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Tässä kandidaatintyössä käsiteltiin jauhepetisulatuksella ruostumattomasta teräksestä 316L 

valmistettujen muodoltaan erilaisten ristikkorakenteiden vetolujuusominaisuuksia. Työn 

tavoitteena oli selvittää ristikkomaisen muodon aiheuttama vaikutus ruostumattoman 

teräksen 316L vetolujuuteen ja massaan.  

 

Tämän työn tutkimusmetodeina käytettiin kirjallisuustutkimusta ja laboratoriossa 

suoritettuja kokeita. Kirjallisuustutkimus keskittyi tämän tutkimuksen kolmeen 

pääaihealueeseen, jotka olivat 1) metallin jauhepetisulatus, 2) ristikkorakenteet ja 3) 

metallien vetolujuusominaisuudet, etenkin ruostumattoman teräksen 316L. Työn 

kokeellinen osa koostui kahden erilaisen ristikkomaisen vetokoekappaleen ja yhden 

umpinaisen vetokoekappaleen suunnittelusta, valmistuksesta sekä testaamisesta 

vetokokeessa.  

 

Vetokokeissa mitattiin käytettyä voimaa vetokoelaitteiston kiinnitysleukojen siirtymän 

funktiona ja kokeiden tulosten pohjalta luotiin jännityskuvaajat. Koekappaleiden 

murtolujuudet määritettiin kokeista saatujen tulosten perusteella. Jokaisen koekappaleen 

massa laskettiin lujuus-painosuhteiden selvittämisen vuoksi. Tulosten pohjalta pystyttiin 

huomaamaan, että umpinaisella rakenteella oli huomattavasti suurempi murtolujuuden arvo 

kuin ristikkorakenteilla, joita tutkittiin tässä työssä. Jopa umpinaisen rakenteen lujuus-

painosuhde oli huomattavasti korkeampi kuin ristikkorakenteiden huolimatta siitä, että 

umpinaisen rakenteen massa oli yli kaksinkertainen ristikoihin verrattuna. Ristikkorakenteet 

näyttivät kestävän voimaa vielä murtolujuuden saavuttamisen jälkeen, mikä saattaisi 

säilyttää rakenteen ylläpitävänä vielä murtolujuuden saavuttamisen jälkeenkin.   
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This thesis comprised tensile strength properties of various stainless steel 316L lattice 

structures manufactured by powder bed fusion. Aim of this thesis was to define the impact 

of lattice shape on tensile strength properties and weight of structures made of stainless steel 

316L powder. 

 

Literature review and laboratory experiments were used as research methods in this thesis. 

Literature review focused in three main issues of this thesis that were 1) powder bed fusion 

process that utilizes metal, 2) lattice structures and 3) tensile strength properties of metal, 

especially SS316L. Experimental part consisted of designing, manufacturing and tensile 

testing two different lattice structures and one solid structure. Experiments took place in the 

laser laboratory of Lappeenranta University of Technology. 

 

Stress curves were modeled utilizing the data of applied tensile force in function of 

displacement of clamping jaws of the tensile test machine during tensile test. Tensile 

strengths were defined from the data collected in the experiments. Weights of all test pieces 

were calculated in order to determine strength-to-weight ratios of test pieces. On the ground 

of results it could be noticed that solid structure had significantly higher tensile strength than 

lattice structures examined in this thesis. Even strength-to-weight ratio was much higher 

with solid test piece, despite the fact that it was more than two times heavier than either 

lattice test piece examined. Also displacement at tensile strength was remarkably higher with 

solid test piece. However, lattice structure appeared to endure increasing tensile force even 

after achieving tensile strength, which may remain it still usable after reaching tensile 

strength.   
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1 INTRODUCTION 

 

 

Additive manufacturing (AM) comprises a range of various technologies that are able to 

translate virtual solid model data into physical form quickly and easily (Gibson, Rosen & 

Stucker 2015, p. 1-2; Hanssen et al. 2015, p. 2508-2510). The obvious difference between 

AM and conventional subtracting approach is that subtractive manufacturing begins with a 

solid volume and AM begins with an empty platform. In subtractive manufacturing, material 

is removed from the blank to produce the shape of the product, whereas in AM finite layers 

are joined on top of each other in order to produce the shape of the product. Powder bed 

fusion (PBF) is one of total seven standardized processes of AM. (Hanssen et al. 2015, p. 

2508-2510.) 

 

AM is said to revolutionize product development and manufacturing. AM is even discussed 

as a starter of new industrial revolution which eventually concludes that conventional 

manufacturing of today may not exist anymore. (Dongdong 2015, p. 1; Gibson et al. 2015, 

p. 9.) That is of course speculation though AM can definitely be considered as a hot affair in 

manufacturing world of today. 

 

1.1 Motivation 

AM gives the possibility to design products that are not restricted by shape, which leads to 

an ability to design lightweight, but strong structures to replace heavier ones. Use of lighter 

structures enable for example better performance for vehicles due to weight reduction. 

(Gibson et al. 2015, p. 469.) Because of high strength-to-weight ratio, lattice structures have 

gained more attention from the beginning of 21st century (Gibson et al. 2015, p. 415). As 

less material is needed in lattice structures than in solid structures, it makes lattices not only 

lighter, but more ecological when it comes to material usage. Freedom of shape in design 

enables to have material only where it is needed. Also individualization of products can be 

achieved considering that manufacturing costs per unit stay the same regardless of the 

number of units made. That is why AM is widely used in prototyping and product 

development. Also in many cases AM is the only method to manufacture certain products, 

typically products with challenging shapes, which can be for example lattice structures. 

