and residual stress in the top layer of this workpiece (Shiomi et al. 2004, p. 198).  

 

 
Figure 13. Heating temperature as a function of residual stress. Material: 69.6 % of SCM, 

21.7 % of Ni and 8.7 % of CuP. (Shiomi et al. 2004, p. 198.) 

 

Figure 13 shows that post heat treating at around 600 °C increases residual stresses of the 

JIS SCM440 workpiece. No large difference at residual stresses can be seen when 

temperature of post heating is increased from 600 to 700 °C. It has to be noted that the 

powder mix used in Figure 13 is very specific, and therefore these results cannot be 

generalized. (Shiomi et al. 2004, p. 198.)  

 

A cantilever presented in Figure 14 built by using L-PBF also demonstrates the effect of post 

heat treatment. (Yadroitsava & Yadroitsev 2015, p. 623.) 
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Figure 14. Cantilever built with L-PBF. (Yadroitsava & Yadroitsev 2015, p. 623.) 
 

The first arm of the cantilever in Figure 14 bent 0.8 degrees when it was removed from the 

base plate. The gap caused by bending is presented in Figure 14 (point A). After a three-

hour-long heat treatment at 650 °C in an argon atmosphere another arm was removed, and it 

did not deform. The local residual stresses at measurement points had also decreased 

significantly. (Yadroitsava & Yadroitsev 2015, p. 623.) 

 

Residual stresses in a part made with L-PBF are much higher than in a part made with 

electron beam powder bed fusion (EB-PBF) process. The most probable reason for this is 

that L-PBF does not include as extensive preheating functions as EB-PBF process does. 

When Kolbus et al. (2015) observed the residual stresses of a 10 x 5 x 15 mm L-PBF 

workpiece, the residual stresses in the middle of the workpiece tended to occur as 

compressive, unlike at EB-PBF workpiece where the residual stresses in the middle were 

tensile. One explanation for this is hatch spacing; at L-PBF the hatch spacing is smaller than 

it is at EB-PBF. Distribution of residual stresses at the center of the workpiece was in the 

shape of ellipsoid at both L-PBF and EB-PBF processes. (Kolbus et al. 2015, p. 1420–1421, 

1427–1430.) 

 

 Surface quality aspects 

A typical Ra value for surface roughness of L-PBF part is usually 5-18 µm (Digital Alloys 

2019). The time that a scanned area is exposed to the laser has effect on surface quality of 

the part (Baoqiang et al. 2018, p. 3-4; Digital Alloys, 2019).  

 

Optimal laser energy density, scan direction and gas flow direction decrease surface 

roughness of the part. The sides of the part have usually worse surface quality than horizontal 
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surfaces and therefore it is reasonable to place easily machinable surfaces parallel to build 

direction. (Baoqiang et al. 2018, p. 9.) The more precise effects of positioning will be 

discussed later in this thesis. Typical surface roughness values of different manufacturing 

processes are presented in Figure 15 (Digital Alloys, 2019). 

 

 
Figure 15. Surface roughness ranges of different processing methods (Digital Alloys, 2019). 

 

Binder jetting offers the best surface quality of AM processes as it can be seen in Figure 15. 

L-PBF cannot provide as good surface quality as most machining techniques, but still 

manages to partly overlap with some of the conventional methods. (Digital Alloys, 2019.) 

 

Laser energy density is discussed here because it has direct effect on the surface roughness 

of the workpiece. Energy input applied to the material volume during the build process can 

be calculated with equation 1 (Dutta, Babu & Jared 2019, p. 42). 

 

 

 

 

 𝐸 = 𝑃𝑣𝑆𝐿  (1) 



33 

 

Where E is energy input per voxel (J/mm3), which can also be described as laser energy 

density (Wang, Wang & Wu 2017, p. 89), Pb is power of the laser (W), v is scan speed 

(mm/s), S is hatch spacing (mm), and Lt is layer thickness (mm). 

 

Energy input can also be described as laser energy density. Exposure time is the time that 

laser is applied to one point of workpiece. Average value of scan speed v can be determined 

as quotient of distance between two scanning points and exposure time. Therefore, laser 

energy density can also be calculated with equation 2. (Wang, Wang & Wu 2017, p. 89.) 

 

 

 

 

Where E is laser energy density (J/mm3), Pb is power of the laser (W), 𝑇  is exposure time 

(µs), 𝑃  is distance between two scanning points (µm), S is hatch spacing (mm) and Lt is 

layer thickness (mm). 

 

Too long or short exposure time, which means the time that each point of the workpiece is 

exposed to the laser beam, can lead to decreased surface roughness of the workpiece. This 

is shown in Figure 16. (Baoqiang et al. 2018, p. 3-4.) 

 

𝐸 = 𝑃 ( 𝑇𝑆 ∗ 𝑃 )𝐿  (2) 
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Figure 16. Exposure time as a function of surface roughness for a cube made of AlSi10Mg 

(Baoqiang et al. 2018, p. 3-4). 

 

Figure 16 shows that energy input per voxel has effect on surface roughness values. The 

laser energy density should be between 170 and 210 J/mm3 for the AlSi10Mg workpiece to 

achieve finest possible surface quality with the parameters presented in Figure 16. As 

equation 2 shows, too short exposure time could be compensated by increasing laser power 

and by decreasing hatch spacing and layer thickness. This applies conversely for too long 

exposure time. These parameter changes would also affect energy density of the laser, of 

which relation to exposure time is also seen in Figure 16. Equation 1 shows that energy 

density can be lowered by increasing scan speed and vice versa. (Baoqiang et al. 2018, p. 3-

4; Dutta, Babu & Jared 2019, p. 42; Wang, Wang & Wu 2017, p. 89.) 

 

The increase of scan spacing can decrease the roughness of overhang surfaces. Figure 17 

shows the significant decrease of surface roughness when 210 W laser is used and scan 

spacing is increased. (Amal et al. 2018, p. 330.) 
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Figure 17. Scan spacing as a function of surface roughness of Ti6Al4V workpiece when 

different laser power values were used in L-PBF. The overhang angle of test surface was 

45°. (Amal et al. 2018, p. 330.) 

 

Figure 17 shows that the use of higher scan spacing could be useful when slanted surfaces 

are built because it results to lower surface roughness values. It has to be noted that 

conclusions about benefits of larger scan spacing cannot be made based on Figure 17 as the 

surface roughness is decreasing only with the laser power of 210 W. Surface roughness of 

part manufactured with L-PBF stays constant when scan spacing is increased and laser power 

of 90 W is used. (Amal et al. 2018, p. 330.) 

 

The first surface layers, especially overhang surfaces, of a workpiece often have problem 

with staircase effect and require surface finishing after a build. The staircase effect, which is 

presented in Figure 18, appears in both up-facing and down-facing surfaces. (Amal et al. 

2018, p. 327.) 

 

 
Figure 18. Staircase effect on downward and upward surfaces (Amal et al. 2018, p. 327). 
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Figure 18 shows that staircase effect results a step-like shape on slanted surfaces of the 

workpiece. The magnitude of the effect depends on the used layer thickness and overhang 

angle of the geometry. (Amal et al. 2018, p. 327.) 

 

There are different surface finishing methods for different metal alloys. Shot peening is often 

suitable for steel and wet blasting for titanium when blasting methods are considered 

(Crudible 2015, p. 16). Usually acceptable surface quality can be achieved by bead blasting 

and tumbling. Suitable support strategy and positioning of the workpiece reduce the amount 

of post processing. Most successful outcome is achieved by taking the post processing 

requirements into account already in the design phase of the product. When surface finishing 

of L-PBF parts is considered, it is good to notice that secondary postprocesses might not be 

able to reach all the surfaces, especially inner shapes. Surface quality has to be built in 

function of the L-PBF in these cases. (Stone & Cooper 2017, p. 867.) 

 

 Design aspects 

This section focuses on some of the design aspects of L-PBF, such as size, supports, 

geometry and positioning of the workpiece. These aspects will be utilized when the 

geometries and other characteristics of CM tool are defined.  

 

It has to be noted during the design phase that the build volume is usually smaller than the 

build platform due to laser beam angle and thermal constraints. Even though large parts can 

be positioned diagonally to optimize the usage of build space, the maximum dimension of 

the part is around 300 mm when manufactured by L-PBF machine with build volume of 250 

x 250 x 325 mm. In addition, large parts are in greater risk of failure due to higher thermal 

stresses. (Stone & Cooper 2017, p. 866.) 

