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Taman diplomityon tarkoituksena oli selvittdd, nditlovat suomalaisen metalli- ja
konepajateollisuuden eniten kayttamia metallimatddja, ovatko namad materiaalit
lisdavasti valmistettavissa seka loytyvatké masditiasuomalaisten metallien lisddvan
valmistuksen palveluntarjoajien valikoimista tajdavatko laitevalmistajat niitd. Saatavilla
olevien materiaalien ominaisuuksia verrattiin KRliguustutkimuksena perinteisilla
menetelmilla valmistettujen kappaleiden ominaistuinksKone- ja metalliteollisuuden
yrityksia haastateltiin kvantitatiivisen kyselynuha. Yhteensa 78 yritystd haastateltiin.
Tama tyo keskittyi teraksiin ja alumiineihin las&dsttd hyddyntavan jauhepetisulatuksen
nakokulmasta.

18 % kyselyssa vastatuista materiaaleista oli sélatauoraan lasersadettd hyddyntavien
laitteiden valmistajien materiaalivalikoimista. 8 materiaaleista oli teréksid, 16 %
alumiiniseoksia ja loput muita metallimateriaal€ja.% teraksista oli rakenneteraksia ja 30
% ruostumattomia teréksid. Kaikki ruostumattomaéikset olivat joko 304, 304L, 316,
316L tai naiden EN-vastaavia. 92 % rakenneterdkswi S355- tai S235-luokan
rakenneteraksia. 31 % vastatuista alumiiniseoksmtasuoraan saatavissa yhden tai
useamman laitevalmistajan materiaalivalikoimast.98 yrityksista eivat olleet koskaan
kokeilleet metallien lisddvaa valmistusta omalldtdalla tai alihankintana. 51 % néista
yrityksista kertoi syyksi, etta heilla ei ole olkairvetta. 40 % vastasi tietotaidon puuttumisen
olleen syyna siihen, ettei metallien lisdavaa vslosta oltu kokeiltu.

Systemaattinen tieto metallien lisaavalla valmisella valmistettujen kappaleiden
mekaanisista ominaisuuksista puuttuu, seka saatadidvien materiaalien valikoima on
edelleen rajallinen. Tutkimusten mukaan mekaanseinaisuudet ovat lahtékohtaisesti
samalla tasolla perinteisesti valmistettujen vesgpplaleiden kanssa, mutta eivat kuitenkaan
aina.



ABSTRACT

Lappeenranta-Lahti University of Technology LUT
LUT School of Energy Systems
LUT Mechanical Engineering

Markus Korpela

Material needs of Finnish metal and mechanical engeering industry from the
perspective of additive manufacturing

Master’s thesis
2019
76 pages,13 figures, 19 tables, and 12 appendices

Examiners: Professor Antti Salminen
Docent Heidi Piili

Keywords: additive manufacturing, 3D printing, metanaterials, Finnish metal and
mechanical engineering industry

Aim of this master thesis was to find out which@fie metal materials are the most widely
used by Finnish metal and mechanical engineeritigsitny. Other goals were to find out are
the materials additively manufacturable and whicatamals are generally available by
Finnish pure commercial metal additive manufactyrgervice providers or by system
producers. In addition, properties of the mater#alailable by the service providers were
examined and compared with the properties of camweglly manufactured ones via a
literature review. A quantitative survey for Finmignetal and mechanical engineering
industry was executed and a total of 78 companers mterviewed. This thesis focused on
steels and aluminums from the perspective of laased powder bed fusion.

18 % of materials answered in the survey were alvkalby one or more laser-based powder
bed fusion system producers. 78 % of all matenadee steels, 16 % aluminum alloys and
rest other metals. 35 % of the steels were striistgrals, and 30 % were stainless steels. All
the stainless steels were either 304, 304L, 316l 2t their EN equivalents. 92 % of the
structural steels were S355 and S235 steels. 31 tecaluminum alloys were directly
available by one or more system producers.

82 % of the companies had never tried metal additnanufacturing by own machine nor
by subcontracting. 51 % of these companies answhetdhey have not had need for that.
40 % of the companies told that lack of expertiss wne of the reasons.

Systematic knowledge about the properties of nagtditive manufacturing parts is
missing and the repertoire of available matergkstiil very limited. Basic mechanical
properties of metal additive manufacturing partgehiaeen reported to be on par with their
correspondents of conventional materials, butithabt always the case.
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1 INTRODUCTION

Metal additive manufacturing is a decades old mactufing method which has now grown
to a point where it is a potential way of manufaiciy for certain applications. Parts
manufactured with the most common and widely apptigetal additive manufacturing
process are only semi-finished, but in some casede used directly as end parts (Cabrini
et al. 2016, p. 346; Milewski 2017, p. 37; Wei e2d17, p. 38).

Economic impact of metal additive manufacturingd®s due to niche market. Current
systems of metal additive manufacturing are notthang to revolutionize way of
manufacturing or to replace traditional ones. Matilitive manufacturing is an addition to
repertoire of manufacturing which more likely regda manufacturing methods of certain
applications rather than a complete manufacturmoggss. Additive manufacturing (AM)
has some advantages, which can build geometries ¢baventional subtractive
manufacturing cannot (Leary 2017, p. 99). In genen@ manufacturing process is very
expensive. Systematic knowledge about the progesfienetal AM parts is missing and the
repertoire of available materials is still limitg®un, Brandt & Easton 2017, p. 69;
Kurzynowski et al. 2018, p. 68; Yang et al. 201788). Materials are neither discussed
deeply in recently published books available fas tiesis in the field of metal additive
manufacturing (Brandt 2017; Gibson, Rosen & Stu@@t5; Gu 2015; Milewski 2017;
Wohlers 2018; Yang et al. 2017).

Despite the limitations and high expenses, utilimaievel of additive manufacturing is
presumable lower than it could be in Finland. ™&s part of the motivation of this thesis.
Certain parts, originally designed to manufacturth wubtractive manufacturing methods,
would be cheaper to manufacture with additive mactuking but are still manufactured
with conventional methods. Lack of knowledge mighta reason for that. Finding of the
parts requires lot of knowledge about advantagebk disadvantages of metal additive
manufacturing. This knowledge has not been taugimdast engineers of current working
life. Therefore, some companies have no knowledigmitaadditive manufacturing whilst

some use it daily.



Additive manufacturing in general was originallyedsor prototyping purposes. Nowadays,

most additively manufactured parts are functiomatgp(Wohlers 2018, p. 25). AM is already

utilized in many industries globally, but still lecfor example quality assurance systems
and required standards for requirements of aeresipacistry (Wohlers 2018, p. 17; Yang

etal. 2017, p. 45).

AM industry has grown fast globally (Figure 1) Imustill a fraction of the size of the industry
of conventional manufacturing. For example, the benof sold robots was 25 times higher
than the number of sold industrial additive mantufang systems in 2017 (Halpenevat
robotit lisdavat investointeja 2019, p. 12). Aseéimition, industrial additive manufacturing
system stands for a system that costs more thah 380. (Wohlers 2018, p. 145.)

B Products W Services

Billions USD
i

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Figure 1. Growth of additive manufacturing industry betwegrars 2006-2017 (Mod.
Wohlers 2018, p. 144).
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Figure 1 depicts that market size of AM was apprately 7.2 billion US dollars in 2017.
The average annual growth rate of the industry2@a8 % from the past 29 years. (Wohlers
2018, p. 142). To put this on perspective, abolt @€rsons each had more net wealthy in
2018 than the entire additive manufacturing industas worth in 2017 (Forbes 2019).
Growth of metal additive manufacturing by sold syss$ is presented in Figure 2.
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Figure 2. Sales of metal additive manufacturing systems éetwears 2000-2017 (Mod.
Wohlers 2018 p. 149).

As Figure 2 shows, quantitative growth startedctmeterate in the year 2013 almost resulting
to 1800 sold systems in 2017. The growth was apmately 80 % since 2016 (Wohlers
2018 p. 149).
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Aim of this thesis was to find out which specifietal materials are the most widely used
by the Finnish metal and mechanical engineeringstrgl. Other goals of the thesis were to
find out which of the materials are additively méauaturable and which materials are
available by Finnish pure commercial metal AM seevproviders. In addition, material
properties of the materials available by the serpioviders were examined and compared
with the properties of conventionally manufacturedes via a literature review. A
quantitative survey for Finnish metal and mechdreogineering industry was executed.
Peer reviewed articles and topic-related books weeel for the literature review. General
knowledge about metal AM was gathered by visitiegesal national and one international
AM related events, interviewing professionals, ansiting Formnext 2018 trade fair.

Formnext is one of the largest AM related tradesfai Europe.

Hypothesis of the thesis was that low-level-utiii@a of metal AM in Finland is not caused
by unavailable materials but by lack of knowledgenaell. This thesis focuses mainly on

steels and aluminums.

The thesis was carried out in research group oéilistaterial Processing of LUT University
as a part of FIDIMA Co-Creation project funded lational Finnish funding agency of
Business Finland and Manufacturing 4.0 funded bgt&gic research council of Finland.
The FIDIMA Co-Creation project was going on duritf8.—31.12.2018.
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2 FINNISH METAL AND MECHANICAL ENGINEERING INDUSTRY

Turnover of Finnish metal and mechanical enginggndustry was approximately 30 % of
whole turnover of industry of Finland in 2017 (@f&l Statistics of Finland 2018). Income

of exportation of goods of Finland by industriepissented in Figure 3.

m Other industries

B Chemical industry

Forest industry
Technology industry; others

m Technology industry; machines and equipment, steel products, non-ferrous metals, metal
products, and metal minerals

Figure 3. Relative division of export of goods of Finland mdustries in 2017 (Mod.
Technology Industries of Finland 2018a).

As Figure 3 shows, machines and equipment, stemlupts, non-ferrous metals, metal
products, and metal minerals alone delivered 14 fdoome of export of goods of Finland
in 2017. It can be concluded that the industry play important role in Finnish economy.
In 2017, industrial production of Finland was stibout 20 % lower than the level before
the financial crisis of 2008. In general, the gampared to other European countries was
15 %. (Technology Industries of Finland 2018a; Textbgy Industries of Finland 2018b.)

About 25 % of the turnover of metal and mechanaajineering industry consisted of
processing of metals. Rest 75 % of the turnovereckom machines, metal products, and
vehicles. During years 2016-2017, growths of tlsestions were 2 % and 5 %, respectively,

but the level before the financial crisis of 2008swnot reached (Technology Industries of
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Finland 2018a). Many parts of these products amenmaroughly 10 000 Finnish machine

shops (Konepajojen sorveista on moneksi 2018, p. 32

Approximately 40 mines operate in Finland. Minedaseare mainly Au, Ag, Cu, Co, Cr,
Fe, Li, Ni P, Pd, Pt, and Zn. (Sorsa 2015, p. &8k reserves of Finland are low when
compared with production volume and use of stdétsv{sto & Tuomikoski 2008, p. 77).
Reasons for this are historical. In thé"Identury, Finland was under Swedish rule and
Sweden was one of the leading producers of ironcapger globally. Despite the lack of
iron ore in the soil of Finland, the authoritievasted in mining industry and therefore
Finland has roots in it. (Alho 1949, pp. 15-29.)

2.1 Materials

Finnish industry uses mainly traditional materiasch as steels and aluminum. Strength
and toughness of steels are being improved by $hinsieel technology. Improvement in

purity level, simplicity of thermomechanical treams, and decreasing of production costs
are topics investigated by Finnish steel technal&psearch and development of aluminum
alloys is relatively low in Finland because Finladwkes not have its own primary aluminum

production (Raaka-ainekasikirja 5: Alumiinit 20G2,15). Instead, production technology

of aluminum has been invested in Finland. (Tiai&dmitinen 2008, p. 262.)

2.1.1 Steel

Steel is the most produced metal material in thddy@ilikka 2008, p. 34). Steels consist
of more than 50 % of iron and, generally, 2 % @&slef carbon. Some chromium steels
exceed the limit of 2 % of carbon. (SFS-EN 10020@®. 7.) Ferrous metals consisting of

more than 2 % of carbon are cast irons. (Koivistbuomikoski 2008, p. 76.)

Steels have many different grades and names. Wioldgdifferent standards organizations
have classified steels by their physical and champroperties. Common standards
organizations with standard acronyms are listedviel

- International Organization for Standardization ©IS

- European standards - EN

- The Society of Automotive EngineerSAE
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- American Society for Testing and Materials - ASTM
- The American Iron and Steel Institute - AISI
- British Standards - BS
- Unified numbering system - UNS
o Of ASTM International and the Society of Automotizagineers (SAE)
- Japanese Industrial Standards - JIS
- German Institute for Standardization - DIN
- China National Standards - GB standards.

Steel standards of different national and inteomati standards organizations are not
equivalent. For example, one ASTM Internationa¢kggade might be comparable with EN
standard steel name by its chemical compositionmaachanical properties, but still have

differences in those. (Bringas 2004, pp. 1-4.)

Finnish Standards Association SFS (SFS) workscas@ial organization of standardization
in Finland. SFS, with its affiliates, co-ordinatket participation in the international
standardization work. SFS is a member of the latiswnal Organization for Standardization
(ISO) and the European Committee for Standardimaf@EN). SFS represents Finland in
both CEN and ISO. Most of SFS standards are ofligirteN standards. Examples of
standards related to steels and steel productgi\ae below (SFS 2019a; SFS 2019b):

- SFS-EN 10079:ebefinition of steel products

- SFS-EN 10020:ebefinition and classification of grades of steel

- SFS-EN 10027-1:2016:dbesignation system for steels. Part 1: Steel names

- SFS-EN 10027-2:eDBesignation system for steels. Part 2: Numericatey.

Steels are defined in three different classesotwalloy steels, stainless steels, and other
alloy steels by their chemical composition in ENJ20. Stainless steels are steels with
minimum 10.5 % of chromium and with maximum 1.2 %carbon. Non-alloy steels are
steel grades that do not exceed limit of percemhads of specified elements defined in EN
10020. The elements and their limit value percgninass are shown in Appendix I. Other
alloy steels are steel grades exceeding at le&sbbthese limits, but not complying with
the definition of stainless steels. (SFS-EN 100202 p. 9.)
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EN 10027-1 was published in the year 1992 and # wdig change for designations of

steels. It was confirmed in Finnish in 1993. (F20@3, p. 197.) The standard “specifies rules
for designating steels by means of symbolic letd& numbers to express application and
principal characteristics, e.g. mechanical, physateemical, so as to provide an abbreviated
identification of steels” (SFS-EN 10027-1 20164{p. As an example, comprised data of

name of stainless steel X2CrNiMo17-12-2 is showmable 1.

Table 1. Comprised data of name of stainless Xt2€rNiMo17-12-2 (Mod. SFS-EN 10027-
12016, p. 21).