(Dongdong 2015, p. 7; Hanssen et al. 2015, p. 2507-2508.)  
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1.2 Aim of thesis, research problem and research questions 

The lower need of material in lattice structures is an advantage over solid structures. Lattice 

structures could be utilized widely if the strength of the lattice structure fulfills the strength 

requirements that are set. Research problem of this thesis consists of defining the impact of 

lattice shape on tensile strength properties of stainless steel 316L (SS316L). Relevant matter 

relating to lattices is weight and therefore defining strength-to-weight ratio of lattices 

connects to the research problem. Aim of this thesis is to solve the problem by seeking 

answers to the following research questions: 

 How much does tensile strength properties of certain lattice structures differ from 

tensile strength properties typical for stainless steel 316L? 

 How do certain lattice structures behave in tensile test compared to solid structure? 

 

1.3 Research methods and framing 

Literature review and laboratory experiments form the research methods of this thesis. 

Literature review focuses in PBF process and especially processing of metal material, which 

are utilized in the experimental part of this thesis. Clarification to lattice structures and 

tensile strength properties of material, especially SS316L, are included in literature review. 

Experimental part of this thesis includes design, manufacturing and tensile testing of test 

pieces. Two differently shaped lattices are designed using three-dimensional (3D) computer-

aided design (CAD) software and based on the models, they are manufactured by PBF 

process. The tensile strength properties of test pieces are defined by performing tensile test. 

In addition, solid test piece is manufactured in order to solve tensile strength properties of 

the material and set to comparison with lattice test pieces according to weight and tensile 

strength properties. Scope of this thesis is framed to PBF process that utilizes metal. Strength 

properties comprise only tensile strength properties of SS316L. 
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2  ADDITIVE MANUFACTURING AND POWDER BED FUSION 

 

 

AM as a term is standardized by American Society for Testing and Materials International 

(ASTM) and it is defined by a range of technologies that are able to translate virtual solid 

model data into physical form quickly and easily (Gibson et al. 2015, p. 1-2; Hanssen et al. 

2015, p. 2508-2510). AM is a form of rapid prototyping (RP) that includes processes utilized 

to enable quick manufacturing of a physical scale model or a prototype directly from 3D 

CAD data. AM allows, in addition to prototyping, production of actual parts. (Hanssen et al. 

2015, p. 2508-2509.) The commercial term of AM is 3D-printing that is more popularly used 

among consumers and media (Dongdong 2015, p. 1; Gibson et. al 2015, p. 1-2). 

 

2.1 Principle of additive manufacturing 

The basic principle of AM technology is that 3D model is generated using 3D CAD software 

and the physical part is manufactured based on the model, without need for significant 

process planning. The data in the 3D CAD model are broken down into a series of two-

dimensional cross-sections having finite thickness. The cross-sections are transferred to AM 

machine in order to be combined by adding them together layer-by-layer discipline, to form 

the physical model. (Gibson et al. 2015, p. 2.) The major difference between AM and 

conventional subtracting approach is that subtractive manufacturing begins with a solid 

volume and AM begins with an empty platform. In subtractive manufacturing, material is 

removed from the blank to produce the shape of the product, whereas in AM finite layers 

are joined on top of each other in order to produce the shape of the product. (Hanssen et al. 

2015, p. 2508). 

 

 

 

 

 

 

 



11 

 

2.2 Powder bed fusion 

ASTM International Committee F42 on Additive Manufacturing Technologies has approved 

a range of standardized AM processes. PBF is one of total seven standardized processes. The 

other six processes are  

 vat photopolymerization  

 material extrusion  

 material jetting  

 binder jetting  

 sheet lamination  

 directed energy deposition.  

(Gibson et al. 2015, p. 35; Hanssen et al. 2015, p. 2510.)  

 

PBF process in general is an AM process in which typically laser power is used to melt 

powder material layer-by-layer in order to form the physical appearance of the CAD model. 

All PBF processes have common characteristics that include thermal source for inducing 

fusion between powder particles, a procedure for controlling powder fusion to selected area 

of each layer and mechanisms for adding and leveling powder layers. (Gibson et al. 2015, p. 

107; Hanssen et al. 2015, p. 2514.) According to Gibson et al. (2015, p.107) laser is the most 

common thermal source being used in PBF process but also electron beam and other thermal 

sources are used.  

 

PBF processes that utilize laser are modified from laser sintering (LS) processes that were 

initially developed to manufacture plastic parts. Subsequently LS processes were modified 

to establish manufacturing of metal and ceramic parts. That created new terminology to 

describe the way how the fusion performs. (Gibson et al. 2015, p. 112.) Laser melting (LM) 

and laser metal deposition (LMD) as terms are often used for certain processes, notes 

Dongdong (2015, p. 4). At present, the principle is that all materials that can be melted and 

solidified, can be utilized in PBF processes. For example materials such as polymers, metals, 

ceramics and composites. (Gibson et al. 2015, p. 107, 109.) 

 

2.2.1 Principle of powder bed fusion 

The principle of PBF process is shown in figure 1. Powder bed is the area where the 

manufacture of a part takes place. In the bottom of powder bed is the building platform or a 
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base plate like in figure 1. The part is manufactured on the base plate by melting the powder 

layer on top of already solidified part, with laser beam. The base plate is attached to 

fabrication piston that moves downwards the amount of the layer thickness of the part after 

every solidified layer, so that the distance between the focal point of the laser beam and the 

part that is being built, stays constant. The roller adds a predefined layer of powder from the 

powder delivery system to the powder bed after every solidified layer. Surplus powder is 

aimed to overflow container and salvaged. (Dongdong 2015, p. 17; Gibson et al. 2015, p. 

108–109; Ruys et al. 2015, p. 554.) 

 

Figure 1. Schematic of PBF process (Thompson et al. 2015, p. 39). 

 

2.2.2 Fusion mechanism in powder bed fusion 

PBF process can be divided into four approaches based on fusion mechanism of the process. 