 

Supports are added to overhang surfaces that are more than 30-45 degrees. The use of 

supports should be considered precisely because they increase build time, costs, and the need 

of postprocessing as the supports need to be removed. Part has to be designed in a way that 

eliminates unnecessary supports to minimize the build time, post processing time and 

residual stresses. On the other hand, the use of support structures with overhang structures 
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is reasonable since they prevent the curling of overhang structure and help in dissipating the 

heat. (Craeghs et al. 2012, p. 757; Stone & Cooper 2017, p. 860.) 

 

Supports help in dissipating the heat from the part and they can also prevent deformation of 

geometry. The simplest support and an offset support are presented in Figure 19. Supports 

are removed by wire cutting, machining or manually. (Crudible 2015 p. 10, 14-16.) 

 

 
Figure 19. Two support types for overhang features (Based on Crudible 2015, p. 10). 

 

An offset support presented in Figure 19b is often easier to remove than simple support that 

is presented in Figure 19a. The supports should be as light as possible to save time and 

energy. The removal of the supports should also be as easy as possible.  (Crudible 2015, p. 

14-16.) 

 

Large horizontal holes with diameter over 6 mm should be supported with additional 

material or with parts own geometry, because they usually suffer from rough surface on the 

top of the hole (Crudible 2015, p. 9). Examples of both solutions are presented in Figure 20. 
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Figure 20. Support solutions for hole features produced with L-PBF (Based on Crudible 

2015, p. 9). 

 

Support solutions for hole features presented in Figure 20 are both capable of remaining the 

circular shape of the hole. The solution presented in 20a requires removal of supports after 

the build, so it would be more efficient to use a self-supportive shape presented in 20b, if it 

is possible in the application. 

 

The use of chamfers and fillets is recommended as they create a transition between surfaces 

and minimize the need of supports. Self-supporting angle is an angle between a feature and 

an X-Y plane of AM machine that can support itself without the need of additional support 

structures. A feature can support itself when the angle is greater than 30-45°; the minimum 

angle depends on the material and the machine. Figure 21 shows how overhang angle affects 

on surface roughness of the feature. (Stone & Cooper 2017, p. 860; Utley 2017.) 

 

 
Figure 21. L-PBF workpieces built with different overhang angles (Utley 2017). 

 

Figure 21 shows that the surface roughness of down-facing surface starts to increase rapidly 

after the value of overhang angle goes under 35 degrees. At 25 degrees the distortion of top 

edge is significant. (Utley 2017.) 
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The size of melt pool near the overhang surface increases due to decreased heat conduction, 

which negatively affects the surface quality on overhang surface (Craeghs et al. 2012, p. 

757). The recommended minimum angles for different materials are presented in Table 3. 

 

Table 3. Recommended minimum angles for different materials (Crudible 2015, p. 9). 

Material Minimum angle [°] 

Aluminum 45 

Cobalt chrome 30 

Inconels 45 

Stainless steel 30 

Titanium 20-30 

  

Table 3 shows that titanium allows the gentlest angle of the materials presented. Aluminum 

and Inconels require steeper overhang angle. 

 

Part should be oriented in a way that minimizes downward surfaces and maximizes the 

amount of self-supportive features. The minimum overhang angle of 30-45 degrees should 

be considered. Another consideration is how well a part attaches itself to the build platform. 

Most successful build is often achieved when the build of the part starts with flat surface to 

secure the part to the build platform. Successful part orientation requires analysis of mass 

properties of the part. Contour as a base should be avoided because it requires supports 

structures that increase overall thermal input. If the build is started from suitable flat surface, 

the tolerances are much more predictable. Large cross-sectional areas in the x-y plane should 

be avoided due to risk of stress formation. A simple example of minimizing the amount of 

supports is presented in Figure 22. (Stone & Cooper 2017, p. 862.) 
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Figure 22. The workpiece is rotated 45 degrees so that diagonal of the corners points is 

parallel to z axis (Based on Crudible 2015, p. 10). 

 

Figure 22 shows that the use of support structures can be minimalized by selecting an optimal 

orientation for the workpiece (Crudible 2015, p. 10). When the workpiece is reoriented, it 

has to be noted that strength properties of the part are dependent on the building direction 

when the workpiece in not heat treated after the build. (Öter, Koç & Coşkun 2017, p. 5.) 

 

The recommended maximum value for the ratio of wall height to its thickness is 8:1 as the 

workpiece is more prone to bending as the relative wall thickness decreases. The minimum 

wall thickness recommended is 1 mm, even though thinner features are possible too. One 

way to prevent bending and other failure modes of thin walled features is to add a bridge 

between these vulnerable vertical sections, which is shown in Figure 21. Even some shapes 

that are strong after build is complete, might need supports during the building process, as 

shown in Figure 23. To notice these weak spots, the design of the part and the build 

orientation of the part need to be considered. (Crudible 2015, p. 12, 19-21.) 

 



41 

 

 
Figure 23. A bridge between two relatively thin vertical beams prevents damage during 

the build (Based on Crudible 2015, p. 12). 

 

Figure 23 presents a bridge between two relatively high beams. The use of bridge prevents 

bending and other failure modes that can take place during the build process. The bridge can 

be machined off after the build. (Crudible 2015, p. 12.) 

 

 
Figure 24. A triangle structure is stable after the build, but very vulnerable to any external 

contact before the beams meet. Successful build can be ensured by adding a support. 

(Based on Crudible 2015, p. 12.) 

 

Figure 24 presents an example of a structure that is stable after the build is complete, but 

very vulnerable during the build process. The use of support structure makes sure that the 

geometry is built successfully. An example situation, where the failure could take place, is 
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when recoater blade touches the feature while moving over the powder bed. (Crudible 2015, 

p. 12.) 

 

Sharp changes of geometry should be avoided in the design of L-PBF part and they should 

be replaced with organic transitions. Also, sharp corners and edges should be avoided when 

designing a part for L-PBF process, and minimum corner radius of 0.5 mm should be used 

(Crudible 2015, p. 13). Organic transitions are useful in eliminating downward surfaces and 

therefore decreasing amount of supports. Figure 25 presents a part with shapes that have 

been modified to be more optimal for AM. (Stone & Cooper 2017, p. 862.) 

 

 
Figure 25. Manufacturability of the part can be optimized with roundings and chamfers.  

 

Figure 25 presents a fictive design that is optimized by adding corner roundings and 

chamfers. The use of these features makes the part self-supportive by minimizing overhang 

surfaces. Most of sharp edges have been removed to make geometry transitions as smooth 

as possible. 

 

The angle in which the laser beam hits the powder has impact on energy density as the spot 

area of focused laser beam and reflectivity due to that changes. This leads to that the surfaces 

parallel to build platform, which are located at the center of the baseplate, have smaller 

values of surface roughness than similar surfaces in the corners of platform. The value of 

surface roughness of inclined surfaces is lower at the corners and higher at the center of the 
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build platform. Reason for this is that laser beam meets these inclined surfaces of the parts 

located at the corners of build platform at close to 90-degree angle and therefore the energy 

density is more constant. This phenomenon can be seen in Figure 26. (Öter, Koç & Coşkun 

2018, p. 1-3.) 

 

 
Figure 26.  The effect of workpieces location and the inclination of the surface on surface 

roughness. Ra values, [µm]. (Modified from Öter, Koç & Coşkun 2018, p. 1-2.) 

 

The effect that the location of the workpiece has on the surface roughness is shown in Figure 
26. Surfaces that are parallel to xy plane have smaller values of surface roughness than 

inclined surfaces when the workpiece is in the middle of the build platform. In the corners 

the surface roughness values of flat and inclined surfaces are closer to each other. This 

implies that surface roughness is smaller when the laser beam can meet the powder bed as 

perpendicularly as possible. Reason for this is that the thermal distribution across the layer 

is more constant when laser spot diameter stays constant. (Öter, Koç & Coşkun 2018, p. 1-

2.) 

 

The building orientation has also impact on strength of the workpiece; values of inclined 

workpieces differ from values of parts that are positioned along the main axes. Specimen 

produced to illustrate this effect are presented in Figure 27. (Öter, Koç & Coşkun 2017, p. 

2.) 
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Figure 27. Specimen for tension test. Material was maraging steel MS1. (Öter, Koç & 

Coşkun 2017, p. 2.) 

 

Figure 27 shows build orientations of three different test specimen fabricated by Öter, Koç 

& Coşkun (2017). The results of tension tests are shown in Table 4. 

 

Table 4. Results of tension tests. Material was maraging steel MS1. (Öter, Koç & Coşkun 

2017, p. 3.) 