Principal symbol Definition
X the average content of at least one alloying elem 5 %
2 100 x specified average carbon percentage
content
CrNiMo chemical symbols indicating alloying element
17-12-2 numbers, separated by hyphens represesgpgctively the
average percentage of the elements rounded teetrest integer

As Table 1 shows, average carbon percentage carftstdinless steel X2CrNiMo17-12-2

is 0.02. Its alloying elements are chromium, nicleeld molybdenum and their average
percentages rounded to the nearest integer a2 1dnd 2. Steel number of X2CrNiMo17-
12-2 is 1.4404 (SFS-EN 10088-1 2014, p. 17). Téiedi stainless steels is founded from
standard EN 10088-1. The numerical system is defimethe standard EN 10027-2.

Structure of steel numbers is presented in Figure 4

ik XX XK XX

L Sequential number

Steel group number

Material group number

Figure 4. Structure of steel numbers (Mod. SFS-EN 10027452f. 5).
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In Figure 4, material group number 1 stands foelstethe steel group is in this case is
stainless and heat resisting steels, and, accotdisigndard SFS-EN 10027-2 (2016, p. 6),
definition of 44 is “Stainless steel with2,5 % Ni and Mo, but without Nb and Ti” (SFS-
EN 10027-2 2016, p. 6).

Designation system of ASTM International often gpgl specific products. The system

consists of a letter followed by an arbitary sediadliy assigned number. For example, letter
A of material A 548 stands for ferrous materialseeously, certain grades of alloy and

carbon steels were designated by AISI/SAE fourtaigmbering system, but the American

Iron and Steel Institute does not write materigcsfications anymore. Since 1995 the four-
digit designations are referred only as SAE degigna. Austenitic stainless steels 304 and
316, which are common steels in Finland, are basg¢de SAE designation system. (Bringas
2004, pp. 13-14))

2.1.2 Aluminum

Aluminum is the second most used metal after ittesndensity is only third of density of
iron. Pure aluminum is a soft low-strength materidlerefore, its utilization level is low.
Aluminum alloys are divided to wroughts and ca$tgical alloying elements are Cu, Mn,
Si, Mg, and Zn (Kyrélainen & Lukkari 2002, p. 263Raaka-ainekasikirja 5: Alumiinit
2002, pp. 8; 55-56.) Focus of the alloying is tgflic to increase strength, but also to
increase corrosion resistance, castability, andlaelity (Kyrélainen & Lukkari 2002, p.
263). Weaknesses of aluminum are low strengtlgdatstrength, stiffness, and temperature

resistance (Tiainen & Laitinen 2008, p. 263).

Basis of codification of aluminum and alloyed alaonns are defined in EN 1780-1 for casts
and in EN 573-1 for wroughts and are shown beloRS&EN 573-1 2005, p. 7; SFS-EN
1780-1 2003, p. 5):
- the prefix EN followed by a blank space;
- the letter A representing aluminum;
- aletter representing the form of the product:
o the letter B representing alloyed aluminum ingotsrémelting; or
o C representing castings; or

0 M representing master alloys; or
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o0 W representing wrought products
- ahyphen;
- four figures, for wroughts, representing the chehtomposition:
o aluminum 99.00 % and greater 1xxx (1 000 series);
o aluminum alloys grouped by major alloying elements:
= copper 2xxx (2 000 series);
* manganese 3xxx (3 000 series);
= silicon 4xxx (4 000 series);
= magnesium 5xxx (5 000 series);
= magnesium and silicon 6xxx (6 000 series);
= zinc 7xxx (7 000 series);
= other elements 8xxx (8 000 series);
0 unused series 9xxx (9 000 series).
- five figures, for casts, representing the alloy position limits. First of the five
indicates alloying elements:
0 copper: 2XXXX;
0 silicon: 4XXXX;
0 magnesium: 5XXXX;
0 zinc: 7XXXX.

The second number of the five figures indicatesalh@y group. The groups are listed in
Appendix Il. The third figure is generally zero.&last is zero as well except in aerospace
applications (SFS-EN 1780-1 2003, p. 7). As an etamEN AC-43000 is a casting
aluminum alloy which main alloying element is st Its alloying group is AlSi10Mg by
the number 3. In addition to the numerical systén@ aluminum alloys are defined
according to their chemical compounds. As an examtile designation by chemical
compound of EN AC-43000 is EN AC AISi10Mg. In thlissignation system, the numbers
express the mass percent contents of the consie&stent. (SFS-EN 1706 2010, pp. 8;
16.) Designation of wrought aluminum alloys accogdito the main alloy and temper
designations mentioned in this thesis are presentdgdpendix IIl.
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3 METAL ADDITIVE MANUFACTURING

According to standard of terminology of additive magacturing (SFS-EN ISO/ASTM
52900:en 2017) seven different process categoies m additive manufacturing. The

process categories with definitions are shown inlga.

Table 2. Process categories with definitions ofitadel manufacturing according to SFS-EN
ISO/ASTM 52900:en (Mod. SFS-EN ISO/ASTM 52900:&7,20 7).

Process category Definition:

An additive manufacturing process in which...

Material extrusion material is selectively dispeht&ough a nozzle or
orifice.
Powder bed fusion thermal energy selectively fusg®ns of a powder bed
Binder jetting a liquid bonding agent is selectydeposited to join

powder materials.

Vat photopolymerization liquid photopolymer in a vaselectively cured by

lightactivated polymerization.

Material jetting droplets of build material areesgtlvely deposited.

Directed energy depositionfocused thermal energy is used to fuse materialaddting

as they are being deposited.

Sheet lamination sheets of material are bondedrto & part.

Directed energy deposition, powder bed fusion, ahdet lamination are single-step
processes in which basic material properties, asatensity of more than 90 %, are achieved
in a single operation. Material extrusion and bimjd#ing are multi-step processes in which
the parts require consolidation by secondary psosesh as sintering in order to result to
parts with density greater than 90 %. (SFS-EN IS&/N 52900:en 2017, pp. 18-20; Yang
et al. 2017, p. 18). Standard ISO/ASTM 52900 daesiefine whether the material jetting
process is a single or multi-step process. At least metal AM system producer utilizes
material jetting and according to them, their teatbgy is a single-step process (Cohen
2019; Xjet webpage 2019).
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This thesis is mainly about laser beam based powddrfusion because it is the most
common, widely applied, and possible the most esslwmetal additive manufacturing

technology (Milewski 2017, p. 37; Yang et al. 20p763). It is also the most used metal
AM technology for production of engineering compotsgYang et al. 2017, pp. 18-19; 63).
In addition, it was not known whether there hadbs@mmercial systems utilizing any other
process to additively manufacture metal parts imiafid in 2018 (Salminen 2018). Possibly
the first system utilizing other metal AM procesasmhe one acquired by company of
Wartsila Finland in the early 2019 (Raukola 2019).

3.1Standards

Large databases of performances and material grepef conventional materials exist over
the past 100 years. Same kind of databases dxisbfe@ metal additive manufacturing but
are being developed currently. This lack of datebasstricts utilization of metal additive
manufacturing notably. (Milewski 2017, pp. 54; 298s a reference, it took about 20 years
to publish main European standards related to alumi(Raaka-ainekasikirja 5: Alumiinit
2002, p. 83).

24 pieces of ISO and/or ASTM international standamlated to additive manufacturing
have been published (ISO 2019; ASTM Internatiortdl®. In addition, webpage of ISO
shows 24 additive manufacturing standards to beuddvelopment. Designations of the
published standards have been compiled to Appdxdikwo of these standards, 52900 and
52901, have been published in Finnish by SFS (SAS@:
-  SFS-EN ISO/ASTM 52900:201Materiaalia lisaava valmistus. Yleiset periaatteet.
Terminologia
- SFS-EN ISO/ASTM 52901:2018ateriaalia lisdava valmistus. Yleiset periaatteet.
Vaatimukset hankittaville kappaleille.

Beside the international standards related to medmanufacturing, national standards such

as British standards have also been published ZB89).

3.2Powder bed fusion
In powder bed fusion of metals, parts are builetdyy layer from metal powder. Melting is

achieved by focused thermal energy of laser beaateatron beam. Both can be used for
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manufacturing high precision parts. However, etectbeam based systems are rare and

therefore not introduced more deeply in this thesis

The laser beam is focused and guided to the suofatetal powder bed. Energy density of
the laser beam must be high enough for sufficieziting of metal powder. Part of the beam
reflects away from the powder bed whilst part @hbsorbs to the material and melts it. The
absorption is significantly higher than in flat fage of solid metal because there are gaps
among the particles (Sun et al. 2017, p. 59). (Wsld 2017, pp. 88; 97.) Rapid cooling rate
applies to L-PBF causing significantly differentamustructure than in counterparts made
with conventional manufacturing (Sun et al. 201% D).

Imperfections, such as undesired microstructuregg) residual stresses, and porosity, do
occur in powder bed fusion. (Kurzynowski et al. 0. 64.) Thermal expansions can lead
to differences in temperatures of a part causimgling or distortions because some parts of
the workpiece are contracting on cooling while oshexpanding on heating during the
building process. Bending and distortions can teattacking of the metal. (Milewski 2017,
p. 54.)

Many system producers use their own commercial neEond®BF such as direct metal
sintering (DMLS), selective laser sintering (SL8ject metal laser sintering (DMLS),
selective laser melting (SLM), and electron beanttinge(EBM) (King et al. 2015, p. 2).

Despite the word “sintering”, current metal PBF teyss completely melt the particles
instead of sinter (Milewski 2017, p. 60).

Quantity of different PBF system producers is nthean 30. The system producers and their
machine base prices are published in annual rgyoi¥ohlers Associates. (Wohlers 2018,
pp. 65—-127.) These systems and prices of the rep@A18 can be seen in Appendix XI. It
can be calculated that average base price of aR.-$3B8tem was approximately 480 000
euros and average maximum building volume 21 litAxgerage price of a small system,
with maximum building volume less than 10 litergsa200 000 euros and average building
volume 1.5 liters. For the medium size systems Witiding volume of more than 10 liters

but less than 30, the same values are 410 000 andd?l liters. Average maximum building
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volume of the largest systems, with building volumere than 30 liters, was 67 liters and

average price 1 070 000 euros.

As mentioned, PBF is possibly the most evolved Adt¢hnhology. Nevertheless, the
production speed is still slow and expensive comgan conventional manufacturing, and
the parts are usually semi-finished products reéagiipost-processing (Cabrini et al. 2016,
p. 346; Milewski 2017, p. 37; Wei et al. 2017, B).3According to webpages of four large
L-PBF system producers, production speeds of flegship models are informed to be
between 100-171 chper hour. The machines are equipped with two or 480, 500, or
700 W lasers. (Concept Laser 2019a; EOS 2019a;sRami 2019a; SLM 2019a.)
Parameters of the manufacturing with the best mrtiolu speeds have not been told and
therefore it might be that these values do notetate with manufacturing speeds of best

achievable accuracies. For example, layer thickhass major effect on building time.

In theoretical situation, in which thermal distorts would not exist and a system with large
enough building volume would exists, solid partvofume of one cubic meter would be
manufactured with the highest production speed7afdn? per hour in 250 days. It can be
concluded that current L-PBF systems are not paatily suitable for manufacturing of very
large metal parts. A L-PBF machine with build vokiof 400 x 400 x 400 cfrcan cost
more than one million euros (Appendix XI). With giece of a million euros and 8 years of
period of amortization, direct hourly cost of thésgears would be 14.3 euros. Similarly,
direct machine costs of a part would be 3 000 ewitis machine utilization level of 80 %
and manufacturing time of one week. Volume of tad prould be 28.7 liters of solid metal
with the best building speed of 171 tper hour. This amount of solid steel would weigh
approximately 226 kg which would cost 22 600 ewth material price of 100 euros per
kg. These direct material and machine costs ofth@sretical part would be total of 25 600

euros.

3.3 Effect of process parameters

Process parameter values and geometry of a parhaam major effects to mechanical
properties of additively manufactured metal patisnadi et al. 2016, p. 329; Kurzynowski
et al. 2018, p. 69; Pace et al. 2017, p. 445; Yarad. 2017, pp. 82—-83). Parameter values of
systems manufactured by same manufacturer mayatyanside the same material. This
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makes it difficult to verify general process paréene when compared with traditional
subtractive processes. More than 20 process pagesran affect quality of a part. (Yang
etal. 2017, pp. 82-83.) Volumetric energy denBity the result of main parameters (Ahmadi
et al. 2016, p. 333). Too low or high energy dgnigiads to weakened strength and density
of a part (Zhang et al. 2017, p. 253). Volumetnergy density can be determined (Gu 2015,
p. 60; Kurzynowski et al. 2018, p. 65):

- vXhxt (1)
In the equation 1 thE is volumetric energy density (J/mnP is laser power (W) is scan
speed (mm/s) is hatch spacing (mm), amnds layer thickness (mm).

3.4Laser

A laser system capable to melt metal was alreadgnited in the 1970s. Nowadays, power
of the laser beam can be thousands of watts amdeti#a of the beam fraction of a mm.
Molten pool can be very small with process speedhefers per second. Many different
lasers exist, but L-PBF systems mostly use fibsers due to their high beam quality,
reliability, low maintenance, and compact size. $yems utilize one or multiple ytterbium
doped silica glass fiber lasers with typical Igsewer between 200—-1000 watts. (Gu 2015,
p. 3; Murr 2015, p. 666.) These modern fiber lagars operate without problems for tens
of thousands of hours. G@aser, which was commonly used in different |aggplications
last decade, do not suit well for L-PBF. Its beamalily and absorption to metal materials
and energy efficiency are relatively low when conggawith modern single-mode fiber
lasers. (Milewski 2017, pp. 87-90.)

3.5Metal additive manufacturing in Finland

First metal parts (Figure 5) were additively mawctideed in Finland already in the early

1990s. The company still exists and is called EteGptical Systems (EOS) Finland Oy

nowadays. Today the company develops and produet¢sl mowders and processes for
additive manufacturing. It is part of EOS Group @¥his one of the largest system producers

in the field of metal additive manufacturing. (KatR019.)
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Figure 5. One of the firsts additively manufactured metatgar Finland (Mod. Piili 2017).

More than 30 PBF metal additive manufacturing systexisted in Finland in 2018, and the
repertoire is known to grow at least by two in 2QMOT University 2019; Lindqvist 2019).
The systems and their locations can be seen ireTalAll the machines utilize laser-based
powder bed fusion process (3D Systems 2019; Conhaeyatr 2019b; SLM 2019b; Wohlers
2018, p. 76).

Table 3. Known metal AM systems and their locatiarisinland in 2018. (3DStep 2018;
3D Formtech 2018a; Koivisto 2019; Ladec 2019; Mpéa 2019; Oulupmc 2019; Kotila
2019; Salminen 2018; Seppala 2018; Vossi Group 20dssi Group 2016; Vossi Group
2018).