They are solid-state sintering, chemically induced sintering, liquid-phase sintering and full 

melting. (Gibson et al. 2015, p. 112.) It is notable that these four PBF approaches comprise 

only the way the fusion is occurred, not for example what material is used in the process. 

This thesis focuses in full melting because the equipment used to manufacture the test pieces 

is a full melting PBF machine which utilizes metal powder. In full melting process the 

powder layer is completely melted through its thickness on top of the previous, solidified 

layer. Thermal energy of subsequent laser scans in the scanned area is plentiful to re-melt 
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already solidified structure and therefore this process is highly effective in creating well-

bonded, high-density structures from engineering metal alloys. (Gibson et al. 2015, p. 120.) 

Full melting process is shown in figure 2. 

 

Figure 2. Full melting process of PBF (modified from Kempen et al. 2014). 

 

2.2.3 Utilizing metal in powder bed fusion 

PBF is capable process for manufacturing parts from different materials as discussed earlier. 

PBF of metal components is one subcategory of PBF processes and it can be divided into 

four common approaches that are full melting, liquid-phase sintering, indirect processing 

and pattern methods. (Gibson et al. 2015, p. 121.) Typically in the full melting and liquid-

phase sintering processes the part is usable as it is removed from the building platform, 

according to Gibson et al. (2015, p. 121). In this thesis focus is in full melting PBF of metal 

powder. Different mechanisms of laser-metal powder -interaction are represented in figure 

3 and the route that is observed in this thesis is marked with red line. 
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Figure 3. Laser-metal powder -interactions in PBF and the route (red line) observed in this 

thesis (modified from Dongdong 2015, p. 16.) 

 

Metal parts experience high residual stresses during build. PBF of metal requires support 

structures in order to avoid collapsing and excessive warping of the part under construction. 

Another purpose of support structures is to transfer heat out of the part during build. Usually 

PBF of metal requires significant post-processing because support structures of the part must 

be removed once the build is complete. (Gibson et al. 2015, p. 143.) PBF machine used in 

this thesis utilizes SS316L powder. Mechanical properties of tensile test piece that is made 

of SS316L powder are represented in table 1. 
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Table 1. Mechanical properties of test piece made of EOS SS316L powder (EOS 2014, p. 3-

4). 

 Yield strength 

[MPa] 

Tensile strength 

[MPa] 

Elongation at 

break [%] 

Density 

[kg/m3] 

Build up in 

horizontal 

direction 

530 ± 60 640 ± 50 40 ± 15 

7900 

Build up in 

vertical direction 
470 ± 90 540 ± 55 50 ± 20 

 

Mechanical properties shown in table 1 consider tensile test piece with diameter of neck area 

5 mm, gauge length 20 mm, stress rate 10 MPa/s and strain speed in plastic region 0.375/min 

(EOS 2014, p. 4).  

 

2.3 General AM process chain  

A general AM process chain can be defined according to Gibson et al. (2015, p. 43). The 

process chain consist of eight steps that lead an idea into physical form: 

1. CAD modeling: The first step is to make up an idea of a desired product and create 

a CAD model of it. It is important that the CAD model describes completely the 

external geometry of the part in order to be suitable for the machine. 

2. Stereo Lithography (STL) conversion: The second step is to convert the CAD file 

format into suitable file format for the AM machine. STL file format is most 

commonly used in AM technology and it is also a de facto standard file format in 

AM technology. The purpose of conversion is to describe the CAD file in geometry 

alone and it works by approximating the surfaces of the model with triangular 

elements. 

3. STL file transfer to machine: The third step is to manipulate and transfer the 

previously created STL file to AM machine. Orientation and position at building 

platform of the part are usually modified for building at this stage. 

4. Machine setup: The fourth step is to setup the AM machine, which means that the 

process parameters will be adjusted. Also some physical preparation for the machine 

is performed, for example sufficient grade and volume of build material has to be 

loaded in order to build the product. 
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5. Build: The fifth step is the build of the part. The building operation is mainly an 

automated process that does not necessarily need supervising once the building has 

begun. Only superficial monitoring of the AM machine may need to take place in 

order to avoid, for example, material running out.  

6. Removal of part: Once the build is complete, the part is removed from building 

platform and cleaned up, which is the sixth step of the manufacturing process chain. 

Very often major post-processing is required to finish the part usable for its final use, 

especially for metal parts, because support structures may be challenging to remove 

from the part. 

7. Post processing of part: Post-processing is the seventh step of the chain and its 

performance is dependent of the product. Post-processing may involve for example 

polishing, coating, chemical treatment or thermal treatment. Once the part has gone 

through post-processing, it is ready to use. 

8. Finishing application: However, parts may require further treatment before final use 

after post-processing. The last step of the process chain is to finish the product by, 

for example, assembling it from sporadic parts to form the final appearance of the 

product.  

(Gibson et al. 2015, p. 4-6, 43-49; Gibson 2015, p. 2552-2554.) 

  

Figure 4 illustrates the general AM process chain. 

 

Figure 4. General AM process chain, case coffee cup (Gibson et al. 2015, p. 45). 
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2.4 Summary of AM technology 

AM technology simplifies significantly the process of producing complicated 3D objects 

compared to other manufacturing methods. Other manufacturing methods require detailed 

analysis of part geometry to define the order in which different features of the part can be 

manufactured, what processes and tools are needed and what fixtures may be required. AM 

instead requires only basic dimensional detail information of the part and basic 

understanding about how the AM machine works and what materials can be used to build 

the part. (Gibson et al. 2015, p. 2.) PBF appears to be straightforward process that enables 

production of parts with complicated shapes.    
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3 LATTICE STRUCTURES AND TENSILE STRENGTH PROPERTIES OF 

MATERIAL  

 

 

Typically lightweight components that carry high strength-to-weight ratio can be achieved 

by using certain materials such as aluminum, titanium or carbon fiber reinforced composites. 