Cond Property Building direction 

H V I 

As built 

σ  (MPa) 1082 1042 957 

UTS (MPa) 1128 1126 996 

E (%) 12 11 9 

HRC 34 35 34 

Heat treated 

σ  (MPa) 1776 1760 1754 

UTS (MPa) 1894 1872 1850 

E (%) 5 5 4 

HRC 56 54 55 
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Table 4 also shows that heat treatment at 490 °C for six hours make specimen more brittle 

and increases their hardness. It was also noted that heat treatment lowers the effects that 

texture direction has on strength of workpiece. Heat treatment was applied to cause aging, 

which would increase strength of the test piece. (Öter, Koç & Coşkun 2017, p. 2, 5.) 

 

It is possible for recoater to touch the part while spreading a new layer of powder. The 

workpiece is exposed to bending force if this happens. To prevent failure of the build, the 

orientation of the workpiece has to be considered. A profile shape will be less prone to failure 

if re-coater hits it. An ideal geometry would be a circular profile, of which cross section 

faces the build platform. It is recommended to set a workpiece to be at least at 5° angle to 

prevent failures during the build. Rounding the critical edges of the workpiece will also cut 

down the risk of failure in contact situation. Examples of different orientations are presented 

in Figure 28. (Crudible 2015, p. 11, 13.) 
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Figure 28. A) An optimal geometry; smooth lead and stable cross section, B) a stable shape, 

rounded end provides smooth lead, C) worst orientation; vulnerable to fail, D) a five-degree 

angle reduces the risk of failure, E) shifted profile is a stiff choice and F) long, thin parts 

should be placed parallel to coating direction. (Crudible 2015, p. 11.) 

 

Figure 28 shows, that rounded corners and parallel or slightly slanted positioning in relation 

to building direction prevents workpiece from failures caused by touch of recoater. The 

worst way to position workpiece is so that a relatively high and thin wall is perpendicular to 

recoater blade. (Crudible 2015, p. 11.) 

 
2.3 Utilization of lattice structures 

This section will mainly focus on honeycomb pyramidal lattices. Previously a designer of 

sandwich structures was forced to select from predefined range of cell topologies, materials, 

and relative densities (Mines 2019, p. 2). A more conventional way of 

manufacturing pyramidal trusses is shown in Figure 29 (Lee et al. 2014, p. 1122-1123). 

 

 
Figure 29. Manufacturing process of pyramidal truss (Lee et al. 2014, p. 1123).  

 

Figure 29 shows one more convential way to produce truss cores of sandwich 

structures. Trusses are fabricated by bending metal strips and by joining them by brazing 

or by adhesive bonding. Lattices fabricated with this method are then joined to skins by 

brazing or by laser welding. (Lee et al. 2014, p. 1122-1123.) 
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AM technology has enabled free scalability of cells and a wide range of different topologies; 

it is now possible to vary the structural properties of lattice structure along the workpiece. 

PBF processes are one of the most relevant applications in manufacturing of cellular 

materials. Currently the restrictive factors of additively manufactured cellular structures are 

the range of materials and cell scale. (Mines 2019, p. 2.) 

 

Lattice truss is an array of pin-jointed or rigidly connected struts. Lattice truss is usually 

applied to make the piece as light as possible by using material where it is needed while 

keeping the stiffness and strength properties of the structure optimal. A term microlattice is 

used, when the diameter of the strut is around 200 microns and cell size around 2 mm, while 

term macrolattice is used when these values are over 2 mm and 20 mm, respectively (Mines 

2019, p. 2). Properties of cellular structures are defined by material properties, cell topology 

and relative density of the lattice. Relative density is quotient of density of lattice, 𝜌, and 

density of corresponding solid piece, ρs. These factors are presented in Figure 30. (Ashby 

2006, p. 15-16.) 

 

 
Figure 30. Design variables of cellular structure. (Ashby 2006, p. 16.) 

 

As Figure 30 shows, base material of the lattice defines the solid properties of the structure: 

mechanical, thermal, and electrical behaviour. Strength properties of base material are often 

defined by tensile tests (Mines 2019, p. 33). The geometry and topology of the cell defines 

the behaviour of the lattice under stress; is the microstructure dominated either by bending 

or stretching. The relative density of an optimized lattice core of sandwich structure usually 
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ranges between 2-10 % (Wadley 2006, p. 55). Relative density of the lattice is defined by 

equation 3. (Ashby 2006, p. 15-16.) 

 

 

 

 

Where �̅� is relative density, 𝜌 and ρs are densities of lattice and corresponding solid piece, 

respectively. 

 

 

 Maxwell stability criterion 

An open cell lattice can be modeled by using pin-jointed struts, which can make it easier 

define the mechanical behaviour of the lattice structure (Deshpande, Ashby & Fleck 2001, 

p. 1035). In Maxwell’s stability criterion, cell is modeled as a frame that consists of struts 

connected with frictionless pin-joints. Visualisation of this approach is presented in Figure 

31. (Ashby 2006, p. 23.) 

 

 
Figure 31. a) Pin jointed frame is a mechanism, which collapses under a load, b) stretch-

dominated structure, where the horizontal strut is on tension when loaded and c) over-

constrained structure. (Ashby 2006, p. 24.) 

 

The struts of Figure 31a will bend if the rotation of the joints is not allowed and the frame 

would become bending-dominated. The frame in Figure 31b is stiff while loaded because of 

 �̅� = 𝜌𝜌  (3) 
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the transverse strut. The frame in Figure 31c is over-constrained because it can become self-

stressed even without external loading. (Ashby 2006, p. 24.) 

 

Maxwell’s algebraic rule for 2-dimensional pin-jointed frame in is presented in equation 4. 

Equation 5 is for 3-dimensional pin jointed frame. Joints are considered as frictionless. 

(Ashby 2006, p. 23.)  

 

 

 

 

 

 

Where b is number of struts and j is number of joints. Degree of freedom (DOF) of 2-

dimensional frame is M + 3 and DOF of 3-dimensional frame is M + 6 

 

Pin-jointed frame is statically and kinematically determinate like the frame in Figure 31b if 

the value of M is 0. This means that it would be able to carry load without folding up. The 

frames where M = 0 are stretch-dominated structures. A frame in Figure 31a is a mechanism 

because the value of M for it is less than 0, which means the frame would have no stiffness 

or strength. If M > 0, the structure is self-stressed like the frame in Figure 31c. This can be 

noticed when the horizontal or vertical strut of the structure is shortened: the shortened strut 

pulls other struts of the frame. (Ashby 2006, p. 23.) 

 

A generalized Maxwell’s rule is described in equation 6. (Ashby 2006, p. 23.) 

 

 

 

Where s is the number of self-stress states, and m is the number of mechanisms. M is DOF 

– 3 for 2-dimensional frame and DOF – 6 for 3-dimensional frame.  

 
 Collapse mechanisms of lattice structures 

The deformation of lattice structure can be a combination of bending, twisting, and stretching 

of the struts (Khaderi, Deshpande & Fleck 2013, p. 3866). Stretching-dominated lattices 

 𝑀 = 𝑏 2𝑗 3 (4) 

 𝑀 = 𝑏 3𝑗 6 (5) 

 𝑀 = 𝑠 𝑚 (6) 
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have greater strength to weight ratio when compared with bending-dominated lattices 

structures (Deshpande, Ashby & Fleck 2001, p. 1035). Stretch-dominated lattices have 

greater modulus and initial collapse strength than bending dominated materials. It has to be 

noted that experimental values of moduli for lattice trusses are often less than predicted 

values (Wadley 2006, p. 51). Regarding most of the foams, the deformation is bending-

dominated which leads to that their stiffness and strength values are significantly lower than 

it is expected from stretch-dominated structures. Strain hardening affects experimental data 

since it can raise the strength values above elastic-perfectly plastic predictions (Wadley 

2006, p. 55). Deformation is often caused by bending because buckling takes easily place in 

thin walls. (Ashby 2006, p. 15-16, 18, 26.) 

 

Elastic and brittle materials have different collapse behaviours. Elastomeric lattices usually 

fail by buckling. Metallic lattices usually buckle before yielding when relative density is less 

than or equal to 0.01. (Ashby 2006, p. 20, 25.) 

 

Elastic buckling is the collapse mechanism of the collinear lattice if yield strain 𝜀 , which is 

presented in equation 7, is smaller than right-hand side of equation 8.  (Wadley 2006, p. 55.) 