Location System(s)
Electro Optical Systems Finland Oy >20 EOS systems
Materflow Oy Concept Laser Mlab cusing
3DStep Oy SLM 280 HL Twin
3D Formtech Oy EOS M290
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Table 3 continues. Known metal AM systems and ligations in Finland in 2018. (3DStep
2018; 3D Formtech 2018a; Koivisto 2019; Ladec 200ilanen 2019; Oulupmc 2019;
Kotila 2019; Salminen 2018; Seppéala 2018; Vossiupra@015; Vossi Group 2016; Vossi
Group 2018).

HT Laser Oy SLM 280 2.0 Twin 700 W
Lillbacka Powerco Oy 3D Systems ProX DMP300
V.A.V Group Oy SLM 125 HL
VTT Technical Research Centre of Finland SLM 125 HL
LTD
Nivala Industrial Park Ltd SLM 280HL
SASKY Municipal Education and Training SLM 125 HL
Consortium
LUT University EOS EOSINT M270
Oulu Precision Mechanics Manufacturing EOS EOSINT M270
Centre

Dataof Table 3 was gathered by Google searches andsdis with people involved to
field of additive manufacturing at different natadrand international events in 2018. If a
company with an own metal system was discussedtdowebpage included no information
about the system, information was confirmed by acimg the company8 out of the 12
guarters of Table 3 were pure commercial serviawigers. 3 others out of the 12 used
systems mainly for their own production and exggticustomers but did not rule out
possibility of providing metal AM services to owtsrs in the future. Each of the companies
had one system or will acquire their first one dgr2019. (3DStep 2018; 3D Formtech
2018a; Koivisto 2019; Ladec 2019; Lindqvist 201%iMnen 2019; Seppala 2018.)

Other metal AM systems might have existed in Fidlan2018, but information was not

publicly available. In addition to already mentidneompanies, seven other Finnish
companies announced to provide metal AM in thelogtee of the Subcontracting Trade
Fair 2018 (Subcontracting 2018 Fair Catalogue 20T8)s trade fair is the largest one
related to manufacturing industry in Finland. Thenpanies most likely offer these services
outsourced from the already mentioned service peogi or from Europe as no public

information about their own systems was availabil@ther metal AM systems exist in
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Finnish companies, they are probably only used den production. Finnish Rapid
Prototyping Association has a list (Finnish Rapidtétyping Association 2019) about the
systems in Finland on their webpage, but it hadbeen valid for at least three years (Korpela
2016, p. 19).

Only two Finnish pure commercial service provideesl their own metal AM system in
Finland in 2017 (Salminen 2018). Their combinecdhdwers, which another included non-
metal AM as well, were half a million euros in 20 nder 2019a; Finder 2019b). Based
on the turnovers, volume of metal AM was quite lowFinland in 2017. More detailed
information of the size of Finnish metal AM indystwas tried to find out for this thesis by

sending emails to Finnish AM companies, but unfoately responses were not given.

Finnish industry utilizes metal AM parts not just prototyping but in end use as well.
Company of Raute has more than 30 metal AM itentkair system and about half of them
are end use parts (Kousa 2018). Company of Mets@haounced their use of metal AM
parts (Tekniikka & Talous 2018). As mentioned ahoVé\.V Group Oy, HT Laser Oy, and

Lillbacka Powerco Oy have their own systems fordpiciion use.
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4 MATERIALS IN LASER BASED POWDER BED FUSION OF METAL S

Parts are built from metal powder in L-PBF. The dewis similar to ones used in
conventional powder manufacturing processes (Yarad. 2017, p. 84). The particles are
spherical and patrticle size is 15-45 microns inntost L-PBF systems (Wohlers 2018, p.
53). Conventional powders cannot be used due tphangal shapes and wider range of
particle size (Milewski 2017, p. 72). Unspherichapes would result to lower powder bed
packing density because more air would exist betvee particles. The higher the packing
density is, the better quality can be achievedn(@uwal. 2017, pp. 57-58.) AM powders are
a fraction of powder markets and they require spgmiocessing. These both negatively
affect prices and development of the powders (Mslev2017, p. 82; Yang et al. 2017, p.
46). Commercially available AM materials by systpraducers are listed below (Milewski
2017, pp. 69-71; Wohlers 2018 pp. 50-51):

- Tool steels

- Stainless steels

- Commercially pure titanium

- Titanium alloys

- Aluminum alloys

- Nickel-based superalloys

- Cobalt-chromium alloys

- Copper-based alloys

- Gold

- Silver

- Platinum

- Palladium

- Tantalum.

Repertoire of available L-PBF materials is narroacduse of low demand and high costs
(Yang et al. 2017, p. 83). Despite the narrow reer, all materials that are fusion weldable
are potential L-PBF materials. Many new materiaés under development. (Gibson et al.

2015, p. 110; Milewski 2017, p. 58.) Typical apptions are ones used in wrought or cast
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forms, but not safety-critical ones (Yang et all20p. 46). Systematic knowledge about

properties of L-PBF manufactured parts is missiagrgynowski et al. 2018, p. 65).

4.1 Mechanical properties

Basic mechanical properties of AM parts have besponted to be on par with their
correspondents of conventional materials (Ganesi @014, p. 37). Relative density and
microstructure of the parts have strong effectdh@nproperties (Sun et al. 2017, p. 67).
Mechanical properties vary between parts manufadtbry different systems because the
system producers utilize different scanning striategnd laser powers. Different scanning
strategies affect mechanical properties due tewfft thermal gradients caused by the laser.
(Yang et al. 2017, pp. 92-93.) For the same reasbagesulting material properties can
even vary with different models by the same syspeoducer (EOS 2019e; EOS 2019f).

Building direction affects mechanical propertiesAdfl parts. In general, the properties of
an AM part are weaker if loading is parallel to thelding direction of the part. This does
not apply to AM aluminum alloy parts. L-PBF manufaed 316L, aluminum alloys, and
titanium alloys have refined and metastable micoostires and therefore comparable or
higher yield and tensile strengths than to thoseufaetured by traditional manufacturing.

However, ductility of these AM materials is poorg3un et al. 2017 p. 68.)

Fatigue strengths and creep strengths of AM maddease not so well known, and
information cannot be found from material data sheé€ main system producers (Concept
Laser 2019c; EOS 2019b; Renishaw 2019b; SLM 20Y@og et al. 2017, p. 85). Lower
fatigue strength than in conventional materials banexpected because of porosity and
possible unbonded regions, especially with partd ttave not been heat treated after
manufacturing (Yang et al. 2017, p. 46; Zhang e@l7, p. 251). Metal powders include
nearly unavoidable small spherical gas pores. &smeof porosity results to decrease of
fatigue life and ductility (Sun et al. 2017 p. 6B) some cases, better fatigue properties than
of conventional material have been achieved withnoygm parameter values and build
direction (Sun et al. 2017 p. 69; Zhang et al. 2@pr 251; 260).

The build orientation, surface roughness, and &y@nicrostructure can have an effect to

fatigue in additively manufactured parts. The éfezan be tried to avoid with polishing,
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machining, and heat treatments. (Milewski 201/A56) Fatigue resistance of AM parts is
higher if loading direction is upright to the burg direction (Sun et al. 2017 p. 69). In as-
built parts, fatigue properties are generally los@mpared to wrought ones. (Gibson et al.
2015, p. 118.)

4.2 Metal materials available by Finnish service preved
Available materials by Finnish commercial companiéth an own metal AM system are

given in Table 4.

Table 4. Available materials by Finnish commercampanies with own metal AM system
in 2018 (3Dstep 2018; 3D Formtech 2018b; Koivis@l 2, Materflow 2019; Moilanen
2019; Seppala 2018).

Service provider Material repertoire
Materflow Oy* 316L, CoCr alloy remanium sta€L
3Dstep Oy* 316L, AlSi1l0Mg, Maraging 1.2709
3D Formtech Oy* AISi1l0Mg, Maraging MS1, 316L, Ti64
HT Laser Oy AlSi10Mg
Lillbacka Powerco Oy LaserForm Maraging Steel (B)
V.A.V Group Oy 316L
*pure commercial service provider

As Table 4 depicts, five different metal AM matésiavere available by the Finnish pure
commercial service providers with own AM system2@138; stainless steel 316L, tool steel
1.2709, titanium Ti64, aluminum alloy AlSi10Mg, aedbalt-chromium alloy remanium
sta CL. 316L was available by three different systamvjers, the aluminum alloy and
the tool steel by two, and the titanium and cobhlemium alloys by one. It is possible that
other materials were available, but information wed available in webpages of the
companies. It was assumed that the service pravidesd materials sourced from the system
manufacturer because that usually guarantees 8teghality in parts (Milewski 2017, p.
68). In addition, company of Delva announced t@o#t least Inconel 718 with their own
machine in 2019 (Lindgvist 2019).
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Same materials of different system providers havi@om differences in chemical
compounds. A minor difference in chemical compouright still have a major effect on
quality of a part. As mentioned, the best qual#tyoften achieved by use of powders of
system producers. System producers study their roaterials and optimize parameters
according to them. (Milewski 2017, pp. 58; 89.)

Chemical compounds and main mechanical properfidheo materials available by the
Finnish pure commercial service providers are gikaer in this thesis. Information was
taken from material data sheets of the system gessiavailable on their webpages. In
general, the material data sheets exclude infoomaabout fatigue and relative density
properties, which might refer to poor values coregawith traditional manufacturing. Some
system producers do not share any material da&ssteline. When considering the system
producers and the materials dealt with in this @Ggmonly material data sheets of EOS
include information about relative densities (Cagoickaser 2019c; EOS 2019b; SLM

2019c). These values are given in Table 5.

Table 5. Densities and relative densities of materof EOS available by Finnish pure
commercial service providers. (Mod. EOS 2019c; ROBd; EOS 2019e; EOS 2019g).

Material Density Relative density
EOS 316L approx. 7.9 g/cém N/A
EOS MaragingSteel MS01 8.0-8.1 g/cm?3 approx. 10900
EOS Aluminum AlSi1l0Mg 2.67 g/lcm3 approx. 99.85 %
EOS Ti64 ca.4.41 g/ cm3 N/A

Based on the values given in Table 5, it can bedttat relative density is high with the
tool steel and aluminum alloy. Relative densitieSD6L and Ti64 were not given in the
data sheets, which might refer to lower relativasitges. EOS is the only company out of
these companies that provides material data sheetlifferent materials and models on
their webpage. Material data sheet values of E@Semted in this thesis are taken from

material data sheets of M280 and M290.
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421 316L

316L is a common low carbon austenitic stainlesslstith face centered cubic crystalline
structure. However, some studies have shown thall smounts of ferrite might occur in
AM parts (Kurzynowski et al. 2018, p. 66). 316Lwidely used in different industries in
different engineering applications and was avaddiyl the all three Finnish pure commercial
service providers. (Pham, Dovgyy & Hooper 20171Q2.) ASTM standard about standard
specification for AM of 316L exist (Appendix IV).&ne of 316L comes from steel grade
system of SAE International. Number 3 stands foES#esignation of nickel-chromium
steels and “L” stands for low carbon alternativBrirfigas 2004, pp. 4; 13.) Its UNS
designation is S31603 (Kurzynowski et al. 20186%). Following European steels share
similar chemical composition with 3185FS-EN 10088-2 2014, p. 12):

- X2CrNiMo017-12-2/1.4404

- X2CrNiMo17-12-3/1.4432

- X2CrNiMo018-14-3/1.4435.

316L has relatively high corrosion resistance drehgth (Gray et al. 2017, p. 141; Pham et
al. 2017, p. 102; Bevan et al. 2017, p. 577). Wkmmpared to martensitic or precipitation
strengthened stainless steels, 316L has lower gigddultimate tensile strengths, but higher
resistance to electrochemical corrosion and cregiptance (Kurzynowski et al. 2018, p. 65;
Pham et al. 2017, p. 102). 316L has good weldgllie to its immunity to grain boundary
carbide precipitation. (Bevan et al. 2017 p. 5T8i} can prevent intergranular corrosion in
heat affected zone (Kyrdlainen & Lukkari 2002, p; Einnish Constructional Steelwork
Association 2017, p. 4). Fatigue properties areeetqul to be different with conventional

version due to porosity and different microstruet{zZhang et al. 2017, pp. 252; 259).

According to study of Mower & Long (2015, pp. 2A%2), 316L was measured to have
approximately 85-95 % of fatigue strength of wraugbrrespond. Hot isostatic pressing
(HIP) improved high-amplitude and low cycle fatidife, but it did not improve high cycle

fatigue behavior. Similar results have been repobe Zhang et al. (2017, p. 252). In the
study of Mower & Long (2015, p. 199), the studiedterial was obtained from EOS GmbH

and the parts manufactured with EOS system.
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Comparison of chemical compounds between three AML3materials, 1.4404, and
wrought 316L is shown in Table 6. The chosen AMeriats are the ones that are available

by the Finnish pure commercial service providers.

Table 6. Chemical compounds of different 316L AMenms, 1.4404, and wrought 316L.
(Mod. Bringas 2004, p. 4; Concept Laser 2019d; EX0$9c; SFS-EN 10088-1 2014, pp.

17-18; SLM 2019c).

Element CL20ES| EOS 316L SLM 316L 1.4404 WrouglhglL3t
Fe balance balance balance balance Balance

C (Ww%) 0-0.03 0.03 0.03 <0.03 0.03

Cr (w%) | 16.5-18.5| 17.0-19.0 16.0-18.0 16.5-18.5 16-18

Ni (w%) | 10.0-13.0| 13.0-15.0| 10.0-14.0 10.0-13.0 10.0-14.0
Mo (w%) | 2.00-2.50| 2.25-3.00| 2.00-3.00 2.00-2.50 2.00-3.00
Mn (W%) 0-2.00 2.00 2.00 <2.00 2.00

Si (W%) 0-1.00 0.75 1.00 <1.00 1.00

P (W%) 0-0.045 0.025 0.045 <0.045 0.045

S (w%) 0-0.030 0.010 0.030 0.008-0.030*  0.030

Cu (W%) N/A 0.50 N/A - N/A

N (w%) N/A 0.10 0.10 <0.10 N/A

O (w%) N/A N/A 0.10 N/A N/A
* 0.008 % to 0.030 % is recommended and permittedveldability. Basic value is
0.015
** ASTM A 276-03

As can be seen in Table 6, only minor differencesexceedings of limits (bold in the table)
of conventional materials exist. EOS 316L could et limits of nickel by 1-2 %,
chromium by 0.5-1 %, and molybdenum by 0.5 %. CEQGould exceed the limit of
chromium by 0.5 %. SLM 316L could exceed the liafimolybdenum by 0.5 %. However,
EOS 316L is not claimed to be exact equivalent STTAM A 276-03 wrought 316L but is
claimed to have chemical composition corresponthng8Cr-14Ni-2.5Mo of ASTM F138
(EOS 2019c). Effects of these mixtures of minoreextings in chemical compounds were

not possible to analyze with used literature of thesis. Yield strengths of the materials are

given in Table 7.
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Table 7. Yield strengths of different 316L AM miater 1.4404, and 316L rolled sheet (Mod.
Concept Laser 2019d; EOS 2019c; Kurzynowski e2@l8, p. 71; SFS-EN 10088-2 2014,

pp. 8; 25; SLM 2019c).