Other way to achieve lightweight components is to create lightweight structures with hollow 

or lattice internal cores. (Gibson et al. 2015, p. 469.) A huge advantage of AM technology 

is the possibility to manufacture objects that are not restricted by shape, which is challenging 

or even impossible to accomplish with conventional manufacturing methods. AM allows to 

have material only where it is needed and as less material is used, structures can be designed 

to be lighter. Not only are the cellular materials lighter than bulk material. They can also 

provide valid energy absorption properties and decent thermal and acoustic insulation 

properties. (Rosen 2007, p. 586.) 

 

3.1 Lightweight cellular structures 

Cellular materials consist of foams, lattices, honeycombs and similar structures. When the 

lengths of the cells are between 0.1 mm and 10 mm, the material is called mesostructured 

material. Mesostructured materials that are not produced by stochastic processes like 

foaming, are called designed cellular materials. Lattice structures are examples of these 

designed cellular structures. (Rosen 2007, p. 586.) 

 

Lattices have gradually got more attention because of advantages over competing foam 

materials in providing lightness, stiffness and strength (Rosen 2007, p. 586). Figure 5 shows 

an example of stochastic foam structure and designed cellular lattice structure. 
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Figure 5. An example of foam structure on the left (Leu & Guo 2013) and lattice structure 

on the right (Laser Zentrum Nord 2014). 

 

It can be seen from figure 5 that foam structure is irregular whereas lattice structure is regular 

by shape. Differences in strength between foams and lattices are based on deformation of 

the material. The strength of lattice is based on stretch and compress of the elements of the 

lattice whereas foam is reigned through the cell wall bending. The strength of a structure that 

deforms by cell wall stretching, as lattice, scales straight to the relative density of the 

structure ρ while strength of a structure that deforms by cell wall bending, as foam, scales as 

ρ1.5. (Deshpande, Fleck & Ashby 2001, p. 1747-1748.)  

 

3.2 Tensile strength properties of material     

Strength of material can be defined as ability of material to stand load without damage. Load 

creates stresses to material in form of compression, tension or shear. (Ylinen 1976, p. 1-3.)  

Strength properties of materials can be defined by, for example, performing tensile test. 

Principle of tensile test is that test piece known by its geometry and dimensions, is extended 

in the tensile test with constantly growing length of test piece until the test piece breaks. 

During test, applied tensile force F in function of change in length ΔL in predefined area of 

test piece, is measured. Based on that information, experienced tensile stress σ and tensile 

strain ε can be calculated and tensile stress in function of tensile strain can be formed: 

 

0L

L
                                                                             (1) 
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0A

F
                                                                            (2) 

 

In equation 1 L0 is the original length of test piece. In equation 2 A0 is the original cross-

sectional area of test piece. The ultimate result of tensile test is stress-strain curve from which 

tensile strength properties of material can be evaluated. (Ylinen 1976, p. 70-73.) A general 

stress-strain curve is illustrated in figure 6.  

  

Figure 6. Schematic of engineering stress-strain curve (Total Materia 2014). 

 

Above all, tensile test is performed to solve tensile strength properties that are typical for 

certain material.  
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4 EXPERIMENTAL PART 

 

 

This chapter concentrates in the experimental part of this thesis. Experiments took place in 

the Laser laboratory of Lappeenranta University of Technology. Software that were used in 

modeling the test pieces were SolidWorks 2016 3D CAD software, nTopology version 1.1.0 

3D lattice design software, Netfabb 2017 AM and design software and Magics version 18.0 

STL editor software. The equipment that was needed to accomplish the experimental part 

consisted of PBF machine, balance and tensile test machine. Two different lattice test pieces 

were designed, manufactured, weighed and their tensile strengths were defined 

experimentally by tensile testing. Also a set of three equal solid test pieces was manufactured 

in order to solve tensile strength properties of material and to be compared with lattice test 

pieces in tensile strength properties and weight. Aim was to manufacture three lattice test 

pieces per each design but only one per design was achieved to manufacture successfully 

due to major problems faced in the build. Based on the data collected in the experiments, 

tensile strength properties of test pieces could be defined. All test pieces were manufactured 

by PBF observing the general AM process chain that was discussed earlier in the chapter 

2.3.    

 

4.1 Design process of test pieces 

The first step of carrying out the experimental part was to define the main geometry and 

dimensions of the test pieces. The main term of the dimensions was that the test pieces had 

to be physically suitable for the tensile test machine and the PBF machine. Different 

standards referring to tensile test pieces manufactured by PBF were searched but none was 

specified for PBF test pieces, nor test pieces with lattice structure in the first place. 

Eventually, dimensions of test pieces were applied based on earlier experience of what is 

optimal for the specific tensile test machine. The dimensions of test pieces were decided as: 

 Length: 200 mm  

 Width: 37 mm 

 Height: 7 mm.  
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The lattice test pieces were designed with lattice center structure and solid end structure 

because lattice ends would not necessarily have endured the compressive force of clamping 

jaws of the tensile test machine. 

  

The blank model of lattice test piece was created with SolidWorks 2016 3D CAD software. 

End part and center part of the test piece were modeled separately because only the center 

part was to be converted to lattice. Length of the end part was determined 75 mm and length 

of the center 50 mm, making up total length of test piece 200 mm. Figure 7 represents the 

SolidWorks model of end parts and center part, which will form the complete test piece when 

mated together.  

 

Figure 7. Blank model of end parts and center part of test piece created with SolidWorks. 