 

 

 

 

Where 𝜎  is yield strength [MPa], 𝜀  is yield strain, 𝐸  is young’s modulus [MPa]. 

 

 

 

 

Where 𝜀  is yield strain, a is the diameter of the strut [mm], and l is the length of the strut 

[mm]. 

 

For elastic buckling, which is described in Figure 32, the quotient of elastic buckling stress 

and Young’s modulus is proportional to cubic of relative density. This is shown in equation 

9. (Ashby 2006, p. 20, 25.)  

 

 𝜀 = 𝜎𝐸  (7) 

𝜀 > 𝜋4 𝑎𝑙  (8) 
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Where 𝜎  is stress that causes collapse by elastic buckling [MPa], 𝐸  is Young’s modulus 

[MPa], and �̅� is relative density. 

 

 
Figure 32. An elastic material can collapse by elastic buckling of cell edges (Ashby 2006, 

p. 20). 

 
Figure 32 describes elastic buckling of a cell (Ashby 2006, p. 20). The buckling resistance 

of a lattice can be improved by using base material with higher value of tangent modulus or 

by increasing the moment of inertia of the struts by modifying their geometry. Redistribution 

of material of the struts can be done by utilizing hollow struts, which will increase the critical 

buckling stress of the cell. If hollow struts are applied, it has to be noted that localized tube 

buckling can occur. (Wadley 2006, p. 52.) 

 

Compression of an elastic lattice makes edges of the cell bend, which is presented in Figure 

33. (Ashby 2006, p. 19.) 

 

 
𝜎𝐸 ∝ (�̅� )  ( 9 ) 
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Figure 33. Lattices made from ductile materials can fail due to plastic bending of the edges 

(Ashby 2006, p. 21). 

 
Figure 33 shows that compressive loading generates plastic hinges to corners of the lattice 

cell. Cell walls start to yield when the plastic moment presented in equation 10 is reached. 

(Ashby 2006, p. 19, 21.) 

 
 
 
 
 
Where Mf is plastic moment [Nmm], 𝜎  is yield strength [MPa], and t is wall thickness of 

the cell [mm] presented in Figure 31. (Ashby 2006, p. 19.) 

 
The failure of a lattice takes place near the corners also when brittle material is applied. 

Figure 34 describes failure mode of a brittle lattice. (Ashby 2006, p. 21.) 

 

 

 𝑀 = 𝜎 𝑡4  (10) 
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Figure 34. Brittle lattice collapses when fractures occur near cell edges. (Ashby 2006, p. 

21.) 

 
The failure of a cell takes place near the edges, as Figure 34 shows. The walls of a cell made 

of brittle material fail when bending moment defined by equation 11 is reached. (Ashby 

2006, p. 20.) 

 
 
 
 
 
Where Mf is plastic moment that causes the rupture of cell walls [Nmm], 𝜎  is modulus 

of rupture [MPa], and t is wall thickness of a cell [mm] presented in Figure 32.  

 
The crushing stress for a lattice with fracture-dominated behavior scales as described in 

equation 12 with a constant of proportionality of around 0.2. (Ashby 2006, p. 20.) 

 
 
 
 
 
 
Where 𝜎  is modulus of rupture stress [MPa], 𝜎  is crushing stress of lattice [MPa], and �̅� is relative density.  

 
 

 Thermal properties of lattice structure 

Lattice material has the same thermal coefficient as base material. There are many easy flow 

directions and high surface areas in lattice truss structures, which enables great heat removal 

properties. (Wadley 2006, p. 64.) The cells of lattice are often so small that they suppress 

the convection of the gas in them. Therefore, the heat transfers by conducting through the 

struts and gas or liquid that the cells contain. (Ashby 2006, p. 21-22.) 

 

If it is assumed that struts are oriented evenly between the three axes, the conductivity of the 

lattice can be described with equation 13. (Ashby 2006, p. 22.) 

 

 𝑀 = 𝜎 𝑡4  ( 1 1 ) 

 
𝜎𝜎 ∝ (�̅�)  ( 1 2 ) 
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Where 𝜆 is thermal conductivity of the lattice [W/mK], �̅� is relative density, 𝜆  is thermal 

conductivity of the base material [W/mK], and 𝜆  is thermal conductivity of the gas [W/mK]. 

 

 Lattice types for compressive applications 

The lattices observed in this part of the thesis are limited to pyramidal and honeycomb 

lattices. These lattice types are chosen, because their mechanical behaviors are relatively 

close to ideal (Ashby 2006, p. 27-28). Square honeycombs and pyramidal lattices collapse 

by elastic buckling when relative density �̅� is low and by plastic yielding when �̅� is high 

(Kooistra, Deshpande & Wadley 2007, p. 266). 

 

Honeycomb structures can be useful at thermal protection applications. Honeycombs are 

closed cell structures that consist of plates or sheets, which form the walls and edges for unit 

cells. The profiles of cells can be variations of triangular, square, and hexagonal shapes. 

(Wadley 2006, p. 31.) 

 

Honeycomb structures have an ideal stretch-dominated behavior when loaded parallel to the 

axis of the hexagon profile when stiffness is observed. Honeycombs are decent choice for 

core material of sandwich structures. Honeycomb structure is very compliant when loaded 

perpendicularly to axis of the hexagon profile. Strength properties of honeycombs are not 

ideal when compressed parallel to axis of hexagon profile due to buckling of thin walls. 

(Ashby 2006, p. 27-28.) 

 

Pyramidal lattices are triangulated structures that often have stretch-dominated 

characteristics. Pyramidal lattices are also known as octahedral and body-centered cubic 

(BCC) lattices (Mines 2019, p. 9). Their stiffness properties are not the most ideal. Pyramidal 

lattices are nearly ideal when relative strength under compression is considered. (Ashby 

2006, p. 27-28.) 

 

 𝜆 = 13 �̅� 2�̅� 𝜆 (1 �̅�)𝜆  ( 1 3 ) 
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Relative density of pyramidal lattice can be calculated with equation 14 (Wadley 2006, p. 

37). 

 

 

 

 

Where 𝜔 is an angle between truss and and z axis, l is length of the truss [mm], t is the 

thickness of the strut [mm], and w is the width of the strut [mm]. These variables are 

presented in Figure 35 (Wadley 2006, p. 37). 
 

 
Figure 35. Geometry of pyramidal unit cell (Wadley 2006, p. 37). 

 

As Figure 35 shows, pyramidal cell consists of four struts that connect at one end. The cross-

sectional shape in Figure 35 is rectangular but there are also a lot of other options. (Wadley 

2006, p. 35-36.) 

 

When relative densities are low, pyramidal lattices are considerable option due to the high 

buckling resistance that slender struts have to thin sheets. (Wadley 2006, p. 52.) 

 

The comparison of mechanical properties of honeycombs and pyramidal lattices is 

reasonable when high stresses are present in the application such as CM tool. Normalized 

strength variations of these two lattice structures are shown in Figure 36 (Wadley 2006, p. 

56). 

 �̅� = 2𝑤𝑡𝑙 𝑐𝑜𝑠 (𝜔)sin (𝜔) ( 1 4 ) 
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Figure 36. Relative density as a function of normalized stress when different lattice types 

are used. (Based on Wadley 2006, p. 56.) 

 

Figure 36 shows that pyramidal lattices are competitive with honeycomb structure with low 

relative densities; when relative density values increase, honeycomb are more efficient. 

Figure 36 also shows that applying hollowness to pyramidal lattices increases their strength 

to weight performance significantly. (Wadley 2006, p. 56.) 

 

Relative compressive modulus of the lattice is a quotient of measured Young’s moduli of 

the lattice and the corresponding solid piece (Schaedler et al. 2011, p. 964). Similar 

comparison between relative densities and relative moduli of different lattices is presented 

in figure 37 (Ashby 2006, p. 28). 
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Figure 37. Relative density as function of relative modulus when different lattice types are 

used. m stands for slope of the graph in this figure. (Based on Ashby 2006, p. 28.) 

 

Dashed lines in Figure 37 represent ideal stretching and bending dominated behaviors. 

Efficiency of pyramidal lattice is higher than honeycombs when relative density is low. This 

is because thin cell walls of honeycombs buckle easily. Figure 37 shows that honeycomb 

lattices seem to be more efficient when relative density is increased. (Ashby 2006, p. 28.) 
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3 EXPERIMENTAL PART 
 

 

The topic of the case study was received from Tapani Kivelä, the head of research and 

development of the Finndent. Kivelä gave the guidelines to case study and offered 

connections, which made it possible to get to meet professionals of molding and mold 

making. He also made sure that thesis progressed from time to time. 