Yield CL20ES | EOS 316L | SLM 316L | 1.4404 sheet Rolled sheet
StrengthRpo.2 [MPa] [MPa] [MPa] [MPa] AISI 316L
test method [MPa]

1 374 £5 N/A N/A N/A N/A

2 385+6 N/A N/A N/A N/A

3 3308 N/A N/A N/A N/A

4 N/A 530 + 60 N/A N/A N/A

5 N/A 470 =90 N/A N/A N/A

6 N/A N/A 519+ 25 N/A N/A

7 N/A N/A N/A 220-240 N/A

8 N/A N/A N/A N/A 220-270
1=Yield strengttRy0.2, DIN EN 50125, 90° (upright), heat treated, pm N/A
2=Yield strengtiRy0.2, DIN EN 50125, 45° (polar angle), heat treated, Wi
3=Yield strengttRy0.2, DIN EN 50125, 0° (horizontal), heat treated, pfAN
4=Yield strengtiRyo.2, ISO 6892/ASTM E8M, horizontal (XY), as built, 20n
5=Yield strengtiRyo.2, ISO 6892/ASTM E8M, vertical (Z), as built, 20 pm
6=0ffset yield stresRyo.2, standard N/A, direction N/A, as built, 50 pm
7=EN ISO 377
8=N/A

As Table 7 depicts, yield strength values givethgysystem producers varies between 328—
544 MPa in L-PBF 316L materials. According to daftd 1 studies, yield strength of L-PBF
316L varies between (Kurzynowski et al. 2018, dp-72):

- 385-590 MPa in as-built parts

- 375-463 MPa in heat treated parts

- 220-231 MPa in hot isostatic pressed parts.

Yield strengths of as-built L-PBF 316L parts ar@siderable higher than yield strengths of
the conventionally manufactured 1.4404 and 316letshd’ost heat treatments of the parts
decrease yield strengths, but not to level below cofhventionally manufactured
316L/1.4404. However, the value of 1.4404 is a mum value. Yield strengths of

austenitic stainless steel plates with thickneskesd than 25 mm can be 25-40 % higher
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than the given minimum value (Finnish Constructid@izelwork Association 2017, p. 16).
The value can be 20 MPa lower if the material was rolled instead of cold rolled
(Kyrélainen & Lukkari 2002, p. 34). This would raighe value of Table 7 to 275-336 MPa.
According to these values, hot isostatic pressed 2L parts might be weaker than
conventionally manufactured. Post heat treatmergssami mandatory for AM 316L
because of stress relieving. (Kurzynowski et all&@. 69; Riemer et al. 2015, pp. 441;
445).

Values of CL 20ES show that horizontally manufaetutest parts would have lower yield
strength than vertically manufactured parts. ThsulMt be against common knowledge
about effect of building directions in AM parts atiérefore might be just a mistake in the
material data sheet. In general, horizontally maciufred test parts have better mechanical
properties due to perpendicular loading to therlgyane (Sun et al. 2017, p. 68). Tensile
strengths of the materials are given in Table 8.

Table 8. Tensile strengths of different 316L AMeamals, 1.4404, and 316L sheet. (Mod.
Concept Laser 2019d; EOS 2019c; Kurzynowski e2@l8, p. 71; SFS-EN 10088-2 2014,
p. 8; 25; SLM 2019c).

Tensile CL20ES | EOS 316L | SLM 316L | 1.4404 sheet Rolled sheet
StrengthRm [MPa] [MPa] [MPa] [MPa] 316L [MPa]
test method

1 650 +5 N/A N/A N/A N/A
2 640 + 7 N/A N/A N/A N/A
3 529 + 8 N/A N/A N/A N/A
4 N/A 640 + 50 N/A N/A N/A
5 N/A 540 £ 55 N/A N/A N/A
6 N/A N/A 633 + 28 N/A N/A
7 N/A N/A N/A 520-680 N/A
8 N/A N/A N/A N/A 520-680
1=Tensile StrengtRm, DIN EN 50125, 90° (upright), heat reated, pum N/A
2=Tensile StrengtRmw, DIN EN 50125, 45° (polar angle), heat reated, N/
3=Tensile StrengtRkm, DIN EN 50125, 0° (horizontal), heat reated, pr N/
4=Ultimate tensile strength, ISO 6892/ASTM E8M,ikontal (XY), as built, 20 um
5=Ultimate tensile strength, ISO 6892/ASTM E8M,tieal (2), as built, 20 p




34

Table 8 continues. Tensile strengths of differ&®i.3AM materials, 1.4404, and 316L sheet.
(Mod. Concept Laser 2019d; EOS 2019c; Kurzynowsal.€018, p. 71; SFS-EN 10088-2
2014, p. 8; 25; SLM 2019c).

6=Tensile strength, standard N/A, direction N/Apasdt, 50 pm
7=EN ISO 377
8=N/A

As Table 8 illustrates, tensile strength value gitbg the system producers varies between
485-690 MPa in L-PBF 316L materials. According &dadof 15 studies, tensile strength of
L-PBF 316L varies between (Kurzynowski et al. 2048, 71-72):

- 524-717 MPa in as-built parts

- 555-687 MPa in heat treated parts

- 428-570 MPa in hot isostatic pressed parts.

Effect of heat treatments is lower for tensile it than it is for yield strength
(Kurzynowski et al. 2018, p. 71). According to treues of the literature, tensile strengths
of hot isostatic pressed parts are lower thanagfitionally manufactured parts. As-built and
other way heat treated than HIP parts are on thne davel with conventional 1.4404 and
316L. Elongation values of the materials are givehable 9.

Table 9. Elongation values of different 316L AM enials, 1.4404, and 316L sheet. (Mod.
Concept Laser 2019d; EOS 2019c; Kurzynowski e2@l8, p. 71; SFS-EN 10088-2 2014,
p. 8; 25; SLM 2019c).

Elongation | CL20ES | EOS 316L | SLM 316L | 1.4404 sheet Rolled sheet
test method [%] [%] [%] [%] 316L [%]

1 65+4 N/A N/A N/A N/A

2 63+5 N/A N/A N/A N/A

3 63+5 N/A N/A N/A N/A

4 N/A 40 + 15 N/A N/A N/A

5 N/A 50 + 20 N/A N/A N/A

6 N/A N/A 31+6 N/A N/A

7 N/A N/A 49 + 11 N/A N/A

8 N/A N/A N/A 40-45 N/A
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Table 9 continues. Elongation values of differeb6l3 AM materials, 1.4404, and 316L
sheet. (Mod. Concept Laser 2019d; EOS 2019c; Koraghi et al. 2018, p. 71; SFS-EN
10088-2 2014, p. 8; 25; SLM 2019c).

9 N/A N/A N/A N/A

1=Elongation, DIN EN 50125 A, 90° (upright), hesgated, pm N/A
2=Elongation, DIN EN 50125 A, 45° (polar angle)ahtreated, um N/A
3=Elongation, DIN EN 50125 A, 0° (horizontal), héssgtated, pm N/A
4=Elongation at break, ISO 6892/ASTM E8M, horizdii¥), as built, 20 um
5=Elongation at break, ISO 6892/ASTM E8M, verti€4), as built, 20 pm
6=Break strain A, standard N/A, direction N/A, aslt) 50 pm

7=Reduction of area Z, standard N/A, direction N&4 built, 50 um

8=EN ISO 377

9=N/A

40-45

As shown in Table 9, elongation value given bydistem producers varies between 25-70
% in L-PBF 316L materials. According to data ofstadies, value of elongation of L-PBF
316L varies between (Kurzynowski et al. 2018, pp72):

- 15-54 % in as-built parts

- 25-51 % in heat treated parts

- 28-54 % in hot isostatic pressed parts.

Elongation values can be significantly lower ortteégin L-PBF parts than in conventionally

manufactured 1.4404 or 316L parts. According toddia sheet of CL 20ES (Concept Laser
2019d), the higher elongation value is achieveduhgpecified special heat treatment.
Young's modulus along with coefficient of thermadpansion are the main factors that
determine the level of residual stresses (Gu 20161). Hardness values of the materials

excluding 1.4404 are given in Table 10.

Table 10. Hardness values of different 316L AM naseand wrought 316L. (Mod. Bevan
et al. 2017, p. 580; Concept Laser 2019d; EOS 20388 2019c).

Hardness test CL EOS SLM Conventional
method 20ES 316L 316L 316L
1 20 N/A N/A 16
2 N/A 89* N/A N/A
3 N/A N/A 209+ 2 N/A
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Table 10 continues. Hardness values of differe®_3AM materials and wrought 316L.
(Mod. Bevan et al. 2017, p. 580; Concept Laser 23QEDS 2019c; SLM 2019c).

1=Rockwell hardness C (HRC), standard N/A, surfd&, as built
2=Rockwell hardness B (HRB), EN ISO 6508-1, grindatface, as built
3=Vickers hardness (HV10), standard N/A, surfac&,ds built

*typical

Different hardness test methods are not comparéktasisto et al. 2008, p. 15). The only
comparison between values of Table 10 can be da@heGAk 20ES and conventional 316L.
According to the values, CL 20ES is 25 % harden tt@nventional 316LAccording to data
of studies gathered by Kurzynowski et al. (2018/@. measured microhardness of L-PBF
manufactured, heat treated, and hot isostatic @departs were 1-40 % higher than of
wrought and annealed 316L. Young’s modulus valdi¢seomaterials excluding 1.4404 are

presented in Table 11.

Table 11. Young’s modulus values of different 3A6L materials and 316L rolled sheet.
(Mod. Concept Laser 2019d; EOS 2019c; Kurzynowski.€018, p. 71; SLM 2019c).

Young’'s CL 20ES EOS 316L SLM 316L Rolled sheet
modulus test [GPa] [GPa] [GPa] 316L [GPa]
1 ca. 200 N/A N/A N/A
2 N/A 185* N/A N/A
3 N/A 180* N/A N/A
4 N/A N/A 184 + 20 N/A
5 N/A N/A N/A 187-205

5=N/A
*typical

1=manufacturing direction N/A, heat treated
2=manufacturing in horizontal direction (XY), asilbu
3=in manufacturing vertical direction (Z), as built

4=manufacturing direction N/A, as built

As Table 11 depicts, Young’s modulus value givernhgysystem producers varies between
180-200 GPa in L-PBF 316L materials. The range ames than in conventional
correspondents. According to data of 4 studies,ngaimodulus of L-PBF 316L varies
between (Kurzynowski et al. 2018, p. 71-72):
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- 150-219 GPa in as-built parts
- 169-212 GPa in heat treated parts
- 171-201 GPa in hot isostatic pressed parts.

Surface roughness values of the materials exclutlg04 are given in Table 12.
Table 12. Surface roughness values of different. 334 materials and surface roughness

range of conventional manufacturing methods (Md&SE2019c; Pere 2012, p. 21-16; SLM
2019c).

Surface roughness, EOS 316L SLM 316L Conventional manufacturing
as built [um] [um] methods [um]
Ra 13 5 102 0.006 — >250
R 80 +20 50 +12 N/A

Ra stands for arithmetical mean roughnesskidr maximum height (Pere 2012, pp. 21-6—
7). Surface roughness values of CL 20ES were nengh the material data sheet (Concept
Laser 2019d). Surface roughneBs) fanges of certain traditional manufacturing method
are listed below (Pere 2012, p. 21-16):

- sand casting 6.3—-250 um

- shell mold casting 3.2—60 um

- die casting 0.8-60 pm

- precision casting 0.8-6.3 um

- metal injection molding 0.4-3.2 um

- turning 0.8-12.5 um

- milling 1.6-6.3 pm.

As Table 12 and the list above illustrates, AM 31#Hdrts need to be post-treated if the
surface roughness of conventionally manufacturets pa wanted to achieve. However,
traditionally manufactured parts typically havetbetsurface quality than function of the
part requires (Leary 2017, p. 115).
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421  AISil0Mg

Alloys of aluminum group AlISilOMg are widely used aasting alloys in conventional
manufacturing (Thijs et al. 2012, p. 1809). Accaglio SFS-EN 1706 (2010, p. 6), six
different aluminum alloys belong to aluminum allgyoup AISi10Mg. Silicon based
aluminum alloys are characterized by relatively loelting temperature, low shrinkage, and
good castability. However, the variation in sizesiicon particles can have a major effect
on the mechanical properties of AM AISi10Mg patisdt al. 2016, p. 116). Age hardening
of the alloys can be achieved by help of magnesfkiacchi et al. 2016, p. 3402). In general,
Al-Si and Al-Mg casting aluminum alloys are the snused in L-PBF. The most used is Al-
Si (Wei et al. 2017, pp. 38-39). Weldability, carian resistance, strength/density ratio, and
hardenability of AISi10OMg are good (Thijs et al.12) p. 1809; Wu et al. 2016, p. 311). The
microstructure of L-PBF AlSi10Mg is a fine celludendritic solidification structure. (Thijs
etal. 2012, p. 1809). AM process of AlSi10Mg isde& to control than processes of stainless
steels or titanium alloys (Thijs et al. 2012, pp02-1810). ASTM standard about standard
specification for AM of AlISi10Mg exist (Appendix IV

According to study of Mower & Long (2015, pp. 19902 212), AM AISi1l0Mg was
measured to have approximately 60 % of fatiguengtreof wrought and machined AlI6061.
Electrochemical nor mechanical polishing had neafbn fatigue. The studied material was
obtained from EOS GmbH, but the parts manufactwigdd SLM system. However, fatigue
resistance of L-PBF AISi10Mgq is very high when cargd to its casted equivalents of EN
1706 (Brandl et al. 2012, p. 169). In SFS-EN 1728810, p. 36), the minimum values of
fatigue strengths of the alloys of the alloy graAlSi1l0Mg are between 80-110 MPa. The
values are based on “for rotating bending condtiom to 50 x 19cycles (Wohler curves)”.
(SFS-EN 1706 2010, p. 36.) Brandl et al. (2012,69) report that post heat treatment would
affect more fatigue of L-PBF AlSi10Mg parts thanlBung direction.

AM AISi10Mg is the only aluminum alloy available Byinnish pure commercial service
providers and by only two of them. Comparison adroical compounds between these two
AM AISi10Mg materials and EN AC-AIl Sil0Mg(a) of tlaloy group AlSi10Mg is shown
in Table 13.



Table 13. Chemical compounds of EOS Aluminum AMEI1GLM AISi10Mg, and EN AC-
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Al Si10Mg(a) (Mod. EOS 2019e; SFS-EN 1706 20106pSLM 2019c).