 

Both the center part and the end part were saved as separate files in STL file format in order 

to be used in the AM machine. Only the center part was converted into different shapes of 

lattices, using nTopology software. Lattice library of nTopology has different types of 

lattices in stock and they were modified to enable tighter fit with the dimensions of test piece, 

and combined to reduce the need of support structures in the build. Major usage of supports 

would have complicated post processing of test pieces and also extended build time. Cell 

size was modified to 7 × 7 × 7 mm in both designs of lattice test pieces to match with the 

overall thickness of the test piece. Strut diameter of lattice was set to 2 mm in both designs 

of lattice test pieces to be durable enough while maintaining the structure not to turn solid-

a-like. Combinations of the lattices that were eventually used in test pieces, were: 

  Test piece 1 (1_2 in figures): cube vertex centroid with cube edges that is shown in 

figure 8. 

 Test piece 2 (5_6 in figures): hex prism vertex centroid with hex prism edges that is 

shown in figure 9.  
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Vertex centroid -cell type means that the struts cross in the middle of the cell, whereas edges-

cell type means that the struts form the external shape of the cell. Vertex centroid -cell type 

is shown in color orange and edges-cell type in color grey in figure 8, as an example. Variety 

in shapes of lattices was achieved by combining different vertex centroid -cells with edges-

cells. 

 

Figure 8. Lattice part of test piece 1. 

 

 

Figure 9. Lattice part of test piece 2. 

 

Once the lattices had been modeled using nTopology, they were mated with ends of the test 

piece in order to form the complete appearance of the lattice test pieces. Figure 10 shows 
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one mated test piece as an example. Total length of test pieces set to 198 mm after mating 

because lattice part was merged 1 mm from both sides into the solid part, shortening the 

overall lattice section of test pieces from 50 mm to 48 mm. Center part and end part models 

were mated with Netfabb software.  

 

Figure 10. Model of test piece 2 with lattice center. 

 

After mating the center part and the end parts together, the models were transferred to Magics 

software to create supports for building process. The final stage of modeling process was to 

finish the models with Netfabb by slicing the STL files into two-dimensional layer 

appearance. After that the models were ready to be transferred into AM machine for build. 

 

Solid test piece was designed and manufactured in order to solve tensile strength properties 

of the material. The shape of solid test piece was learned from SFS 3475 standard. Cross-

sectional area of solid test piece was sized to be equal to lattice test piece with highest cross-

sectional area. The cross-sectional areas of lattices were calculated utilizing 3D models of 

them. Total cross-sectional area of each test piece was calculated by adding cross-sectional 

areas of each individual longitudinal strut in the cross-section of lattice. Total cross-sectional 

area A0 of one test piece is thus:  

 

2

0 rA                                                                              (3) 

 

In equation 3 r is the radius of cross-section of one strut of lattice. According to calculations, 

test piece 1 has the largest cross-sectional area (100.53 mm2). The solid test piece was 

modeled using SolidWorks 2016 software and the model was saved as STL file as the models 

of lattice test pieces, in order to be suitable for adding supports, slicing and transferring to 

AM machine. The main dimensions of solid test piece retained equal to lattice test pieces. 

Only the cross-sectional area was sized regarding to test piece 1. Figure 11 illustrates the 

SolidWorks model of solid test piece. 
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Figure 11. SolidWorks model of solid tensile test piece. 

 

4.2 Manufacturing process of test pieces 

Aspiration was to manufacture as many test pieces as possible at the same time to reduce 

overall building time. Also purpose was to create test pieces with highest strength possible 

by adjusting the orientation of test pieces. To achieve high strength, test pieces were 

manufactured in horizontal position. In horizontal position, layers are formed in a parallel 

direction to building direction. (EOS 2014, p. 4; Zhang, Dembinski & Coddet 2013, p. 28.) 

In addition, manufacturing in horizontal position is less time consuming than in vertical 

position when it comes to elongated parts, because of longer layering process in vertical 

position (Gibson et al. 2015, p. 55-56; Zhang et al. 2013, p. 28). The orientation of the test 

pieces is shown in figure 12. All the test pieces were manufactured with the same orientation. 

 

Figure 12. Top view model of orientation of solid test pieces on the building platform. The 

blue line indicates the contours of building platform. 
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Figure 13 illustrates the PBF building process in which the solid test pieces are being built. 

 

Figure 13. PBF building process in which solid test pieces are being manufactured. 

 

The build of solid test pieces was forced to stop at 5.9 mm height instead of proposed 7.0 

mm because powder recoater hit the surface of the test pieces. Despite the hit, all the three 

test pieces remained usable for tensile testing.   

 

Unfortunately, only one lattice test piece of both designs was successfully built, even though 

three test pieces per design was the aim. Lattice test pieces experienced excessive bending 

during build because solid parts of test pieces had significantly higher heat input than lattice 

parts. Therefore many sets became useless. Figure 14 represents the successful lattice test 

pieces right after building process. In this state they are still attached to the building platform 

via support structures. 
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Figure 14. Lattice test pieces after build. 

 

Test pieces were removed from the building platform by cutting them loose from the support 

structures. Figure 15 represents the remaining support structures of one solid test piece after 

removing it from building platform. 

 

Figure 15. Support structures of one solid test piece. 
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Once the test pieces were removed from the building platform, they were ready to be tested 

in the tensile test machine without any further post-processing. Figure 16 shows the solid 

test pieces after removing them from building platform.  

 

Figure 16. Solid test pieces after removal from building platform. 

 

As it can be seen in figure 16, test piece 3 has an imperfection on the left side. Fortunately 

it is in the area where the clamping jaws of the tensile test machine stick to the test piece, so 

it should not effect on the results of the tensile test. 

 

4.3 Equipment and parameters of building process 

All test pieces were manufactured by PBF machine with 200 W laser power source. Figure 

17 represents the machine in question. Powder bed is highlighted with red area in figure 17.  
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Figure 17. PBF machine with 200 W laser power source. Powder bed is circled in red. 

 

Parameters in building process of the test pieces are shown in figure 18.  

 

Figure 18. Parameters of building test pieces. 