 

3.1 Aim and purpose of experimental part 

The topic, utilization of AM process in manufacturing of CM tool, was chosen because R&D 

of Finndent has been interested about the performance and possibilities of this rapid 

manufacturing method and its utilization in mold tool making. Two things that Finndent is 

most curious about are relative costs and overall performance of the potential mold tool. 

Finndent regularly utilizes polymer parts produced by AM process in its products, and R&D 

of the company has its own filament-based material extrusion machine. 

 

The goal of this case study was to find out how L-PBF can be utilized in mold making and 

how much it would cost. The final goal was to optimize mold structure to the point where it 

would be as cost-effective as possible to manufacture. 

 

3.2 Experimental procedure and set-up 

Main focus of the case study is on optimization and comparison of molds produced with L-

PBF and CNC machining. The main steps of experimental procedure are presented in Figure 

38. 
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Figure 38. Main steps of experimental procedure. 
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Figure 38 shows that first step of case study was the definition of the part that is 

manufactured with the mold tool. Second step was to set framing of manufacturing 

processes. L-PBF and machining were selected to be observed. The mold solutions were 

defined next. The dimensions of the casting were modified based on the requirements of 

selected manufacturing methods. Different mold solutions were optimized to suit the 

manufacturing processes as well as possible. Final step was to compare prices of different 

solutions. It has to be noted that mold material selection is affected by each step of procedure 

and vice versa. 

 

The creation of 3D models of mold components was performed by using CREO Parametric 

6.0.4.0. Finite element (FE) analyzing and generation of lattice structures was executed with 

nTop Platform 2.14.3. Examination of CLI files and exporting them to STL form was 

performed with Netfabb. 

 

3.3 Application 

The application of this study is an instrument rinse holder, which is a part of an instrument 

rinse system of new Q product family of the company. The cavities of the holder are designed 

so that their shapes hit the switches of instruments and set them to rinsing mode. Instrument 

rinse holder is placed into a basin, where water circulates. The basin is in certain place of 

dental unit so that it is within reach of the user. The selected material for the holder was 

silicone rubber due to its biocompatibility and inertness. The holder is presented in Figure 

39.  
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Figure 39. CAD model of the instrument rinse holder. 

 

Figure 39 shows that the mold of instrument rinse holder demands deep cavity and core 

shapes with varying roundings and chamfers. These shapes require different kind of 

structural solutions depending on the manufacturing method of the mold. 

 

3.4 Alternative mold structures 

Vi-Su, a Finnish company that is specialised in manufacturing of castings, proposed that it 

could be useful to divide mold into three main plates. This would make the ejection of the 

casting easier because after the top plate with core inserts is separated, it would be easy to 

lift off the middle plate with casting in it. Making a mold out of three main plates instead of 

two is reasonable also from other points of views; the machining of the bottom shapes would 

be more challenging if the cavity is very deep. Corner rounding of the bottom shapes would 

also demand a lot from the tools. For L-PBF, partition into three pieces decreases the volume 

of single part, which reduces thermal mass of the workpiece and therefore could prevent 

formation of stresses, deformations, and failures. 

 

Based on literature review and discussions with specialists of different fields, there were 

three manufacturing options for mold: machined mold, a mold made with L-PBF and a 
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hybrid mold, which utilizes both of these processes. The main structure and idea are same at 

all the molds: mold consists of three to four main plates. It was decided that core inserts will 

be manufactured by machining because the design of cores was simplified during the 

planning process.  

 

Aluminum alloys were selected as base material for the mold. Reason for this selection was 

that aluminum molds had earlier proven to be suitable for production of silicone rubber parts 

of the company. General availability of aluminum-based powder AlSi10Mg is good since it 

is a material option offered by almost every AM workshop. Aluminum alloys also have high 

thermal conductivity, good corrosion resistance and are easily machined (Mennig & 

Stoeckhert 2013, p. 442-443). The light weight also provides advantages when the mold is 

handled.  

 

 Solution 1 – Full machined mold 
The most traditional option is a mold machined out of aluminum blanks. In production of 

silicone rubber parts of Finndent, aluminum molds have turned out to be decent in making 

of silicone rubber components at requested volumes. All the parts, excluding guidance 

elements and the thinnest core insert, are made of aluminum alloys. The geometry was 

optimized so that it could allow the use of larger tools and therefore increase productivity of 

the manufacturing process. The mold assembly is presented in Figure 40. 
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Figure 40. CAD assembly of full machined mold tool. 

 

A fully machined CM mold presented in Figure 40 is planned to be made of aluminum alloy 

6082. Mold would consist of 4 plates, of which 3 have cavity shapes in them. Cores inserts 

are attached to top plate with screws. 

 

 Solution 2 – L-PBF mold 
In this solution all the cavity pieces are made with L-PBF. Since AM allows the use of 

microlattice structures, is the utilization of them considered. There is an option to minimize 

the material use at L-PBF mold by using guidance pins and additional side plates to carry 

part of the load during the CM process. The option of side plates was introduced by Vi-Su. 

Figure 41 presents a preliminitary structure of L-PBF mold. 
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Figure 41. CAD assembly of a fully 3D printed mold tool. 

 

Figure 41 shows that preliminary model of L-PBF mold has more rounded geometries and 

is smaller than machined mold. The machined core elements of the mold are attached to the 

top plate by screws.  

 

 Solution 3 –Hybrid mold tool 
Mold frame of hybrid mold tool is made by machining it out of blank material and the 

complex cavity parts are manufactured by L-PBF. The preliminary design of hybrid mold 

tool is presented in Figure 42. 
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Figure 42.  Preliminary CAD assembly of hybrid mold tool. 1) Top plate, 2) core inserts, 3) 

middle L-PBF cavity insert, 4) middle frame plate, 5) bottom L-PBF cavity insert, 6) 

guidance pins and 7) bottom frame plate. 

 

Mold structure in Figure 42 is also preliminary; after presenting this assembly to Kivelä, he 

recommended to make the sides of L-PBF cavity more constant to make machining of frames 

forthright. In hybrid mold the idea is to make cavity shapes by L-PBF and manufacture rest 

of the mold by machining. 
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3.5 Optimization of the casting 

The aim of optimization is to achieve two separate designs of the instrument holder: one 

design for AM and one for machining. This was done due to fact that these two 

manufacturing processes favor different shapes of the mold. The whole optimization process 

of holder is described in Figure 43. 
 

 
Figure 43. Workflow that was used in this study for optimization of a mold product. 

Optimization led to two different solutions: one optimized CAD model for machining and 

one for AM process. 

 

As Figure 43 shows, other one of the first steps is molding-based optimization. The role of 

filament-based material extrusion was to get more concrete look of the final product. While 

visiting the molding workshop, molding experts of Vi-Su considered this prototype as a 
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pleasant demonstration of a final product and it was easy to receive design advices from 

them as they could simply point out the critical areas of the part.  

 

 

The instrument holder already had sufficient draft angles when the original CAD model was 

handled. The thickness analysis was performed to find the areas where the contrast between 

thin and thick sections is the greatest, because an object with widely varying thicknesses has 

its risks at both CM and AM processes. The wall thicknesses were made more uniform based 

on thickness analyses, of which Figure 44 presents an example. 

 

 
Figure 44. Maximum and minimum values are observed by searching minimum and 

maximum thicknesses of the part. Wall thicknesses are modified based on analyses. 

 

Event though the varying thicknesses shown in Figure 44 were moderated at this point, the 

differences returned later as the design of the instrument holder changed during the process. 

 

A prototype of the preliminary version of rack was manufactured with filament-based 

material extrusion process. Purpose of prototype was to evaluate the visual look of the 
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product and to get feedback from professional mold manufacturers of Vi-Su. Figure 45 
shows the prototype that was fabricated of BioFlex, which is copolyester based flexible 

filament material.  

 

 
Figure 45. A demonstrative prototype of holder manufactured with filament-based material 

extrusion process. 

 

After the evaluation of prototype shown in Figure 45, the CAD model was optimized based 

on feedback received from Vi-Su and literature review of CM process.  

 

3.6 Optimization of machined mold 

Many important aspects that had effect on machining-based optimization were received from 

Harri Joy, who has experience of designing and manufacturing of a wide range of precision 

mechanical applications. Joy is working at Tas Machine Tools, a Finnish company that is 

specialised in designing, manufacturing, and prototyping of precision mechanical solutions. 