Element EOS Aluminum | SLM AISi10Mg EN AC-Al Sil0Mg(a)
AlSi10Mg
Al balance balance balance
Si [w%)] 9.0-11.0 9.0-11.0 9.0-11.0
Fe [w%)] <0.55 0.55 <0.55
Cu [w%)] <0.05 0.05 <0.05
Mn [w9%] <0.45 0.45 <0.45
Mg [w%] 0.20-0.45 0.20-0.45 0.20-0.45
Ni [w%] <0.05 0.05 <0.05
Zn [w%) <0.10 0.10 <0.10
Pb [w%] <0.05 0.05 <0.05
Sn [w%] <0.05 0.05 <0.05
Ti [wo%] <0.15 0.15 <0.15
Others [w%] N/A 0.05 <0.05
Total others [w%)] N/A 0.15 <0.15

As Table 13 shows, the materials are equivalerthbly chemical compositions. Chemical
compounds of other alloys of the group AlSilOMdeatiffrom these AM alloys (SFS-EN
1706 2010, p. 6). It can be concluded that the eotienal material equivalent of AM
AISi10Mg materials of EOS and SLM is EN AC-Al Si1@{&)/EN AC-43000. Yield

strength values of these materials are given inerab.

Table 14. Yield strength values of EOS AluminunilBN8g, SLM AISi10Mg, and EN AC-
Al Si10Mg(a) (Mod. EOS 2019e; SFS-EN 1706 20102pp26; SLM 2019c).

Yield EOS Aluminum SLM AlSi10Mg EN AC-Al Sil0Mg(a)
strength test|  AISi1l0Mg [MPa] [MPa]
method
1 270 £10 N/A N/A
2 240 £ 10 N/A N/A
3 230 £ 15 N/A N/A
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Table 14 continues. Yield strength values of EQ@&Alum AlSi1OMg, SLM AlSi10Mg, and
EN AC-AI Sil0OMg(a) (Mod. EOS 2019e; SFS-EN 170®204. 22; 26; SLM 2019c).

4 230+ 15 N/A N/A

5 N/A 268 + 8 N/A

6 N/A N/A min. 80-90
7 N/A N/A min. 180-220
8 N/A N/A min. 200

1=Yield strengttRpo,2, ISO 6892-1:2009, horizontal (XY), as built, N/Awu
2=Yield strengtiRyo,2, ISO 6892-1:2009, vertical (Z), as built, N/A um

3=Yield strengttRyo,2, ISO 6892-1:2009, horizontal (XY), stress relievdA pm
4=Yield strengtiRpo,2, ISO 6892-1:2009, vertical (Z), stress relieveth Nm
5=0ffset yield strengtRpo.2, Standard N/A, direction N/A, as built, 50 pm

6= Yield strengtiRy0,2, EN 10002-1, as casted

7=Yield strengtiRy0,2, EN 10002-1, solution heat treated and fully exafly aged
8= Yield strengtlRpo,;, EN 1000:-1, solution heat treated and artificially un-agec

According to Table 14, variation between the AM enels is low and they exceed minimum

values of casted EN AC-Al SilOMg(a). Both AM ma#dsi are almost identical when it

comes to the yield strength of as-built parts.Strelieved EOS AISi10Mg parts have lower
yield strengths than vertically manufactured adtipairts. Similar results have been reported
by Wu et al. (2016, p. 319). In some cases, as-paits have higher yield strengths than
heat treated parts (Wu et al. 2016, p. 319). Bugdiirection seems to have no effect on
yield strength if the part was stress relieved. Tdlees of the casted part were formed from
values of die casting and sand casting. Compahsbmeen yield strength of stress relieved

EOS AISi10Mg and common conventional Aluminum aflay presented in Figure 6.
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Figure 6. Yield strengths of stress relieved EOS AlSilOMg aednmon conventional
wrought Aluminum alloys (Mod. Raaka-ainekasikirjaAumiinit 2002, p. 74; SFS-EN
485-2:2016+A1:2018:en, pp. 23-24; 31-32; 53; 5578278, 88; 91; SFS-EN 755-2 2016,
p. 42).

As Figure 6 illustrates, yield strength of EOS Al@ig is somehow comparable to common
conventional wrought aluminum alloys positioningpithe middle range in the comparison.
However, the quantity of the compared materials avdyg 14. Yield strengths of 35 pieces

of different wrought aluminum and aluminum alloye aresented in Raaka-ainekasikirja 5:
Alumiinit (2002, p. 73). Average yield strength thiose materials is 145 MPa. The used
value for EOS AISilOMg was the lowest one giventhe material data sheet, but still

exceeding the average value by 48 %. Tensile dtieradues of these materials are given in
Table 15.
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Table 15. Tensile strength values of EOS Aluminl8riAMg, SLM AlSi10Mg, and EN AC-
Al Si10Mg(a) (Mod. EOS 2019e; SFS-EN 1706 20102pp26; SLM 2019c).

Tensile strength test  EOS Aluminum SLM AlSi10Mg EN AC-Al
method AISi10Mg [MPa] [MPa] Sil0Mg(a) [MPa]
1 460 = 20 N/A N/A
2 460 £ 20 N/A N/A
3 345+ 10 N/A N/A
4 35010 N/A N/A
5 N/A 386 £ 42 N/A
6 N/A N/A min. 150-180
7 N/A N/A min. 220-260
8 N/A N/A min. 200
1=Ultimate tensile strength, ISO 6892-1:2009, hamial (XY), as built, N/A um
2=Ultimate tensile strength, ISO 6892-1:2009, wait{(Z), as built, N/A um
3=Ultimate tensile strength, ISO 6892-1:2009, hamtal (XY), stress relieved, N/A pm
4=Ultimate tensile strength, ISO 6892-1:2009, wait(Z), stress relieved, N/A um
5=Tensile strength, standard N/A, direction N/Apasdt, 50 pm
6=Tensile strength, EN 10002-1, as casted
7=Tensile strength, EN 10002-1, solution heat &é@aind fully artificially aged
8=Tensile strength, EN 100-1, solution heat treated and artificially un-agec

According to the values of Table 15, stress retigvilecreases tensile strength in AM
AlSi10Mg parts. EOS recommends stress relieving,not hardening heat treatments for
AlSi10Mg (EOS 2019e). The opposite applies to chsguivalents in general. In casting,
the cooling rate is much lower than in L-PBF whirgdgatively affects the microstructure in
this case (Li et al. 2016, pp. 116-117). In asthuPBF AISi10Mg parts, the microstructure
is already similar to solution heat treated cagtads (EOS 2019e). However, tensile
strengths of these AM materials are higher thanimum tensile strengths of casted
AlSi10Mg. The values of the casted part were forriteth values of die-casting and sand
casting. Elongation values of EOS and SLM AISi108gl their EN equivalent materials

are presented in Table 16.



43

Table 16. Elongation values of EOS Aluminum AIS0SLM AISi10Mg, and EN AC-AI
Sil0Mg(a) (Mod. EOS 2019e; SFS-EN 1706 2010, pR&2SLM 2019c).

Elongation test EOS Aluminum SLM AlSi10Mg EN AC-Al
method AlSi10Mg [%] [%0] Sil0Mg(a) [%]

1 9+2 N/A N/A

2 62 N/A N/A

3 12+2 N/A N/A

4 11+2 N/A N/A

5 N/A 61 N/A

6 N/A 7+1 N/A

7 N/A N/A min. 2-2.5

8 N/A N/A min. 1

9 N/A N/A min. 2
1=Elongation at break, ISO 6892-1:2009, horizoal), as built, N/A um
2=Elongation at break, ISO 6892-1:2009, vertical & built, N/A um
3=Elongation at break, ISO 6892-1:2009, horizo(Xaf), heat treated, N/A pm
4=Elongation at break, 1ISO 6892-1:2009, vertical lieat treated, N/A um
5=Break strain A, standard N/A, direction N/A, aslh) 50 pm
6=Reduction of area Z, standard N/A, direction N&8 built, 50 pm
7=Elongation, EN 10002-1, as casted
8=Elongation, EN 10002-1, solution heat treatedfalid artificially aged
9=Elongation, EN 100(-1, solution heat treated and artificially un-agec

The values of Table 16 show that the elongationesbf the AM parts exceed the minimum
values of the casted part. The values of the cgsdetdwere formed from values of die-
casting and sand casting. According to Li et ab1@ p. 117), the elongation of L-PBF
AlSi10Mg parts is lower when compared to high puessdie cast equivalent. Hardness

values of these materials are given in Table 17.

Table 17. Hardness values of EOS Aluminum AISi1(ligd) AlSi1OMg, and EN AC-Al
Sil0Mg(a) (Mod. EOS 2019e; SFS-EN 1706 2010, pR&2SLM 2019c).

Hardness test EOS Aluminum SLM AlSi10Mg EN AC-Al
method AlSi10Mg Sil0Mg(a)
1 ca.119+5 N/A min. 50-90
2 N/A 122 +2 N/A
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Table 17 continues. Hardness values of EOS Alumil@ii0Mg, SLM AISi10Mg, and EN
AC-Al SilOMg(a) (Mod. EOS 2019e; SFS-EN 1706 2p1022; 26; SLM 2019c).

1=Brinell (HBW 2.5/62.5), standard DIN EN ISO 6506surface N/A, as built/as casted
2=Vickers hardness (HV10), standard N/A, surfaci,ds buil

According to the material data sheet of EOS AlummnAlSilOMg (EOS 2019e), EOS has
tested the hardness according to requirements SfENF 1706 of casted parts. As Table 17
presents, values of EOS Aluminum AlSi1lO0Mg and SLIMIAOMg exceed the minimum
values of the casted equivalents. The value rahtfeeacasted part was formed from values
of die casting and sand casting with and withofiiédent heat treatments. EOS recommends
stress relieving for its AISi10Mg, but the hardneakie after the treatment was not given.
(EOS 2019e)

Thijs et al. (2012, p. 1812) have reported 30 HMhis higher hardness value for L-PBF
AlSi10Mg than the value of high pressure die-cagi&i10Mg. However, the value was

almost the same if the high pressure die-castedlBMg was aged.

Young’s modulus values of the AM materials are enésd in Table 18. Young's modulus
values for casted aluminum alloys were not give8k$-EN 1706 (SFS-EN 1706 2010, pp.
1-42).

Table 18. Young’s modulus values of EOS Alumin®iil8Mg and SLM AISi10Mg (Mod.
EOS 2019e; Raaka-ainekasikirja 5: Alumiinit 200277; SLM 2019c).

Young’'s modulus EOS Aluminum SLM AlSi10Mg Conventional Al
test method AlSi10Mg [GPa] [GPa] alloys, wrought or
casted [GPa]
1 75+ 10 N/A N/A
2 70+ 10 N/A N/A
3 70 £ 10 N/A N/A
4 60 + 10 N/A N/A
5 N/A 61+9 N/A
6 N/A N/A 69-75
1=manufacturing in horizontal direction (XY), asilbu
2=in manufacturing vertical direction (Z), as b
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Table 18 continues. Young's modulus values of EQ@®iAum AISilOMg and SLM
AlSi10Mg (Mod. EOS 2019e; Raaka-ainekasikirja umiinit 2002,p. 77; SLM 2019c).

3=manufacturing in horizontal direction (XY), hesdated
4=in manufacturing vertical direction (Z), heatated
5=manufacturing direction N/A, as built

6=casted or wrought

As presented in Table 18, the Young’'s modulus \sabfethe AM materials are on a same
level with conventional ones. Surface roughnes$geeoAM materials and conventional

manufacturing are presented in Table 19.

Table 19. Surface roughnesses of EOS Aluminum OWNEgjl SLM AISilOMg, and
conventional manufacturing (Mod. EOS 2019e; Perg22@. 21-16; SLM 2019c).

Surface roughness EOS Aluminum SLM AlSi10Mg Conventional
test method AlSi10Mg [um] [um] manufacturing [um]
Ra1 6-10 N/A N/A
Raa 30-40 N/A N/A
Ra2 N/A 8+1 N/A
Rz2 N/A 63 + 10 N/A
Ra N/A N/A 0.006 — >250
1=as built, cleaned, standard N/A
2=as built, cleaning N/A, standard N

Surface roughnes${ ranges of certain traditional manufacturing metofl aluminum
alloys are listed below (Pere 2012, p. 21-16):

- sand casting 6.3—250 um

- die casting 0.8-60 um

- turning 0.8-12.5 um

- milling 1.6-6.3 pm.

As Table 19 and the list above shows, AM AISi10Mgtp need to be post-processed if the
best surface roughness values of conventionallyufaatured parts need to be achieved.
According to values of Tables 12 and 19, bettefaserquality can be achieved with AM
AlSi10Mg than with AM 316L.
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422 Others

As listed in Table 4, other L-PBF materials avdgdty the Finnish pure commercial service
providers were maraging tool steels EOS Maragirg3#51 and SLM Tool Steel 1.2709,
titanium alloy EOS Titanium Ti64, and cobalt-chromi alloy remanium® star CL in 2018.
Focus in this thesis was on stainless steels andimlims and therefore these other AM
materials are only discussed shortly. Inconel Tlldch was announced to be available in

2019, is not discussed in this thesis becausestneaavailable during writing of it.

Word “maraging” comes from martensitic age hardestedl. Maraging tool steels are used
in tooling, injection molding, and in die castinglas in conventional manufacturing. Yield
strength of maraging steels is typically very higip to 1600-1800 MPa (Raaka-
ainekasikirja 1: Muokatut terakset 2001, p. 293Mildwski 2017, p. 69.) EOS
MaragingSteel MS1 and SLM Tool Steel 1.2709 areesaraterials based on their chemical
compounds (EOS 2019d; SLM 2019c). Steel name of0B.2s X3NiCoMoTi 18-9-5
(Kucerova & Zetkova 2016, p. 141). However, it a common steel as it cannot be found
from standard SFS-EN ISO 4957 (2018). The stantistsionly common internationally
used tool steels. (SFS-EN ISO 4957 2018, p. 5)ind@rnational standard about standard
specification for AM of 1.2709 neither exist (Apaax V).

Chemical compounds and mechanical properties cAllh¢ool steel materials are collected
to appendices V and VI. It needs to be noted thatraing to the material data sheet of SLM
Tool Steel 1.2709, yield strength can be highen tha tensile strength (SLM 2019c). This

is hard to explain with any other reason than baitgpo in the material data sheet.

Titanium alloys are light weight alloys having higitrength and corrosion resistance.
Titanium is difficult to machine and cast due twrlbeat conductivity and high reactivity of
the melt, but it is additively manufacturable. EGfnium Ti64 is a Ti-6Al-4V alloy which

is one of the most common titanium alloys and veasoinly AM titanium material available
by the Finnish pure commercial service provider20a8 (Milewski 2017, p. 70; Voisin et
al. 2018, pp. 113-114). Ti-6Al-4V combines 6 % ailoum and 4 % vanadium as the name
states. Aluminum and vanadium contents of EOS TlitarTi64 vary between 5.50-6.75 %
and 3.50-4.50 %, respectively. (EOS 2019g; MilevXki7, p. 70) ASTM standard about
standard specification for AM of Ti-6Al-4V exist ppendix IV). Main mechanical
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properties and specific chemical compound of EO&nlim Ti64 are presented in

Appendix VII.