 

Support structures had their own parameters setup and they were set as represented in figure 

19. 
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Figure 19. Parameters of building support structures. 

 

Parameters that were used in the build, were mainly stock values of the machine setup. Only 

orientation was adjusted notably. 

 

4.4 Tensile test  

After removing the parts from building platform, they were weighed and then attached to the 

tensile test machine one by one. Tensile test machine can be seen in figure 20. The red area 

shows the location of test piece. 

 

Figure 20. Tensile test machine with test piece attached in the red area. 
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Test pieces were extended by tensile test machine until they fractured and data of applied 

tensile force F in function of displacement δ of clamping jaws during experiment was 

measured. By utilizing the data concerned, tensile stress σ of each test piece could be 

calculated and stress curves could be generated. 
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5 RESULTS 

 

 

In this chapter, lattice structures are compared to solid structure in weight and tensile strength 

properties, based on data collected in the experimental part. Each lattice test piece was 

weighed after removing from building platform and tensile strength properties of each test 

piece were determined experimentally in the tensile test machine as described in the earlier 

chapter. Weights of lattice sections of lattice test pieces and weight of equally sized solid 

center section were calculated utilizing density of the material. Based on the data collected, 

stress curves were modeled using Microsoft Excel 2013 software. 

 

5.1 Stress curves 

Stress curves were generated from the data that was collected from the experiments. Tensile 

stresses were calculated using equation 2 which is shown in the literature part in chapter 3.2. 

Stress curves represent the experienced tensile stress of test piece, in function of 

displacement of clamping jaws. Tensile strengths Rm of test pieces were defined with 

equation: 

 

0

max

m
A

F
R                                                                         (4) 

 

In equation 4 Fmax is the maximum tensile force test pieces experienced during tensile test. 

Tensile strengths are marked with orange line in stress curves. Figures 21 to 25 illustrate the 

stress curves of all the test pieces and below the curves are figures of broken test pieces. The 

results are composed in tables 2 and 3 and comparison of the results in tables 4, 5 and 6. 
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Figure 21. Stress curve of test piece 1 and broken test piece 1. 
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Figure 22. Stress curve of test piece 2 and broken test piece 2. 
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Figure 23. Stress curve of solid test piece #1. 

 

 

Figure 24. Stress curve of solid test piece #2. 
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Figure 25. Stress curve of solid test piece #3. 

 

 

Figure 26. Solid test pieces after tensile test. 
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5.2 Weights of test pieces  

Total weights m of lattice test pieces were determined by balance but weights of lattice 

sections ml were calculated utilizing density ρ of the material. Value used for density was 

7900 kg/m3, which was examined by EOS (2014, p. 3). Weight of lattice section ml of each 

lattice test piece was defined with equation: 

 

sl mmm                                                                         (5) 

 

In equation 5 m is the total weight of lattice test piece and ms is the weight of solid section. 

The weight of solid section ms was calculated using: 

 

 tots,s Vm                                                                          (6) 

 

In equation 6 ρ is density of SS316L (7900 kg/m3) and Vs, tot is total volume of solid section 

in one lattice test piece, being 2 × 37 mm × 7 mm × 75 mm. By calculating equation 6, ms 

equals to 306.9 g. 

 

In order to compare solid and lattice structures equally regarding to weight, the total weight 

m of solid test piece was calculated to correspond a solid test piece of 198 mm × 37 mm × 7 

mm size, which equals to 405.1 g. Weight of corresponding center section of solid test piece 

mc was calculated imitating equation 5: 

 

sc mmm                                                                        (7) 

 

By calculating equation 7, mc equals to 98.2 g. Results concerning weights are composed in 

table 2.  
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5.3 Comparison between test pieces 

Weights and strengths of test pieces are shown in table 2. 

 

Table 2. Tensile strength properties and weights of each test piece. 

 

Total weight 

of test piece m 

[g] 

 

 

 

Weight of 

lattice section 

ml or 

corresponding 

solid section 

mc*[g] 

Maximum 

tensile 

force Fmax 

[kN] 

Tensile strength 

Rm [MPa] 

 

 

 

 

Tensile 

strength-

to-weight 

ratio 

[MPa/g] 

Test piece 1 352.00 45.10 34.25 340.69 7.55 

Test piece 2 
350.00 

 

 

43.10 20.60 252.22 

 

 

5.85 

Solid test 

piece 
405.10 98.20*    

#1   103.85 1222.32 12.44 

#2   103.68 1230.74 12.53 

#3   103.64 1219.85 12.42 

 

Data of displacements and cross-sectional areas of each test piece are composed in table 3. 

 

Table 3. Cross-sectional areas and displacements of each test piece. 

 Cross-sectional area A0 [mm2] 
Displacement δ at 

tensile strength [mm] 

Test piece 1 100.53 12.21 

Test piece 2 81.68 8.38 

Solid test 

piece #1 
84.96 18.84 

Solid test 

piece #2 
84.24 19.51 

Solid test 

piece #3 
84.96 17.78 

 

Comparison between test pieces is shown in tables 4, 5 and 6. Comparison is based on the 

data of tables 2 and 3.  
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Table 4. Solid test pieces compared to lattice test piece 1. 

 Weight Tensile strength 

Displacement 

at tensile 

strength 

Solid test 

piece #1 / 

Test piece 1 

+ 117.7 % + 258.7 % + 54.3 % 

Solid test 

piece #2 / 

Test piece 1 

+ 117.7 % + 261.2 % + 59.8 % 

Solid test 

piece #3 / 

Test piece 1 

+ 117.7 % + 258.0 % + 45.6 % 

 

Table 5. Solid test pieces compared to lattice test piece 2. 