 

The creation on machined mold began with modelling the mold pieces based on the CAD 

model of the instrument holder. After this CAD models of mold pieces, that are presented in 

Figure 46, were handed out to Tas Machine Tools for preliminary inspection and feedback. 
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Figure 46. CAD model of the first version of the mold. 

 

It has to be noted that the mold presented in Figure 46 is the first version, and it consists of 

two plates for that reason. The desire of 3-plated mold was received later. 

 

It was learned from Tas Machine Tools that the radiuses of corner roundings on the bottom 

of the cavities should be increased. The radius-distance relation would have made machining 

extremely time-taking due to tool limitations. Figure 47 shows an example of small corner 

rounding on the bottom of the cavity. Corner radiuses were increased at other locations also, 

because larger radiuses allow the use of larger tools, which reduces the processing time. All 

the corner radiuses were increased by 0.7-3 mm because this did not have effect on 

functionality of the product. Overall increase of radiuses is shown in Figure 47. 
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Figure 47. Some of the radiuses on the bottom of the cavities were too small for efficient 

machining and therefore larger corner radiuses were applied. 

 

Figure 47 shows that part had small corner radiuses, which would have been difficult to 

produce by machining. A slight increase of radiuses was executed because it did not affect 

on functionality of the instrument rack.  

 

Another inconsistency on the bottom of the cavities was the group of taps presented in Figure 

48. It would be slow to machine these kinds of shapes. Harri Joy noted that it is more efficient 

to move these shapes into core piece and even better, replace them with single concentric 

cylinder. 
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Figure 48. These types of groups of cylindrical shapes were located on the bottom of the 

cavity in the preliminary CAD model of instrument holder. 

 

The four cylindrical shapes presented in Figure 48 were replaced with single cylindrical 

shapes placed in the middle of cores, which eased machining of these bottom features. 

 

All these modifications were executed, and new filament-based prototype was printed. Only 

the modification of turning the four taps presented in Figure 48 into one was applied to the 

3D model a little later and therefore it is not presented in Figure 49 where the other 

improvements are shown. 

 



72 

 

 
Figure 49. Demonstrative prototypes of holder manufactured with filament-based material 

extrusion process. Used material was BioFlex.  

 

As Figure 49 shows, radiuses were made larger and some support shapes were made less 

deep to ease machining. Black arrows point to increased roundings, yellow arrows to 

lowered shapes and blue arrows to erased features. The improved version of holder presented 

in Figure 49 still has four holes at the end of cylindrical shapes. These holes were later 

replaced with single hole.  

 
3.7 Optimization of L-PBF mold 

At first, the self-supporting optimizations were applied to the mold parts. The preliminary 

print orientation was decided to be as shown in Figure 50. 
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Figure 50. It was planned that mold plates would be printed upright. 

 

Figure 50 shows the that the cavities were modified so that they would be self supportive. 

Circular shapes were changed to tear shapes and rectangular shapes were rotated so that their 

overhang angles became 45°, which is suitable for aluminum (Crudible 2015, p. 9). The plan 

was to orient mold plates upright, so they would require minimum area from the build 

platform. This build orientation also makes the maximum cross-sectional area way smaller 

than it would be if the plates were printed horizontally, and this prevents formation of 

residual stresses (Stone & Cooper 2017, p. 862). Figure 50 also reveals that the part to be 

molded has experienced small changes that were done to make product more adaptive. These 

changes have affected the mold also. Change process has happened vice versa: the changes 

that improve printability of the mold have changed the appearance of the final part without 

affecting its functionality. It has to be made sure that change of the mold geometry is not 

deteriorating the performance of the product when these changes are made.  

  

The final optimization of L-PBF mold was executed by utilizing finite element analysis 

(FEA) and microlattice structures that were generated in nTop software. These same steps 

were executed to L-PBF parts of the hybrid mold. 
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 Applying lattice structures to compression plates 
The idea was to turn different plates of the L-PBF mold into sandwich structures with 

optimized core lattice. The parameters, such as cell sizes and strut diameters of the lattice 

structure between the skins of the sandwich, were defined based on FEA. The selected lattice 

type for FEA observation was pyramidal, also known as body-centered cubic (BCC). 

 

FEA was performed to the solid plates of L-PBF mold also. Stress concentrations were found 

to be close to the sides of the cavity shapes, but it was presumed that the molding compound 

generates counterforce that limits the strain of mold plates. FEA visulation of top plate is 

presented in Figure 51. 

 

 
Figure 51. FE analysis of top plate of L-PBF mold tool without lattice core. 

 
As Figure 51 shows, stress concentrates on the edge of the cavity shape. It was presumed 

that the molding compound produces corresponding counterforce, which prevents strain 

from increasing too much. The core pieces also carry part of the compressive load when they 

hit the bottom of the mold. 
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  FE analysis of lattices 
FE analyzes were performed to different BCC lattices. The goal was to find a lattice structure 

that has the most effective density-strength relation. 
 
The load applied to lattices was 200 kg/cm2 as Vi-Su had informed. Material properties of 

AlSi10Mg were applied. Material properties applied for FE model were Young’s modulus 

of 75 MPa, Poisson’s ratio of 0.35 and density of 2.67 g/cm3. The material was set to be 

isotropic, which might not be the most optimal to describe the behaviour of AM part, but 

this simplification was not considered critical. The yield strength of AlSi10Mg was chosen 

to be the maximum allowed local stress value, because plastic deformation would affect the 

performance of the mold. 

 

Lattice models were in a form of cubes, and the dimensions of the cube were defined so that 

each side was divisible with the size of the cell. The compressive force was defined based 

on the surface area of one side of the lattice cube and on the value of pressure received from 

Vi-Su. The procedure of building the FE model for the static analysis is described in Figure 

52. 

 

 
Figure 52. FE models of lattices were created from block models. Static analyses were 

performed to volume meshes. 

 

As Figure 52 shows, the creation of FE model begun by making a block model. Next step 

was to replace the middle cube with lattice. After this surface of the model was turned into 
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surface mesh, which further was turned into volume mesh. After this the material properties, 

forces and restraints were defined. 

 

Different kind of unit cells (Figure 53) and groups of cells (Figure 54) were analyzed. The 

strut thicknesses of analyzed BCC lattices ranged from 0.2 to 0.7 mm, and some thicker 

struts were also observed. Cell scales ranged from 2x2x2 to 5x5x5 mm. 

 

 
Figure 53. BCC lattice FE stress analysis results. Strut thickness is 0.6 mm and cell scale is 

5x5x5 mm. 

 

 
Figure 54. BCC lattice FE stress analysis results. Strut thickness is 0.6 mm and cell scale is 

4x4x4 mm. 
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As Figure 53 and Figure 54 show, the stress concentrations take place near the nodes where 

struts are connected. nTop software offers rounding tool to minimize these stress 

concentrations, but it was not utilized in the analyzes to keep the number of parameters 

manageable.  

 

After FE analyzes for different lattices were performed, the BCC microlattice with strut 

thickness of 0.7 mm and cell scale of 2x2x2 mm was selected. It was quickly noticed that 

most of the observed cell scale and strut thickness combinations were not strong enough to 

bear the load. The relative density of this lattice was around 0.55, which means that its 

density is 55 % of solid material block’s density. It can be seen from Figure 55 that relative 

density of 0.55 causes about 200 MPa Von Mises stress, which is close to yield strength of 

AlSi10Mg, that is also around 200 MPa at weaker, vertical direction (Renishaw 2015, p. 2).  

 

 
Figure 55. Relative density – stress graph based on FEA results for lattices with cell scale 

of 2x2x2 mm. 

 

The ranging of relative density in Figure 55 is done by varying the strut thickness of BCC 

lattice structure with cell scale of 2x2x2 mm. The stress in BCC lattice increases steeply 

when relative density falls under 0.2. The suitable stress value is achieved with relative 

density of 0.55, which means strut thickness of 0.7 mm with this cell scale. Some sufficient 

stress values were achieved with greater strut diameter and smaller cell scale also, but these 
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lattices were so dense that the benefits of the lattice structure, such as of weight reduction 

and build time decrement, would have lost.  

 
 Adapting FE results to tool 

After the FE analyzes were done, the selected microlattice structure was applied inside the 

mold tool parts. A skin thickness of 1.5 mm was chosen. There was not any specific protocol 

for selection of skin thickness, but it was estimated that thickness that is double of strut 

diameter would ensure suitable transition between skins and lattice core and therefore would 

not generate significant thermal stresses during the build. Figure 56 presents an adaption of 

lattice into mold tool part. 