AM cobalt-chromium alloys are super alloys useddental, medical and aerospace
applications. They offer high strength and corrosigsistance in high temperatures. Cobalt-
chromium alloys are difficult to machine and theref often casted in conventional
manufacturing. remanium® star CL is a cobalt-chramialloy consisting of 60.5 % of
cobalt, 28 % of chromium, and 9 % of tungsten asna#loys. (Concept Laser 2019¢;
Milewski 2017, p. 70.) In 2018, it was the only Addbalt-chromium alloy available by the
Finnish pure commercial service providers. An in&ional standard about standard
specification for AM of material with same chemicaimpound than remanium® star CL
does not exist. However, ASTM F3213-17 is a stathdéstandard specification for AM of
similar alloy with addition of molybdenum. (AppemrdiV.) Specific chemical compound
and basic mechanical properties of remanium® staar€ shown in appendix VII.
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5 RESEARCH METHODS

This thesis was executed in research group of Msa#éerial Processing of LUT University.

The thesis was carried out as a part of FIDIMA Gedlion project funded by national

Finnish funding agency of Business Finland and Macturing 4.0 funded by Strategic

research council of Finland. Aim of the FIDIMA Caéation project was to prepare larger
main project of FIDIMA Co-Innovation which aims tavestigate and develop metal AM

materials for needs of Finnish industry. The FIDING®-Creation project was going on
during 15.8.-31.12.2018.

A quantitative face-to-face survey for Finnish meiad mechanical engineering industry
was executed. The survey was Google Forms baseth&idnish language. The face-to-
face interviews were done at the Subcontractingldifgair 2018 on September 2018. The
trade fair is the largest one with its 1000 exhitsitin Finland and, according to its webpage,
it gathers the entire Finnish manufacturing industrgether (Subcontracting Trade Fair
2019). The interviewed companies were chosen rahddon the first question of the survey

outlined irrelevant companies outside of the survey

Total of 78 companies were interviewed. 2 compasiksd out after the first question due
to unsuitable field of industry. The remaining canjes were asked to estimate their three
most-used metal materials. The questions were:

- What is the most-used metal material in your corgpan

- What is the second most-used metal material in gompany?

- What is the third most-used metal material in yoampany?

If the respondent answered inaccurately, suchtasl"sor “aluminum” he or she was asked

to give more detailed answer if possible.

Utilization of metal additive manufacturing of tatempanies was asked. If metal AM was
not utilized, or it was tried without success, mesfor that were asked. The options were:

- No need
- Too high costs
- Lack of know-how
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- Quality requirements

- Too long lead time

- The process turned out to be too hard

- Limited material repertoire of additive manufachgyi
- Limited size of a part

- ldon't know

- We have always succeeded

- Other.

All the questions of the survey can be seen inaghges 1X and X.
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6 RESULTS AND DISCUSSION

All respondents of the survey were owners or eng#syof the companies. Spread of titles

of the respondents is presented in Figure 7.

m Owner or CEO = Upper-level office worker = Clerical worker m Worker

Figure 7. Spread of titles of the respondents.

More than half of the respondents, 65 %, wereadéworkers or upper-level office workers.
29 % of the respondents either owned the compamyodted as a chief executive officers
(CEO). Breakdown of number of employees of therinésved companies is presented in

Figure 8.
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m <10 = 10-50 = 50-250 = >250

Figure 8. Breakdown of number of employees of intervieweghpanies.

93 % of the companies were medium-sized or smadtlerpanies. In 2016, 93.3 % of all
Finnish companies were micro companies (Yrittaf#t&). Therefore, it must be noted that
structure of companies of this survey do not cateelith the actual structure of Finnish
companies. Division of locations of the companrgsnviewed for this survey by region can

be seen in Figure 9 as percentages.
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Figure 9. Division of locations of interviewed companies legion in percentages.

As it can be seen from Figure 9, most of the congsawere located to south, west, and
south-west parts of Finland. More than fifth of t@mpanies were located to Uusimaa.

Aland Islands cannot be seen in the figure, buerafrthe companies was located there.

75 companies gave three answers and 1 companywawnswers to questions about three
most used metal materials. Total of 227 answerse vggren. Most of the respondents
answered with a material designation or materiahlmer or commercial name of material,
but some of them did not give more accurate ansthiars“metal” or “metal alloy”. In case
of answering with a designation, additional symbofsdesignations were included to
answers in only two cases and neither of theseded the Group 2 symbols. Division of

the answers can be seen in Figures 10 and 11.
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5

m S355 m 304 or304L = 316 or 316L m Non specified steel m S235 m Others

Figure 10.Breakdown of answers to questions about three osesd-materials.

m Steels ® Aluminium alloys = Other metals

Figure 11.Division of categorized answers to questions abmat-used materials.



171 out of the 227 answers were different kindsteéls. Only five companies did not have

any steels in their three most used materials| 8fges of these 171 answers are presented

in Figure 12.
m Structural steels m Stainless steels
m Tempering steels m Steel type was not provided

m Other steel types

Figure 12.Breakdown of steel types of steel-related ansteegsiestions about three most-
used materials.

The most steels answered in the survey were staldieels and stainless steels. In 14 % of
the cases, the respondent was not able to speedtgpe. Therefore, share of other options
than “steel type was not provided” in percentagrgdacbe up to 14 units higher in reality.

A comparison between commercially available maleigy the L-PBF system producers
and answers of this survey was made. Accordingetapages of all L-PBF system producers
mentioned in the report of Wohlers Association%d 8f the materials answered in the survey
were commercially available by one or more systeodpcers. 316L was the most frequent
material out of answers that were commercially laléé materials by the system

manufacturers in the survey.
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73 % of the structural steels answered in the suware S355 steels whereas 19 % were
S235 steels. The letter “S” stands for structutegls In general, structural steels 355 and
235 are low-alloy steels having minimum yield sg#s according to their names (Koivisto
& Tuomikoski 2008, p. 134). Minimum vyield and telesstrengths of common structural
steels used in Finland vary between 225-355 MPa 3#®-630 MPa, respectively.
Minimum elongation at brake value of the same niatevary between 20-24 %. (Hitsatut
profiilit 2000, p. 12.) Structural steels were notbe found from material repertoire of L-
PBF system producers. However, based on the vafueg literature review of this thesis,
mechanical properties of AM 316L can exceed thaasbf the structural steels mentioned

in this section.

54 % of the stainless steels answered in the sumeey 304 or 304L steels and 46 % were
316 or 316L steels. EN standard equivalents of 304L, 316, and 316L are shown below
(Kyrolainen & Lukkari 2002, pp. 11; 35):

- 304 — X5CrNi 18-10 — 1.4301

- 304L — X2CrNi 18-9 — 1.4307

- 304L — X2CrNi 19-11 — 1.4306

- 316 — X5CrNiMo 17-12-2 — 1.4401

- 316 — X3CrNiMo 17-13-3 — 1.4436

- 316L — X2CrNiMo 17-12-3 — 1.4432

- 316L — X2CrNiMo17-12-2 — 1.4404

- 316L — X2CrNiMo 18-14-3 — 1.4435.

These steels are austenitic stainless steelssZ®tually the same steel than the first alloyed
stainless steel in the beginning of"28entury. 304L is a low carbon version of it. 316ia
316L are upgraded versions of 304 and 304L withteatdof molybdenum. The addition of
2—-3 % of molybdenum makes these steels more corressistant and increases yield and
tensile properties slightly. In extremely corrosieavironments, for example heat
exchangers in seawater, amounts of molybdenum larantum are not enough in these
steels. However, costs of the higher alloying ofyndenum and chromium are significant,
even higher than costs of titan and nickel-basgérslloys. (Kyrélainen & Lukkari 2002,

pp. 16.)
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The steels listed above can be used in structur@loses. 1.4404, 1.4301, and 1.4307 are
the most used ones. Mechanical properties of tke=as in rolled forms are given in
Appendix XII. (Finnish Constructional Steelwork Assation 2017, pp. 2—4; Kyrélainen &
Lukkari 2002, pp. 11; 15-16; 34-36.) Based on \akfeAppendix Xll, yield and tensile
strengths of these materials vary between 200-2B@ &hd 520-750 MPa, respectively,
and elongation at break minimum value between 4044BM 316L as-built parts can have
almost three times higher yield strength, heatdparts two times, but hot isostatic pressed
parts the same, lower, or higher than these toawditi austenitic stainless steels. Tensile
strength and elongation at break values of AM 3téh be lower, the same, or higher
irrespective of heat treatments.

16 % of the answers of three most used metals alen@inum or aluminum alloys. 31 % of
these were AISi10Mg, AlSi12, or AlSi7. 45 % outtbé 31 % were AISi10Mg. All the three

alloys are directly available by one or more L-P86tem producers.

82 % of the companies had never tried metal additnanufacturing by own machine nor
by subcontracting, but 28 % of them had plans tesadon the near future. None of the
companies had tried metal AM with their own maching 10 out of the 76 had tried metal
AM by subcontracting parts. 4 respondents did maivk whether their company had tried
metal AM. It can be concluded that some comparaekihtrest about AM despite the lack
of utilization. However, the companies that haderdxied metal AM but had plans to do so
the near future were asked to estimate how margrdift AM parts they will manufacture

themselves or by subcontracting during the nextntidths. 20 out of the 21 companies
answered zero and 1 answered one. This might nh@arcdncrete actions for use of metal

AM were not taken.

The companies that had already tried metal AM vasked to estimate how many parts they
had manufactured this far by themselves or by sutbacting. The answers and amounts of
companies answered in the question are listed below

- 1 part: 2 companies

- 1-5 parts: 3 companies

- 5-20 parts: 2 companies

- 20-50 parts: 1 company
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- >50 parts: 2 companies.

Based on the list, only some metal parts were a@titmanufactured and serial production
of metal AM was not utilized by most the companlés. company had not tried metal AM
or had without success, reasons for that were adkelliple choices were accepted. The

answers are presented in Figure 13.

Too long lead time 3%
The process turned out to be too hard 4%
Other 5%
We've always succeeded 5%
Don't know 12%
Limited material repertoire 12%
Quality requirements 18%
Too high costs 18%
Limited size of a part 20%
Lack of know-how 40%
No need 51%

0% 10% 20% 30% 40% 50% 60%

Figure 13. Spread of answers of question “Whether your comgasynot utilized metal
additive manufacturing, or it has without succegdimit, which of the following options

you would estimate to be reasons for that?”.

More than half of the companies answered that tiaye not had need for metal additive
manufacturing. 12 % of the representatives of tramanies did not know why they have
not utilized metal AM. Lack of expertise was anseeeby 40 % of the companies. Only 12—
20 % of the companies chose answer options “quadyirements”, “limited size of a part”,
“too high costs”, or “limited material repertoire/hich are seen as basic limitations of metal
AM. This indicates that basic limitations of AM amet the main reason for non-utilization

of metal AM but lack of expertise might be.

The next question was: “Has your company ever leensituation where metal additive

manufacturing would have been wanted to utilizeé: doitable material was not available?”.
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Only two companies answered yes. Another mentitimetdhe material was some tempering
steel and another one did not know the materia¢rdfiore, results of this survey did not
produce any development ideas about new importatalPM materials. The companies
should have been asked about used materials ofl, somhplex and multiple-part

components they manufacture.
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7 SUMMARY

Aims of this thesis were to find out the three mas#d metal materials by the Finnish metal
and mechanical engineering industry and whethemiwerials are commercially available
by L-PBF system producers and Finnish pure commleservice providers. A quantitative
survey was executed at the Subcontracting Trade2baB in Finland in September 2018.
Total of 78 companies, from which 76 were Finnishtah and mechanical engineering

companies, were interviewed.

Laser-based powder bed fusion (L-PBF) is a limitednufacturing method with quite
narrow material repertoire despite it is the mesiduand possibly the most evolved additive
manufacturing (AM) process for manufacturing of ahgtarts. Current L-PBF metal systems
are not something to revolutionize way of manufaoty but they are able to produce parts
with lower costs than conventional methods in ¢ersanall applications. L-PBF is mainly
capable of manufacturing semi finished metal parsch almost always require post-

processing.

Utilization level of metal additive manufacturing the Finnish metal and mechanical
engineering industry is quite low. 82 % of the mtewed companies had never tried metal
additive manufacturing. Only two companies had nfactured more than 50 metal AM

parts. The parts were manufactured by a subcoatra8bme Finnish companies utilize

metal AM for manufacturing end products and not fas prototyping purposes.

More than 30 metal AM systems existed in Finlan@®18 and the firsts metal AM parts
were already manufactured in Finland in the ea®90k. In 2018, at least three companies
had their own metal AM system for their own prodmctand three other companies were
pure commercial service providers. All the machimese based on L-PBF technology.
Detailed information about current market size imihish metal AM was tried to gather to

this thesis, but unfortunately information was paivided by the service providers.

Repertoire of available L-PBF metal materials isoa. Five different metal materials were

found to be available by the Finnish pure commémsgavice providers in 2018; 316L,
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AlSi10Mg, maraging steel 1.2709, CoCr alloy remanfitar CL, and Ti64. Systematic
knowledge about mechanical properties of AM metatianals is missing. Metal AM system
producers do not provide detailed information albetproperties on their publicly available
material data sheets. The material data sheetd aigghinclude misinformation. In general,
the properties of AM parts have been reported toobepar with properties of their

conventional counterparts. However, in some casgsepties of 316L and AlSi10Mg fall

short of properties of conventional materials. Ubaguous claims about whether metal AM

parts are more or less robust than conventionadligyufactured parts cannot be stated.

Standardization of additive manufacturing is in @arly stages. Total of 24 additive
manufacturing related 1ISO and/or ASTM standardsevgeiblished by the time of writing

this thesis. However, many new standards were uthelezlopment. Two of the published
standards were published in Finnish. Lack of steagland large databases of AM restrict

utilization of additive manufacturing.

Based on the results of the survey, Finnish metdlraechanical engineering industry uses
mostly steels, mainly structural and stainlesdst&hare of aluminum and aluminum alloys
was the second highest with 16 % of all the answié 96 of all materials answered in the
survey were directly commercially available by L#P8/stem producers. The most common
and commercially available material was stainlésgls316L. Structural steels were not
available by the system producers, but 316L seerhs & superior steel, which can replace
structural steels in some cases. This might basorewhy parameters have been developed
for this particular steel by all L-PBF system proets. However, better results from the
perspective of additive manufacturing would haverbachieved if the survey had been

about materials of small, complex and multiple-garnponents.