 Weight Tensile strength 

Displacement 

at tensile 

strength 

Solid test 

piece #1 / 

Test piece 2 

+ 127.8 % + 384.7 % + 124.8 % 

Solid test 

piece #2 / 

Test piece 2 

+ 127.8 % + 388.0 % + 132.8 % 

Solid test 

piece #3 / 

Test piece 2 

+ 127.8 % + 383.6 % + 112.2 % 

 

It can be noticed from tables 4 and 5 that the solid center section is 117.7 % heavier compared 

to lattice section of test piece 1 and 127.8 % heavier than lattice section of test piece 2. The 

solid test pieces have more than 250 % higher tensile strength than lattice test piece 1. The 

corresponding difference for lattice test piece 2 is more than 350 %. 
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Table 6. Test piece 1 compared to test piece 2. 

 Weight Tensile strength Displacement 

Test piece 1 / 

Test piece 2 
+ 4.6 % + 35.1 % + 45.7 % 

 

Despite lattice section of test piece 1 is only 4.6 % heavier than lattice section of test piece 

2, test piece 1 has 35.1 % higher tensile strength, according to results represented in table 6. 

 

Based on results, it appears that solid test pieces are remarkably stronger when it comes to 

tensile strength. Solid structure also elongates more by tensile strength. Lattice test pieces 

were able to endure minor force peaks even after achieving tensile strength, which solid test 

pieces could not. Even though lattice structures were more than two times lighter than solid 

structure, lattice structures had lower tensile strength-to-weight ratio than solid structure. 
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6 CONCLUSIONS AND DISCUSSION 

 

 

This thesis is an overview to tensile strength properties of lattice structures made of SS316L 

powder by PBF. Sample size of test pieces was low, but it is notable that only building time 

of one full platform of test pieces with equipment used in this thesis took about two working 

days, being very time consuming. The build of test pieces had major challenges and many 

sets of test pieces were not succeeded in the build, which took extra time. Lattice test pieces 

suffered from upward bending during process and because of bending, the powder recoater 

hit the test pieces during the build, which stopped the process. Excessive bending of the 

lattice test pieces made the build unable to be finished and test pieces unusable. In addition, 

university had other projects in which the PBF machine and staff were needed so the machine 

was not applicable for this thesis at all times, which is completely understandable. However, 

three solid test pieces, instead of only one, were manufactured successfully enough to define 

the strength properties of the material, in order to reduce the possibility of an error in the 

results and giving the results more reliability.  

 

6.1 Differences in weight 

The weights of test pieces were partly defined by weighing and partly by calculating. Lattice 

test pieces were weighed and by utilizing density of the material, the weights of lattice center 

sections of the lattice test pieces could be calculated. The weights of corresponding solid test 

pieces were calculated utilizing density of the material because solid test piece with uniform 

thickness was not manufactured and thus could not be weighed. The value used for density 

of SS316L was 7900 kg/m3, which was examined by EOS (2014, p. 3).  

 

The reason why solid test piece with uniform thickness was not manufactured was that the 

capacity of tensile force of the tensile test machine would not have been high enough to 

break a solid test piece with uniform cross-sectional area of 37 mm × 7 mm. There was no 

point to manufacture solid test piece with uniform thickness to only weigh it but not test it. 

Therefore tensile strength properties of the material were tested by solid test piece with cross-

sectional area that is yet possible to break by the tensile test machine. 
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The difference in weight between lattice center sections of test pieces 1 and 2 is only 2 g (4.6 

%) which tells that they share very similar volume despite being totally different by shape. 

The solid center section is 117.7 % heavier than lattice section of test piece 1 and 127.8 % 

heavier than lattice section of test piece 2, so definitely there is a lot less material in the 

lattice structures than in solid structure. It is notable that the weight of solid test piece is 

based on calculus completely and the weights of lattice test pieces are based partly on 

weighing and partly on calculus. In addition, taking into account that parameters of the build 

have an impact on the density of the material according to Kamath et al. (2014, p. 74-75), 

there might be a little deviation to the real weights.  

 

6.2 Differences in tensile strength properties 

On the ground of results, tensile strength of solid test pieces is circa 1224 MPa in average 

(with 10.9 MPa variation between highest and lowest value), which sounds suspiciously high 

when considering that the tensile strength of SS316L is 690 MPa at highest according to 

EOS (2014, p. 3). The difference in strength may be caused by different parameter setup in 

the build and different shape of tensile test pieces used, compared to literature. Even the PBF 

process could have been different by fusion mechanism. According to Gibson et al. (2015, 

p. 120) full melting process of PBF, which was utilized in the manufacturing of test pieces 

in this thesis, is very effective in creating well-bonded high-density structures. So it would 

be possible that different PBF processes effect differently on the strength properties of the 

material. 

 

It appears that solid structure is quite a lot stronger than lattice structures examined in this 

thesis, when it comes to tensile strength. The solid test pieces have more than 250 % higher 

tensile strength than lattice test piece 1. The corresponding difference for lattice test piece 2 

is more than 350 %. There is also notable difference in tensile strength properties between 

the two different lattice test pieces. Lattice section of test piece 1 is only 4.6 % heavier but 

it has 35.1 % higher tensile strength.  

 

Test piece 1 has larger cross-sectional area than test piece 2 which partly explains why test 

piece 1 has higher tensile strength. However, it appears that one individual large strut by 

cross-section (describing solid tensile test piece) is stronger than many smaller struts 
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together (describing lattice tensile test piece) even though their cross-sectional areas were 

equal. 

 

It is notable that cross-sectional areas of lattice test pieces are calculated based on the amount 

of longitudinal struts in the cross-section of the 3D models. The results do not equate reality 

but are still directional. The real cross-sectional areas of lattice test pieces would be a bit 

larger than what is calculated based on the 3D models because the area of point where the 

struts cross each other is larger than the sum of individual struts at intersection. With a bit 

larger cross-sectional area, the tensile stresses would have been a bit lower. Cross-sectional 

areas of solid test pieces were designed to be equal with lattice test piece 1 but the build was 

forced to stop at 5.9 mm height, instead of proposed 7.0 mm, which led to smaller cross-

sectional areas of solid test pieces than what it was meant to be. Despite the change in cross-

sectional area of solid test pieces, their tensile strength properties could be defined 

appropriately. 