 

 
Figure 56. Mold plates were turned into sandwich structures and the properties of core 

material were defined with the help of FEA. 

 

Figure 56 shows the principle of turning solid mold plates into sandwich structures. The side 

walls of the mold plates were removed to allow faster cooling of the plates and to avoid 

failures of vertical walls since the lattice core will most likely allow more deformation than 

solid vertical walls. The continuity of guidance hole walls was snapped for the same reason; 

the guidance holes might deformate if they are forced to carry significant load. The snapped 

guidance holes are presented in Figure 57. 
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Figure 57. Section view from middle plate of the L-PBF mold where continuity of guidance 

holes was snapped to prevent failures of hole walls.  

 

Figure 57 shows the snapping of solid-walled guidance holes. The region where continuity 

of guidance hole walls was snapped is illustrated with red arrows in Figure 57. Originally 

solid-walled guidance holes were snapped into two separate bushing-like elements, which 

are pointed with blue arrows in Figure 57. The deformation of guidance hole walls could 

lead to failure of the whole mold as the mold could get stuck.  

 

The dimensions of the parts could also be out of tolerances if the mold deforms too much 

around the guidance holes. To ensure the stability of guidance holes, the strut thickness 

around them was ramped to be thicker. The ramped thickness is presented in Figure 58. 
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 Figure 58. Strut thickness was ramped around the guidance holes. Section view. 

 

Figure 58 shows the ramped diameters of struts around the guidance elements. The area 

between yellow dashed lines in Figure 58 illustrates the field that defines ramped thicknesses 

of struts. Strut thicknesses were driven by fields that were defined to reach 8 mm away from 

guidance elements. Strut thickness was set to 1.5 mm near the elements and to 0.7 mm at the 

very edge of the field, which is the same strut thickness that the rest of the core lattice has. 

FEA-based lattices were also applied to L-PBF parts of the hybrid mold. 

 

The overall thickness of final L-PBF mold is 100 mm, which is divisible by 20 mm as 

desired. Machining allowance of 0.3 mm was applied to guidance holes to ensure precise 

alignment of guidance elements. Machining allowance was included also to the diameters of 

attachment holes of machined core inserts. 

 

Final versions of optimized L-PBF mold plates without features that are machined after the 

build are presented as an assembly in Figure 59.  
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Figure 59. An assembly of optimized L-PBF mold plates. Machined components are not 

included. 

 

Figure 59 shows the appearances of final mold plates of L-PBF mold. It can be seen from 

Figure 59 that edges of the plates are chamfered to make the manual opening of the mold 

easier after the molding and to make the geometry transitions smoother. The load bearing 

capasity of the mold can be ensured by applying 100 mm thick parallel metal plates on the 

press table to carry part of the load. After the optimization of CM tool parts was done, the 

L-PBF parts were exported into CLI form. CLI files were then examined and exported into 

STL form to forward them to workshops. Examination and exporting of the parts were 

perfomed with Netfabb software. The accuracy of exported STL files was not as high as CLI 

files as conversion to high accuracy STL files was not possible due to performance of the 

computer. Models were still accurate enough for workshops to make offers. 
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4 RESULTS AND DISCUSSION 
 

 

When all mold solutions were ready, they were delivered to the manufacturers to receive 

offers. Cost structures of the solutions were determined based on these offers. As the prices 

of distinct components were not specified in the received offers, the costs of machined core 

inserts, which were decided to be used in each assembly, were estimated to be around 1000 

€. A significant help for price estimation of L-PBF parts was received from Markku 

Lindqvist from Delva, an additive manufacturing company located in Hämeenlinna, Finland. 

After the comparison of prices of different mold options, it is concluded that the costs of 

fully CNC machined mold are the lowest. An interesting matter is that L-PBF mold which 

weight was reduced by applying BCC lattice structure was more expensive than fully solid 

L-PBF mold even though the mass was reduced about 45 %. The reason for this is that the 

AM machine that workshop is using has two modes which it uses while scanning: infill and 

contour. Infill mode is used for scanning of relatively thick features of each layer. The width 

of elongated laser beam at this mode is about 10-12 mm. The contour mode is used for more 

fine details, and the area of laser beam is smaller. This makes the building of these fine 

lattice-cored parts about one-third slower and therefore increases the fabrication costs of the 

structure. The cost structures of different mold options are presented in Figure 60. 
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Figure 60. Cost structures of 1) machined mold, 2) L-PBF mold with BCC microlattice, 3) 

hybrid mold with BCC microlattice inserts, 4) a solid L-PBF mold with 60-micron layer 

thickness and 5) solid L-PBF mold with 30-micron layer thickness. 

 

Figure 60 shows that the layer thickness has significant effect on price of the L-PBF parts. 

All the solutions required machined parts because of the relatively simple-shaped core 

inserts that were decided to be machined. It would not have been as cost-effective to 

manufacture these inserts with L-PBF. 

 

The second cheapest option was hybrid mold with cavity inserts made with L-PBF. After 

this come L-PBF molds, of which prices rise along with decreased layer thickness. The 

shapes and minimum feature sizes of cross sections also have effect on costs, as it was 

noticed with BCC microlattice. It has to be noted that the post processing of surfaces is not 

included into prices of L-PBF molds, so it can be assumed that total prizes of these solutions 

will be higher than Figure 60 shows especially when lower values of surface roughness are 

required. 

 

The costs of mold are most likely very dependent on geometry of the part manufactured, and 

therefore machining might not be the most cost-effective process for all applications. The 

geometries of the part discussed in this case study are relatively simple, and L-PBF might 

be more useful in an application, that requires shapes that cannot be easily manufactured by 

common machining tools. For example, it was noticed during this thesis that small details 

on the bottom of deep shapes can be difficult or slow and therefore expensive to realize by 

machining. AM processes could be considered at these kinds of cases especially when the 

surface roughness achieved with L-PBF is sufficient without significant postprocessing. It 

has to be noted that even though L-PBF seems to be more expensive manufacturing method 

of mold, can a tool made with it bring savings in longer timespan. This can be the case if 

internal cooling channels, that AM enables, are utilized in production to cut down the cycle 

times of the process. 
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5 CONCLUSIONS 
 

 

The applicability of laser-based powder bed fusion process was examined in the case study, 

where the goal was to utilize it in compression mold tool making. CNC machining was found 

to be more cost-efficient manufacturing method for the application. Mechanical and thermal 

properties of L-PBF mold can be customized by applying a lattice structure into mold plates, 

but it can increase building time and price of the mold as it was noticed in the case study. 

 

It is possible to utilize L-PBF in manufacturing of compression mold tool. To reach eligible 

surface quality, post processing of most critical surfaces is most likely needed. The benefits 

achieved with L-PBF depend on the shape, size, and the required surface quality of the part. 

If internal cooling channels are applied, the productivity of the application can rise 

significantly. It is possible that L-PBF becomes more economical solution when it is applied 

to solution that is complex enough. Currently, L-PBF cannot entirely replace CNC 

machining as L-PBF parts usually require post processing. 

 

If L-PBF turns out to be cost-efficient manufacturing method for some complex-shaped 

mold, it can most likely be utilized also in design of CM tool. L-PBF could be helpful in 

design phase of CM tool especially when surface quality requirements of prototype are not 

too high. The modularity that L-PBF enables would also be useful when many different 

solutions are explored. 

 

The main restrictions of L-PBF are its high costs, limited surface quality and that it is 

ineffective in producing large molds with relatively simple shapes. CNC machining is 

broadly more cost-efficient process for producing a mold with better surface quality. 

 

Even though the manufacturing costs of L-PBF mold are relatively high, can the higher price 

be compensated by increased productivity. This could be the case if internal cooling channels 

are applied to shorten the cycles. The use of open-sided and lattice-cored mold plates could 

also shorten cycle times as the cooling could be faster due to increased surface area of the 

mold, but this needs further studies. 
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6 FURTHER STUDIES 
 

 

As sandwich structures with open sides have a lot of surface area that could potentially 

precipitate the cooling of the mold, could it be useful to study if the use of sandwich-

structured L-PBF molds could shorten cycle times of CM process. The research on relation 

between compression strength and heat conductivity of different microlattices could also be 

relevant concerning this application.  

 

It would also be interesting to discover more broadly the possibilities and design rules of 

hybrid mold plates, which consist of conventionally manufactured mold frames and inserts 

made with L-PBF. L-PBF inserts would contain the most complex shapes and the more 

conventionally manufactured frame would handle most of the load bearing and stability 

issues. There have already been solutions like this, but universal design principles have not 

been established yet. The effects of possibly different thermal properties of powder alloys 

and solid blank materials should also be studied to ensure the functionality of an assembly 

that is operating in high temperatures. 