More than 80 % of the companies had never triecahaetditive manufacturing, but 28 %
of the 80 % had plans to do so in the near futdosvever, 95 % of the companies planning
to try metal AM in the near future estimated threyt would not order any metal AM parts
or manufacture them with an own machine duringiira 12 months. 13 % of the companies
had tried metal AM by subcontracting, but only ta@mmpanies had ordered more than 50

metal AM parts.
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Non-utilization of metal AM of Finnish metal and of@nical engineering companies was
found to be not just about limitations of metal itidd manufacturing but lack of need and
expertise as well. More than half of the compamieswered that they have not had any
needs for metal AM. 40 % answered that lack of eigewas one of the reasons. Answering
options “limited size of a part”, “too high costs'quality requirements”, and “limited
material repertoire”, which are typical limitatiooEmetal AM, were each answered by only
12-20 % of the companies. It can be concluded Eiahish metal and mechanical
engineering industry needs education about metitiael manufacturing. Education could
be arranged to the industry with different trairsrend by educating future employees in

technical-related upper secondary and tertiary &gt
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8 FURTHER STUDIES

Based on the results of this thesis, more systenaatil public research about material
properties of metal AM should be carried out. Idifidn, in-depth interviews to companies
of Finnish metal and mechanical industry shouleekecuted. Topics below are suggested
for further studies by the author of this thesis:
- Survey about materials of small, complex and midtgart metal components
manufactured by Finnish metal and mechanical eeging industry
- Systematic analysis of mechanical properties of 208L
- Systematic analysis of mechanical properties of Algi10Mg
- In-depth comparison between common steels usedhioysk metal and mechanical
engineering industry and L-PBF steels
- In-depth comparison between common aluminum all®egl by Finnish metal and
mechanical engineering industry and L-PBF alumiralioys
- In-depth comparison between AM 316L and AM titanium
- In-depth comparison between AM 316L and AM nickaséd super alloys
- In-depth comparison between AM titanium and AM mickased super alloys.
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APPENDIX |
Boundary between non alloy and alloy steels (Mde5-&N 10020 2000, p. 9).

Specified element Limit value % by mass
Al 0.30
B 0.0008
Bi 0.10
Co 0.30
Cr 0.30
Cu 0.40
La 0.10
Mn 1.65*
Mo 0.08
Nb 0.06
Ni 0.30
Pb 0.40
Se 0.10
Si 0.60
Te 0.10
Ti 0.05
\Y 0.10
w 0.30
Zr 0.05
Others (except C, P, S, N (each)) 0.10
* Where manganese is specified only as a maximuniirnhit value is 1.80 % and the 70
% rule of chapter 3.1.2 of EN 10020 does not ¢




APPENDIX I
Designations of the second of the five figuresasignation of aluminum alloys according
to SFS-EN 1780-1 (SFS-EN 1780-1 2003, p. 7).

The second number Indication of the alloy group
AIXXX Al Cu
AIYXXX Al SiMgTi
4IXXX Al Si7TMg
43XXX Al Si10Mg
A4XXX Al Si
45XXX Al Si5Cu
4GXXX Al Si9Cu
ATXXX Al Si(Cu)
A4GXXX Al SiCuNiMg
5AXXX Al Mg
7XXX Al ZnMg




APPENDIX III, 1
Designation of wrought aluminum alloys based onmadlioying elements (Raaka-
ainekasikirja 5: Alumiinit 2002, p. 66; SFS-EN 52817, pp. 34-37).

Designation Main alloying elements
1070A Al99.7
1050A Al99.5

1350 E-Al99.5
1200 Al99.0
2011 AICuBiPb
2014 AlCu4SiMg
3103 AlMn1
3003 AlIMn1Cu
3005 AIMn1MgO0.5
3004 AlMn1Mgl
4015 AlSi2Mn
4045 AISi10
5005 AlMg1l
5049 AlMg2Mn0.8
5052 AlMg2.5
5754 AlMg3
5083 AlMg4.5Mn
6060 AlMgSi
6063 AIMgO0.7Si
6061 AlMg1SiCu
6005 AISiMg
6082 AlSi1MgMn
7020 AlZn4.5Mg1l
7021 AlZn5.5Mg1.5
7075 AlZn5.5MgCu

Temper designations:

O=annealed - products achieving the required aedgabperties after hot forming

processes may be designated as O te




APPENDIX 11, 2

H18=strai-hardene- 4/4 hard (fully hardene
T6=solution he«treated and then artificially ag

H16=straii-hardenec- 3/4 har
T62=solution heat-treated and then artificially dg&pplies to test material heat-
treated from annealed or as-fabricated temper prdducts heat-treated from any

temper by the us




APPENDIX IV, 1

ASTM & ISO standards of additive manufacturing (A% Tnternational 2019; ISO 2019).

Designation

Title

ISO / ASTM52915 - 16

Standard Specification for Anke
Manufacturing File Format (AMF) Versio
1.2

ISO / ASTM52910 - 18

Additive manufacturing — Desig-
Requirements, guidelines and
recommendations

F2924 - 14

Standard Specification for Additive
Manufacturing Titanium-6 Aluminum-4
Vanadium with Powder Bed Fusion

F3001 - 14

Standard Specification for Additive
Manufacturing Titanium-6 Aluminum-4
Vanadium ELI (Extra Low Interstitial)

with Powder Bed Fusion

F3049 - 14

Standard Guide for Characterizing
Properties of Metal Powders Used for
Additive Manufacturing Processes

F3055 - 14a

Standard Specification for Additive
Manufacturing Nickel Alloy (UNS
NO7718) with Powder Bed Fusion

F3056 - 14el

Standard Specification for Additive
Manufacturing Nickel Alloy (UNS
N06625) with Powder Bed Fusion

F3091 / F3091M - 14

Standard Specification for PemiBed
Fusion of Plastic Materials

F3184 - 16

Standard Specification for Additive
Manufacturing Stainless Steel Alloy (UN
S31603) with Powder Bed Fusion

F3187 - 16

Standard Guide for Directed Energy
Deposition of Metals

F3213 - 17

Standard for Additive Manufacturing
Finished Part Properties — Standard
Specification for Cobalt-28 Chromium-6
Molybdenum via Powder Bed Fusion

>

S

F3301 - 18a

Standard for Additive Manufacturing -
Post Processing Methods — Standard
Specification for Thermal Post-Processi

Metal Parts Made Via Powder Bed Fusi




APPENDIX IV, 2

F3302 - 18 Standard for Additive Manufacturing
Finished Part Properties — Standard
Specification for Titanium Alloys via
Powder Bed Fusion

F3303 - 18 Standard for Additive Manufacturing
Process Characteristics and Performance:
Practice for Metal Powder Bed Fusion
Process to Meet Critical Applications

F3318 - 18 Standard for Additive Manufacturing

Finished Part Properties — Specification for

AlSi10Mg with Powder Bed Fusion —
Laser Beam

ISO / ASTM52901 - 16 Standard Guide for Additive
Manufacturing — General Principles —
Requirements for Purchased AM Parts

ISO / ASTM52900 - 15 Standard Terminology for Adabt
Manufacturing — General Principles —
Terminology
F2971 - 13 Standard Practice for Reporting Data for

Test Specimens Prepared by Additive
Manufacturing

F3122 - 14 Standard Guide for Evaluating Mechanical
Properties of Metal Materials Made via
Additive Manufacturing Processes

ISO / ASTM52921 - 13 Standard Terminology for Addbt
Manufacturing-Coordinate Systems and
Test Methodologies

ISO 17296-2:2015 Additive manufacturing -- General
principles -- Part 2: Overview of proces
categories and feedstock

[72)

ISO 17296-3:2014 Additive manufacturing -- General
principles -- Part 3: Main characteristics
and corresponding test methods

\"2J

ISO 17296-4:2014 Additive manufacturing -- General
principles -- Part 4: Overview of data

processing
ISO 27547-1:2010 Plastics -- Preparation of testispens of

thermoplastic materials using mouldles
technologies -- Part 1. General principles,
and laser sintering of test specimens

[72)




APPENDIX V
Chemical compounds of EOS MaragingSteel MS1 and $bbl Steel 1.2709 (EOS
2019d; SLM 2019c).

Element EOS MaragingSteel MS1 SLM Tool Steel 1.2709
Fe balance balance
C <0.03 0.03
Ni 17.0-19.0 18.0-19.0
Co 8.50-9.50 8.50-9.50
Mo 4.50-5.20 4.70-5.20
Ti 0.60-0.80 0.50-0.80
Al 0.05-0.15 0.05-0.15
Mn <0.10 0.10
P <0.01 0.01

<0.01 0.01
Cr <0.50 N/A
Cu <0.50 N/A
Si <0.10 N/A




APPENDIX VI, 1

Main mechanical properties of EOS MaragingSteel M6d SLM Tool Steel 1.2709.

Yield strengths of EOS MaragingSteel MS1 and SLMITSteel 1.2709 (EOS 20194,

SLM 2019c).
Yield strength test EOS MaragingSteel MS1 SLM Tool Steel 1.2709
method [MPa] [MPa]
1 1100 £ 100* N/A
2 930 + 150* N/A
3 N/A 987 + 15
4 N/A 1920 £ 12

*typical

1=Yield strengtiRyo0.2 ISO 6892-1:2009, horizontal (XY), as built, 20 pm
2=Yield strengttRy0.2, ISO 6892-1:2009, vertical (Z), as built, 20 pm
3=0ffset yield stresBpo.o, standard N/A, direction N/A, as built, 50 pm
4=0ffset yield stresRpo.2, standard N/A, direction N/A, heat treated, 50 pm

Tensile strengths of EOS MaragingSteel MS1 and Slodl Steel 1.2709 (EOS 2019d;

SLM 2019c).
Tensile strength test EOS MaragingSteel MS1| SLM Tool Steel 1.2709
method [MPa] [MPa]
1 1200 £ 100*
2 1100+ 150*
3 1135+ 29
4 1784 + 313

*typical

1=Ultimate tensile strength, ISO 6892-1:2009, horizontal (XY), as built, 20 um
2=Ultimate tensile strength, ISO 6892-1:2009, vertical (Z), as built, 20 um

3=Tensile strength, standard N/A, direction N/A, as built, 50 um
4=Tensile strength, standard N/A, direction N/A, heat treated, 50 um
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Elongation values of EOS MaragingSteel MS1 and Siddl Steel 1.2709 (EOS 2019d;
SLM 2019c).

Elongation test method  EOS MaragingSteel MS1 [%] MSllool Steel 1.2709 [%)]
1 12 + 4~ N/A
2 N/A 11+1
3 N/A 44 £ 2
4 N/A 31
5 N/A 10+0

1=Elongation at break, ISO 6892-1:2009, horizontal (XY), as built, 20 um
2=Break strain A, standard N/A, direction N/A, as built, 50 um
3=Reduction of area Z, standard N/A, direction N/A, as built, 50 pm
4=Break strain A, standard N/A, direction N/A, heat treated, 50 um
5=Reduction of area Z, standard N/A, direction N/A, heat treated, 50 pm
*typical

Hardness values of EOS MaragingSteel MS1 and SLM $teel 1.2709 (EOS 2019d;

SLM 2019c).
Hardness test method EOS MaragingSteel MS1 SLM $eedl 1.2709
1 33-37* N/A
2 50 N/A
3 N/A 373+2

1=Rockwell hardness C (HRC), EN ISO 6508-1, polished surface, as built
2=Rockwell Hardness C (HRC) standard N/A, surface N/A, heat treated
3=Vickers hardness (HV10), standard N/A, surface N/A, as built
*typical




APPENDIX VI, 3

Young’'s modulus values of EOS MaragingSteel MS1 @bl Tool Steel 1.2709 (EOS

2019d; SLM 2019c¢).

Young’s modulus test EOS MaragingSteel MS1| SLM Tool Steel 1.2709
method [GPa] [Gpa]
1 150 + 25* N/A
2 140 + 25* N/A
3 N/A 113+8
4 N/A 125+5

*typical

1=manufacturing in horizontal direction (XY), asilbu
2=in manufacturing vertical direction (Z), as built
3=manufacturing direction N/A, as built
4=manufacturing direction N/A, heat treated

Hardness values of EOS MaragingSteel MS1 and SLM $teel 1.2709 (EOS 2019d;

SLM 2019c).
Surface roughness, as  EOS MaragingSteel MS1 SLM Tool Steel 1.2709
built [um] [um]
Ra 5 or 9* 9+1
R 28 or 50* 675
*depends on layer thickness (40 or 50 um)




APPENDIX VII, 1
Chemical compound and main material properties@®Hitanium Ti64 (EOS 2019f).

Element EOS Titanium Ti64
Ti balance

Al [w9%] 5.50-6.75

V [w%] 3.50-4.50

O [w%] <0.20

N [w9%] <0.05

C [w%] <0.08

H [w%] <0.015

Fe [w%] <0.30

Y [w%) <0.005
Other elements, each <0.10
Other elements, total <0.40

Yield strength test method

1 945 MPa

2 965 MPa

Tensile strength test method

3 1055 MPa

4 1075 MPa

Elongation test method

5 13 %
6 14 %
7 >25 %
8 >25 %
Young’s modulus N/A
Hardnes$iV5 ca. 320

Surface roughness test method

Ra 5-9 um

R 20-50 pm

Density 4.41 glcrh
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1=Yield strengtiRpo.2, ISO 6892-1 Al14, heat treated, horizontal, 30 um
2=Yield strengtiRy0.2, ISO 6892-1 Al4, heat treated, vertical, 30 um
3=Tensile strength, ISO 68-1 Al4, heat treated, horizontal, 30
4=Tensile strength, ISO 68-1 Al4, heat treated, vertical, 30
5=Elongation at break A, ISO 6892-1 Al14, heat #dahorizontal, 30 pm
6=Elongation at break A, ISO 6892-1 Al14, heat #davertical, 30 um
7=Reduction of area Z, ISO 6892-1 Al4, heat tredtedzontal, 30 um
8=Reduction of area Z, ISO 6892-1 A14, heat treatedical 30, um
9=HV5EN ISO 6507-1 (5 kg)

10=after shot peening, ISO 4287




APPENDIX VIII, 1

Chemical compound and main material propertiegwianium st&tCL (Concept Laser

2019e).
Element remanium® star CL
Co [w9%)] 60.5
Cr [w%] 28.0
W [w%)] 9.00
Si [w%)] 1.50
Mn [w%] <1.00
N [w9] <1.00
Nb [w9%] <1.00
Fe [w%] <1.00
Yield strength test method
1 792 + 24
2 822 + 14
3 835+ 44
Tensile strength test method
4 1136 + 24
5 1200 + 14
6 1156 +9
Young’s modulus test method
7 230 Gpa
Elongation test method
8 8+x3%
9 8+3%
10 11+1%
Hardness N/A
Surface roughness N/A

Density 8.6 g/crh
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1=Yield strengthRp,2, in line with DIN EN ISO 9693/DIN EN ISO 22674, 9
(horizontal), heat treated, um N/A

2=Yield strengthRp 2 in line with DIN EN ISO 9693/DIN EN ISO 22674, 4%Jolar
angle), heat treated, um N/A

3=Yield strengtiRp,2, in line with DIN EN ISO 9693/DIN EN ISO 22674, Qipright),
heat treated, pm N/A

4=Tensile Strength, in line with DIN EN ISO 9693NDEN ISO 22674, 90° (horizontal
heat treated, pm N/A

5=Tensile Strength, in line with DIN EN 1SO 9693NKDEN ISO 22674, 45° (polar angle
heat treated, pm N/A

6=Tensile Strength, in line with DIN EN ISO 9693NDEN ISO 22674, 0° (upright), he
treated, um N/A

7=in line with DIN EN ISO 9693/DIN EN ISO 22674, 9%5°, 0°, (horizontal, pola
angle and vertical), heat treated, pm N/A

8=Elongation at fracture #&\in line with DIN EN ISO 9693/DIN EN ISO 22674, 9
(horizontal), heat treated, um N/A

9=Elongation at fracture #\in line with DIN EN ISO 9693/DIN EN ISO 22674, 4
(polar angle), heat treated, um N/A

10=Elongation at fracturesAin line with DIN EN ISO 9693/DIN EN ISO 22674, 0°

(upright), heat treated, pm N/A

N—r

D

=

t
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Original questions with answering options in Fiftmignguage.