 

In tensile test, the displacement of clamping jaws of the machine was measured, instead of 

measuring the change in length of test piece. That is because the real change in length of 

lattice test pieces was not succeeded to define accurately enough. Thus tensile strains could 

not be solved. Instead, displacement of clamping jaws was used as displacement of test 

pieces.   

 

6.3 Differences in material behavior during tensile test 

Axial tensile force that material can endure is partly dependent on the cross-sectional area 

of the structure. Based on that alone, it could be predicted the test piece with largest cross-

sectional area was to be the strongest. However, shape of structure has an impact on the 

tensile strength and behavior of the structure.  

 

Lattice test pieces that were examined in this thesis had significantly lower displacement at 

tensile strength compared to solid test pieces. Lattice test pieces were also able to elongate 

remarkably after achieving tensile strength. It was interesting to notice that lattice test pieces 

could endure increasing tensile force after achieving tensile strength. This can be explained 

by the behavior of lattice structure during tensile test. At point when solid structure breaks, 

only one or few struts in lattice break, which remains the lattice structure still strong. The 
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stresses within the lattice get reorganized after every broken strut and the structure can 

endure minor force peaks. Gradually more and more struts get broken while applying tensile 

force. When the last strut gets broken, the lattice test piece breaks completely. The force 

peaks after achieving tensile strength can be seen in stress curves in figures 21 and 22.    

 

6.4 Reliability and validity of thesis 

Performance of all experiments was carried out exactly the same way regarding to equipment 

used, parameters used, orientation of test pieces in the build, post-processing and performing 

measurements and calculus, in order to maintain the results comparable to each other within 

this thesis. No standards were referred in the experiments because lack of them considering 

this topic and because of that, the results must be read with certain criticality. However, the 

results are comparable to each other within this thesis and the experiments are generally 

repeatable. 

 

Usage of bigger sample size of test pieces would have given more accurate results but that 

would have been unreasonable to arrange for this thesis due to limitations of using the 

equipment and the major challenges that were faced during manufacturing of test pieces. It 

is unfortunate that sample size of lattice test pieces was only one because of problems faced 

in the build. Statistics were not able to be collected when it comes to lattice test pieces and 

that should be taken into account when reading the results.  

  

Research problem of this thesis consisted of defining the impact of lattice shape on tensile 

strength properties of SS316L. Problem was being solved by examining differences in tensile 

strength properties between lattice structure and solid structure. The aim of literature review 

was to clarify, what does AM and especially PBF mean, particularly when processing metal 

and then focus into lattice structures and tensile strength properties of SS316L. In the 

experimental part, the literature review got concretized when two different solid structures 

were designed, manufactured and tested successfully, in addition to solid test piece. Tensile 

strengths of all test pieces were defined experimentally and stress curves were generated in 

order to clarify the tensile strength properties more profoundly. 
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6.5 Sensitivity analysis of thesis 

There are some things that should be taken into account when reading the results. Sample 

size of test pieces was one in case of lattice test pieces and three in case of solid test pieces, 

being relatively low. The most critical fact is that results of lattice test pieces lean against 

one test piece each, which does not allow to collect statistics to sharpen the results and to 

lower the possibility of an error in the results.  

 

The weights of solid test pieces are completely calculated utilizing density of material which 

is dependent of the parameters used in the build. Calculating the weights does not give real 

values, but still directional values. Cross-sectional areas of lattice test pieces are calculated 

based on 3D models of them. The real cross-sectional areas are a bit larger because at point 

where the struts meet because the cross-sectional area is larger than the sum of individual 

struts in the intersection. In the tensile test, displacement of clamping jaws was measured 

instead of strain of test piece. There is a little possibility of clamping jaws slipping but it is 

not notable from the stress curves. 

 

6.6 Suggestions for further studies 

Low weight combined with high strength is unquestionably fascinating combination and 

many topics connected to this area can be innovated. As mentioned many times in this thesis, 

AM enables freedom to design structures that are not restricted by shape and that creates 

loads of possibilities regarding to lightweight structure design. Close subjects to this thesis 

could, for example, relate to further research of strength properties of lattice structures. This 

thesis focused in tensile strength properties of lattices but also other strength properties could 

be researched such as compression strength, bending strength or fatigue strength. Also 

optimization of shape or strut diameter in lattice structure in search of maximum strength 

and low weight could be a reasonable topic. 
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7 SUMMARY 

 

 

Tensile strength properties of different lattice structures and solid structure made of SS316L 

powder by PBF were examined and compared in this thesis. Also weight of structure was 

taken into account. Research problem was to define the impact of different lattice shapes on 

tensile strength properties of SS316L. Aim of thesis was to solve the problem and it was 

executed by designing, manufacturing and testing two differently shaped lattice tensile test 

pieces and one solid tensile test piece. The impact of lattice shape on weight and tensile 

strength properties of the structure was examined utilizing the data collected from the 

experiments.  

 

Based on the results, solid structure appears to have significantly higher tensile strength than 

lattice structures examined in this thesis. Even strength-to-weight ratio is higher with solid 

structure than lattice structures examined in this thesis despite the fact that solid structure is 

more than two times heavier than both lattices. However, it appears that lattice structure 

endures force even after achieving tensile strength. On the ground of results, it appears that 

one solid strut (describing solid tensile test piece) is stronger by tensile strength than many 

smaller struts together (describing lattice tensile test piece) even though their cross-sectional 

areas were equal.  
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