 

One thing that was not discussed almost at all in this thesis is properties of the skins of 

sandwich structures. Further studies of this subject would also be reasonable in terms of 

these L-PBF solutions that have been discussed in this thesis.  

 

One possibly feasible, structurally similar solution of a mold utilizing both L-PBF and 

machining processes is presented in Figure 61. 

 



86 

 

 
Figure 61. Another way of making sandwich-based CM tool could be possible by 

manufacturing skins with AM process and by shaping core out of metal foam blank. 

 

Figure 61 presents another solution that could be utilized in making of sandwich-based 

compression mold tool. Here the metallic foam core is machined into shape that conforms 

the shapes of the skin surfaces produced by L-PBF. Producing skins of the mold by AM 

process could be relatively cost-effective because only the necessary geometries would be 

printed. The optimal variation of skin thickness and minimum amount of material needed 

could be performed with the topology optimization software such as nTopology. Also, by 

machining an optimal metal foam, the core material of CM tool could be made relatively 

fast. There are also lots of questions about this manufacturing workflow, such as the 

machinability of metal foam, how the printed skin is joined with the foam, and the achieved 

relation between strength and thermal properties of the mold. In any case, this approach 
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could also be interesting as the metallic foams could also offer benefits due to lightweight 

structure and improved heat exchange. This solution is totally conceptual, and there would 

be lots of issues. For example, it should be studied if it would be more cost-effective to 

manufacture skins by forming a sheet metal, and machining of foam might not be most 

straightforward process. Joining technique would also require investigation and creativity. 

 

All in all, the utilization of L-PBF in CM tools needs further studies with large range of 

different cases in to clarify its full potential. There are many possible fields of investigation 

from thermal and strength properties of L-PBF made mold tools to failure mechanisms and 

density optimization of sandwich-structured compression plates. 
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APPENDIX I: Filament based material extrusion as part of RnD 
 

 

During the case study of the thesis, some critical areas were be printed at little larger scale 

by using filament-based material extrusion process for the concretization and demonstration 

purposes. 

 

It is possible to functionally test a product by building it using AM process. A prototype 

produced by AM process provides information about visual appearance and installation 

properties of the product. AM is not suitable for defining all the properties of product due to 

limited size of the work piece. (Mennig & Stoeckhert, 2013, pg. 472) 

 

A part, which belongs to the mold of case study was produced for demonstrative purposes 

by material extrusion process, is presented in figure A. 

 

 
Figure A. A part of the mold produced by material extrusion process. The material is 

polymer alloy, so it would not be suitable for actual use. 

 

During the thesis it was noted that specific and useful feedback can be received by printing 

a design out of polymer with material extrusion process. A concrete example of a mold that 

was built with material extrusion process is presented in figure B. Discussion about the mold 

with this example piece as a part of it led to improvements in the design of the final mold 

assembly. 



 

 

 
Figure B. A concretization of a compression mold made by material extrusion process. The 

mold was modified based on opinions of manufacturers. 

  

The following chapter is only speculation and applicable for filament-based material 

extrusion process: 

Since building unnecessary thick walls with PBF process should be avoided, could an option 

of honeycomb structure be observed. The main questions with honeycomb structure are 

strength properties of the cross section, effect of building orientation and thermal behaviour 

of the structure. Two building orientations, where the honeycomb cross section is vertically 

(a) and horizontally (b), could be expiremented with filament-based material extrusion 

process. It might be noticed that vertical building orientation (a) produces more constant 

honeycomb structure with greater continuity than horizontal orientation as figures C and D 

show. 

 



 

 
Figure C. Side walls of test honeycomb structures produced by filament-based material 

extrusion process. 

 

 
Figure D. Tops of honeycomb structures. 

 

Based on test prints of material extrusion pieces it could be decided that honeycombed 

structures should be oriented vertically; perpendicularry towards the build surface, if 

possible. It has to be noted that quantity of samples might not be sufficient to make ultimate 

conclusions about strength properties of 3D-printed honeycomb profile. Different results 

may be achieved by using different wall thickness, layer thickness, printing speed or 

material.  

  
  



 

APPENDIX II: AM workflow 
 
AM process usually starts by creating a 3D model of desired product by using a computer 

aided design (CAD) software. Created CAD model is then converted to Stereolitography 

(STL) format, which presents the data in form of triangle mesh. STL file consists of 0,01 

mm thick section cuts that are perpendicular to vertical axis of the AM machine, and it is 

important to keep this file as high quality and defect free as possible. (Stone & Cooper, 2017, 

pg. 860). After the can file has been converted to STL form, the STL file can be imported to 

an AM machine or to a software that communicates with the AM machine. At this stage the 

size, position and orientation of STL file can be modified to be optimal for building (Gibson, 

Rosen & Stucker, 2010 Pg. 5).  

 

Before starting to build the part, are the parameters of the AM machine defined to suit the 

requirements of used material and structure of the workpiece. The model and print file should 

also be analyzed in case of potential failure points and possible need of support structures 

(Stone & Cooper, 2017, pg. 860). 

 

Building process does not require significant operations from the user of the AM machine. 

Supervision for errors is still needed. An online quality observation of part and control of 

parameters during the build can be reasonable because committing an analysis after the build 

is often challenging without damaging the part (Craeghs et al. 2012, pg. 754). During the 

building, the most important task of the user is to supervise that no errors occur during the 

process. (Gibson, Rosen & Stucker, 2010, pg. 5) 

 

Next step after the building process is the removal of the workpiece. Removal can be 

performed after the AM machine has stopped and the workpiece has cooled down. Removing 

the workpiece from building platform might require some tools and vigilance to avoid 

damage. (Gibson, Rosen & Stucker, 2010, pg. 5) 

 

The workpiece often needs postprocessing after removal. Often the workpiece has support 

structures that need to be removed. Workpiece might also require heat treatment to stabilize 

the strength properties and to eliminate possible stresses. Amount of postprocessing depends 

also on the surface quality the application requires. 



 

 

In the beginning of L-PBF process, feet cartridges are loaded with metal alloy powder. After 

this the powder is preheated up to sintering range of the material. The powder on build 

platform is also kept at certain temperature to minimize the power input required from the 

laser. Preheating also prevents warping of the workpiece. L-PBF process is usually 

performed in argon or nitrogen atmosphere, of which humidity is monitored (Stone & 

Cooper, 2017, pg. 868). Powder leveling roller spreads a layer of powder on the build area. 

After a layer has been spreaded, a laser fuses the powder particles of predefined cross-

section. After this, powder bed goes down one-layer thickness and new layer of powder is 

spreaded. (Gibson, Rosen & Stucker, 2010, pg. 104-105.) 
 

 
Figure TTT. L-PBF process. (Dudek, Raźniak & Lis, 2016, pg 4.) 

 
 
 



 

Appendix III: FEA results 
 

Results of FE analyzes performed for single BCC cells are presented in tables x and y. 

 

Table x. FEA results of BCC unit cells with cell scale of 5x5x5. 

Strut thickness 

[mm] 

Relative volume Maximum stress 

[GPa] 

0.6 – 4x4x4 0.107 2.594 

0.6 0.073 1.474 

0.7 0.098 1.250 

0.8 0.128 0.957 

1 0.198 0.674 

1.2 0.280 0.447 

1.4 0.377 0.361 

   

 
 

Table y. FEA results of BCC unit cells with cell scale of 2x2x2. Blend radius was not applied. 

Strut thickness 

[mm] 

Relative volume Maximum stress 

[GPa] 

0.2 0.056 1.846 

0.3 0.119 0.975 

0.4 0.199 0.571 

0.5 0.298 0.418 

0.6 0.419 0.290 

0.7 0.554 0.218 

 

FEA results for cell blocks are presented in tables z and a. 

 

Table z. FEA results of 4x4 mm block BCC cells with cell scale of 2x2x2. 

Strut thickness 

[mm] 

Maximum stress 

[GPa] 



 

0.2  

0.3 1.416 

0.4 0.640 

0.5 0.354 

0.6 0.307 

0.7 0.131 

 

Table a. FEA results of 6x6 mm block BCC cells with cell scale of 3x3x3. 

Strut thickness 

[mm] 

Maximum stress 

[GPa] 

0.2 8.3 

0.3  

0.4 2.053 

0.5 1.137 

0.6  

0.7  

 

 