Information inside the brackets below was not deethe respondents.

1. Onko yrityksenne Suomessa sijaitseva kone- ja/edalnalan yritys?
a. Kylla (vaihtoehto johtaa kysymykseen 2)
b. Ei (vaihtoehto paattaa kyselyn)

2. Ammattinimikkeenne yrityksessa?

3. Tyontekijoiden maaré yrityksessanne?
a. <10
b. 10-50
c. 50-250
d. >250

4. Yrityksenne sijainti?
Uusimaa
Varsinais-Suomi
Satakunta
Kanta-Hame
Pirkanmaa
Paijat-Hame
Kymenlaakso
Etela-Karjala
Etela-Savo
Pohjois-Savo
Pohjois-Karjala
Keski-Suomi

. Etela-Pohjanmaa
Pohjanmaa
Keski-Pohjanmaa
Pohjois-Pohjanmaa
Kainuu
Lappi

ST OSITATITSQ@ OO0 T
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5. Arvioi suuruusjarjestyksessa, mitka ovat kolme eamitaytettyd metallimateriaalia
yrityksenne liiketoiminnassa? Pyri vastaamaan tarken kuin "teras" tai
"alumiini”. Esim. Niukkaseosteiset terakset/700€eaalumiinit/1.4404/Hardox

a. Eniten kayttdmanne metallimateriaali on:

b.

C.

Toiseksi eniten kayttdmanne metallimateriaali on:

Kolmanneksi eniten kayttamanne metallimateriaali on

6. Oletteko hyodyntaneet tai yrittaneet hyodyntdd METLKEN 3D-tulostusta

yrityksessanne?
a. Kylla, omalla laitteella
ja alihankintana (vaihtoehto johtaa kysymykseen 8)
b. Kylla, vain omalla laitteella (vaihtoehto johtaasyynykseen 8)
c. Kylla, vain alihankintana (vaihtoehto johtaa kysykeeen 8)
d. Ei, mutta aiomme lahitulevaisuudessa (vaihtoehtta@ kysymykseen 7)
e. Ei (vaihtoehto johtaa kysymykseen 11)
f. En osaa sanoa (vaihtoehto johtaa kysymykseen 9)

7. Arvioi, montako erilaista metallikappaletta pyrittdostamaan itse tai
tulostuttamaan alihankintana seuraavien 12 kuukaad&@na

@0 a0 Ty

0 (vaihtoehto johtaa kysymykseen 11)
1 (vaihtoehto johtaa kysymykseen 11)
1-5 (vaihtoehto johtaa kysymykseen 11)
5-20 (vaihtoehto johtaa kysymykseen 11)
20-50 (vaihtoehto johtaa kysymykseen 11)
>50 (vaihtoehto johtaa kysymykseen 11)
En osaa sanoa (vaihtoehto johtaa kysymykseen 11)

8. Arvioi, montako erilaista metallikappaletta oletitdostaneet itse tai tulostuttaneet
alihankintana tahan mennessa

"0 o0 Ty

1 (vaihtoehto johtaa kysymykseen 11)
1-5 (vaihtoehto johtaa kysymykseen 11)
5-20 (vaihtoehto johtaa kysymykseen 11)
>50 (vaihtoehto johtaa kysymykseen 11)
En osaa sanoa (vaihtoehto johtaa kysymykseen 11)

0 (vaihtoehto johtaa kysymykseen 11)



APPENDIX IX, 3

9. Voiko taman kyselylomakkeen linkin lahettaa jolieknuulle henkildlle, joka
osaisi vastata edelliseen kysymykseen 3D-tulosemiigddyntamisesta

yrityksessanne?
a. Ei, paata kysely (vaihtoehto paattaa kyselyn)
b. Kylla (vaihtoehto johtaa kysymykseen 10)

10. Yrityksenne henkil®, joka osaa kertoa 3D-tulostanibytdyntamisesta
yrityksessanne: (ammattinimike, yrityksen nimi &hképostiosoite)

(vastaus paggab/k)

11.Mikali ette ole hyodyntaneet METALLIEN 3D-tulostastai olette joskus
yrittaneet siina onnistumatta, mitk& seuraavisthteahdoista arvioisitte
olevan/olleen syyna tahan:
a. Eitarvetta
b. Liian korkea hinta
c. Tietotaidon puute
d. Laatuvaatimukset
e. Liian pitka toimitusaika
f. Prosessi osoittautui liian hankalaksi
g. 3D-tulostuksen rajallinen materiaalivalikoima
h. 3D-tulostuksen rajoitteet kappaleen koon suhteen
I. En osaa sanoa
J.  Olemme aina onnistuneet
k. Muu:

12.Oletteko térméanneet tilanteeseen, jossa olisithenmeet hyddyntdaa METALLIEN
3D-tulostusta, mutta sopivaa materiaalia ei oladtavilla?

a. Kylla (vaihtoehto johtaa kysymykseen 13)
b. Ei (vaihtoehto paattaa kyselyn)
c. En osaa sanoa (vaihtoehto johtaa kysymykseen 14)

13.Kun térmasitte tilanteeseen, jossa olisitte halebhhgddyntdd 3D-tulostusta, mutta
sopivaa materiaalia ei ollut saatavilla, mistd matdista/materiaaleista oli kyse?

14.Voitteko te tai joku muu yrityksenne henkilo tatagssa vastata toiseen, muutaman
minuutin kestavaan jatkokyselyyn metallien 3D-ttildseen ja siind kaytettaviin
materiaaleihin liittyen?
a. Ei (vaihtoehto paattaa kyselyn)



b. Kylla (vaihtoehto johtaa kysymykseen 15)
APPENDIX IX, 4

15.Yrityksenne henkil®, joka voi tarvittaessa vastaiaeen, muutaman minuutin
kestavaan kyselyyn metallien 3D-tulostukseen j@adkaytettaviin materiaaleihin
liittyen: (ammattinimike, yrityksen nimi & sahkopassoite)

(vastaus paattabyRys
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Questions of the survey translated to English.

Information inside the brackets below was not deethe respondents.

1.

Is your company a metal and/or mechanical engingerompany and located to
Finland?
a. Yes (this option leads to question 2)
b. No (this option ends the survey)

Your title in the company?

Number of employees in your company?
a. <10
b. 10-50
c. 50-250
d. >250

Location of your company?
Uusimaa
Varsinais-Suomi
Satakunta
Kanta-Hame
Pirkanmaa
Paijat-Hame
Kymenlaakso
South-Karelia
Etela-Savo
Pohjois-Savo
North Karelia
Central Finland

. South Ostrobothnia
Ostrobothnia
Central Ostrobothnia
North Ostrobothnia
Kainuu
Lapland

SQETOSITATTOSQ@TOQ0DD



APPENDIX X, 2

5. Please estimate, which are the three most used materials in your company? Strive
to answer more accurate than "steel” or "aluminuRtt example, low-alloy
steels/7000 series alumunium/1.4404/Hardox

a. The most used material is:
b. The second most used material is:
c. The third used material is:

6. Have you or have you ever tried to utilize metalifide manufacturing in your

company?
a. Yes, with our own machine
and by subcontracting (this option leads to qoass)
b. Yes, only with our own machine (this option leadgtiestion 8)
c. Yes, only by subcontracting (this option leadswesjion 8)
d. No, but we are planning to
do so in the near future (this option leads testjon 7)
e. No (this option leads to question 11)
f. ldon’t know (this option leads to question 9)

7. Please estimate, how many of different metal parnts company is going to print or
print by subcontracting during the next 12 months?

a. 0 (this option leads to question 11)
b. 1 (this option leads to question 11)
c. 1-5 (this option leads to question 11)
d. 5-20 (this option leads to question 11)

e. 20-50 (this option leads to question 11)
f. >50 (this option leads to question 11)
g. ldon’t know (this option leads to question 11)

8. Please estimate, how many of different metal pats company has printed or printed
by subcontracting this far?

a. 1 (this option leads to question 11)
b. 1-5 (this option leads to question 11)
c. 5-20 (this option leads to question 11)
d. >50 (this option leads to question 11)
e. |l don't know (this option leads to question 11)
f. O (this option leads to question 11)
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9. Would it be possible to send link for this surveyanhother person of your company
who could answer previous question about utilimhgdditive manufacturing in your

company?
a. No, end the survey (this option ends the survey)
b. Yes (this option leads to question 10)

10. Details of the person who can answer to the questiimut utilization of additive
manufacturing in your company (title, name of tbenpany and email address)

(this optios #resurvey)

11.Whether your company has not utilized metal addithanufacturing or it has without
succeeding in it, which of the following optionsuyaould estimate to be reasons for
that?

No need

Too high costs

Lack of know-how

Quality requirements

Too long lead time

The process turned out to be too hard

Limited material repertoire of additive manufachgyi

Limited size of a part

| don’t know

We have always succeeded

Other:

AT T TQ 000y

12.Has your company ever been in a situation where MEddditive manufacturing
would have been wanted to utilize, but suitableemaltwas not available?

a. Yes (this option leads to question 13)
b. No (this option ends the survey)
c. ldon’t know (this option leads to question 14)

13.When your company was in this situation, in whicB MAL additive manufacturing
would have been wanted to use, but suitable mateasinot available, which material
was it about?

14.1f needed, could you or another person of your camyganswer to second survey that
takes couple of minutes regarding to metal additmaaufacturing and its materials?
a. No (this option ends the survey)
b. Yes (this option leads to question 15)
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15. Details of the person who can answer to the sesanaey, that takes couple of
minutes, regarding to metal additive manufactuend its materials (title, name of the
company and email address)

(this option ends the survey)




L-PBF system producers and their machine basegr{¢éohlers 2018 pp. 65-127).

APPENDIX XI, 1

Base price (x1000 Max. building
System produc System namnr €*) volume, liters
Realize SLM 5C 12C 0.31
Sentro SMJ8( 44z 0.4C
Concept Last Mlab cusing 164 0.65
Concept Last Mlab cusing F 184 0.65
EOS EOS M 10! 20C 0.75
Sisme mysint 10( 16E 0.79
Trumpf TruPrint 100l 17C 0.79
Trumpf TruPrint 1000 Ml 22F 0.79
Renishay ProX DMP 10( 17C 0.8C
Renishay ProX 100 Dentz 17C 0.80
Eplus 3L EF-M10C 184 0.8C
OR Lase Orlas Creatc 95 0.86
Concept Last Mlab cusing 200 19¢ 1.0C
Farsool FS121N 16€ 1.44
SLM Solution: SLM 12t 19¢ 1.95
Sisme ProX DMP 20( 332 2.09
Long Yuar AFS-M120 15¢€ 2.88
Realize SLM 12¢ 27¢ 3.13
Brigh Laser
Technologie BLT-S20( 241 4.50
Zrapic SLM15C 124 4.50
Sentro SM25( 30¢ 12.5C
Concept Last M1 cusing 35¢€ 15.63
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Huake 3L HK M250 29C 15.63
Zhuhai CT( CTC Walnut SLM 137 17.58
Renishav AM400 381 18.75
Renishav AM400 HT 497 18.75
3DSystem ProX DMP 30( 552 18.75
Eplus 3L EF-M25C 351 18.75
ERMAKSAN ENA 25( 35C 18.75
EOS EOS M 29 48C 20.31
Concept Last M2 cusing 47¢ 21.88
Concept Last M2 cusing2 ML 59¢ 21.88
Renishav RenAM 500N 462 21.88
Renishay RenAM 500C 58¢ 21.88
Renishaw RenAM 500C 75€ 21.88
Long Yuar AFS-M260 205 23.66
Farsool FS271N 35¢ 24.2C
Brigh Laser
Technologie BLT-S30( 47C 25.0C
Zrapic SLM28C 15¢€ 26.25
Realize SLM 300 42C 27.0C
Trumpf TruPrint 300 43C 28.27
SLM Solution: SLM 28C 45C 28.62
Sentro SM35C 53C 30.78
3DSystem ProX DMP 32 507 31.76
Aspec RaFaE-HV 300F 96¢€ 36.0C
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AddUp FormUp 35! 73C 42.88

SLM Solution: SLM 50C 70C 51.1C

EOS EOS M 40( 125( 64.00

EOS EOS M 40+-4 142( 64.0C

Xery Victory 400V 440-80C 64.0C

Concept lase M LINE Factory 120( 68.0C

Additive Industrie MetalFABI** 87t 7C.5€

Additive Industrie MetalFABI** 110( 705¢€

SLM Solution: SLM 80C 200=300C 11€.0C

Concept Last X LINE 2000F 157¢ 16(.00
*according to exchange rate of'23an 2019

*developmensysten




APPENDIX XIlI
Basic mechanical properties of austenitic staingssls 1.4301, 1.4307, 1.4306, 1.4401,
1.4436, 1.4432, 1.4404, and 1.4435 in rolled fo(Med. Kyrolainen & Lukkari 2002, p.
36).

EN | ASTM| Form| Rpo.2 Rm Ultimate Ultimate
[MPa] [MPa] elongationA80 elongationA (>3
(<3 mm) min. [%] mm) min. [%]

1.4307| 304L C 220 520-670 45 45
1.4307| 304L H 200 520-670 45 45
1.4306| 304L C 220 520-670 45 45
1.4306| 304L H 200 520-670 45 45
1.4301| 304 C 230 540-750 45 45
1.4301| 304 H 210 520-720 45 45
1.4404| 316L C 240 530-680 45 45
1.4404| 316L H 220 530-680 40 40
1.4432| 316L C 240 550-700 40 40
1.4432| 316L H 220 550-700 40 40
1.4435| 316L C 240 550-700 40 40
1.4435| 316L H 220 550-700 40 40
1.4401| 316 C 240 530-680 40 40
1.4401| 316 H 220 530-680 40 40
1.4436| 316 C 240 550-700 40 40
1.4436| 316 H 220 550-700 40 40
C=cold rolled stript=max. 6 mm
H=hot rolled stript=max. 12 mm




