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1 UVOD

Vyznam aditivni technologie spo¢iva zejména v moznosti vyrabét komplexni dily, které jsou
velmi t€zko vyrobitelné konvenénimi metodami. Aditivné vyrobené dily dokazi efektivné
redukovat hmotnost a upravovat jejich tepelnou vodivost, ¢ehoz se vyuziva piedev§im
v letectvi, nebo automobilovém priimyslu. Dal$i vyuziti nachézi v medicing€, kde uplatnéni
nachazi zejména ve vyrobé dili na miru jako jsou rizné implantaty (Obr. 1-1). Aditivni
technologie tak pfinasi nové moznosti vyroby dili a stdva se silnym ndstrojem
k individualizaci vyroby.

Obr. 1-1 Nahrada ramenniho kloubu vyrobena aditivni technologii [1]

Jednou =z aditivnich technologii umoZiujici vyrobu komplexnich kovovych dild je
technologie selektivniho taveni prasku laserem (SLM). Ta vyuZiva vysoce-vykonny laser
pro taveni kovového prasku vrstvu po vrstvé do tvaru vysledné soucésti. Mezi komplexni
dily patfi mikro-prutové struktury, které jsou tvoireny malym objemem materidlu, ktery
nedokéaze efektivné odvést energii laseru jako v pfipadé¢ objemového materidlu. To
zpisobuje vznik imperfekei v materidlu jako jsou zvysSend porozita, drsnost povrchu a

rozmeérova nepiesnost.

Imperfekce je mozné redukovat vhodnym nastavenim procesnich parametrii jako jsou
skenovaci strategie, vykon laseru, skenovaci rychlost a vzdalenost drah laseru. Nastaveni
téchto parametrl je zavislé na pouzitém materialu. Technologie SLM umoziuje zpracovavat
Siroké spektrum materialti od hliniku po titan. V posledni dobé se také zacCina zkoumat
vyuziti hoic¢ikovych slitin pro tisk strukturovanych implantat, které umozni proristani
lidské tkané (Obr. 1-1).

Toto téma je vSak nové a neni dostate€né prozkoumano, takze pro dalsi vyuziti hot¢ikovych
slitin bude nutné nastavit procesni parametry, které povedou k vyrobé mikro-prutovych
struktur s nizkou porozitou, drsnosti povrchu a rozmérovou neptesnosti. Proto se disertacni

prace zabyva timto tématem.



2 VYMEZENI RESENE PROBLEMATIKY A
PREDBEZNEHO CILE DISERTACNI PRACE

Hot¢ik (Mg) a jeho slitiny maji nizkou hustotu, vysokou mérnou pevnost a tuhost, dokazi
vyrazn¢ tlumit vibrace a slouzit jako elektromagnetické stinéni. Jejich dalsi vyhodou je
biokompabilita. Proto maji Siroké uplatnéni pfedev§im v oblastech dopravy, spotiebni
elektroniky, letectvi, vojenstvi a mediciny. Krystalickd struktura hoiciku (uzaviena
hexagonalni struktura) vykazuje mensi vznik kluznych systémii a Spatnou plastickou
deformaci pfi teploté okoli. Proto se nejvice vyuziva odlévani hoicikovych slitin. Avsak
oblasti pevné a kapalné faze slitin Mg-Al a Mg-Zn jsou Siroké, takze jsou nachylné
k vysrdzeni segregovanych prvkd v matrici Mg, coz mé za nasledek Spatnou jednotnost
mikrostruktury. Pripraveny obrobek je tfeba optimalizovat naslednym zpracovanim za tepla
(extrudovani, kovani, valcovani) nebo tepelnym zpracovanim. Dalsi nevyhodou
konven¢niho vyrobniho procesu jsou jeho vysoké ndklady a dlouhy cyklus, ktery je potieba
realizovat pfi tvareni slozitych dili. To omezuje vyvoj a vyuziti vylepSenych hot¢ikovych
slitin [2—6]. Proto se zacaly pouzivat pokroCilejsi metody, které umoziiuji vyrobu
komplexnich struktur [7-9].

Jednou z takovych metod je selektivni taveni laserem (SLM), které vyuzivé vysoce vykonny
laser k taveni kovového prasku vrstvu po vrstvé podle predem piipravenych trajektorii [10—
12]. U technologie SLM se mén¢ tvoii vady jako jsou segregace prvkil, poérovitost a
usazovani necistot, protoze kazda vrstva ¢astecné roztavi i tu predchozi, a proto dochazi
k homogenizaci defektl. Kromé toho u technologie SLM tavenina velmi rychle tuhne, coz
prispiva k vyvoji jemnych zrn a také k dosaZeni extrémné vysokého stupné presyceni. To
vede k vyrobé soucésti s vysokymi mechanickymi vlastnostmi. T téchto divodu je
zpracovani hoi¢ikovych slitin velmi zajimavé, avSak diky povaze materialu (rychlé oxidace,
vypateni hot¢iku) se tomu vénuje jen malo pracovist’ ve srovnani s jinymi materialy.

Obr. 2-1 Naruseni oxidoveé vrstvy (Cerna Sipka) na hranici zrn ¢astice Mg a tvorba shluk( oxidu (bilé Sipky)
[13]



V soucasné dob¢ jsou se zpracovanim hotc¢ikovych slitin spojeny zejména tyto problémy:

1. Rychle se tvorici vrstvy oxidu, kvtli afinité hot¢iku ke kysliku béhem procesu SLM
(Obr. 2-1). Vrstva oxidu miize snizit rychlost roztaveni zrn prasku a vést ke vzniku
metalurgickych defektu.

2. Hof¢ik je specificky svym uzkym teplotnim rozsahem (450°C) mezi bodem varu
(650°C) a bodem vypaiovani (1107°C), takze se hotcik snadnéji odpatfuje nez jiné
slitinové prvky (Al, Ni, Ti) pfi taveni laserem [14]. Proto ve vyrobenych dilech
dochazi ke zvySeni drsnosti povrchu a vznikaji vady jako jsou pory a trhliny.

Lze ale najit potencialni feSeni, které vychazi z jinych vyrobnich procesii:

1. V ptipadé¢ problémt s oxidaci, je mozné snizit povrchovou aktivitu hotc¢iku
vytvofenim slitin, které snizi oxida¢ni ucinky. Kromé toho se ukazalo, Ze snizeni
oxidace je také mozné upravenim procesnich parametri v procesu SLM.

2. U problému s odpafovanim mize legovani ¢inn¢ upravit teplotu varu a teplotu tani,

coz shizi vyparovani hot¢iku v procesu SLM.

Vyhody vedouci ze zpracovani hoic¢ikovych slitin technologii SLM pfispivaji ke zkoumani
jeho mozného pouziti pro medicinské aplikace, jako jsou implantaty. Hoi¢ik je zdkladni
stavebni prvek, ktery je mozné najit v lidskych kostech [15—17]. Jeho pfitomnost v kostech
vede k stimulaci rastu nové kostni tkané [18,19]. Kombinace téchto faktorti s modulem
pruznosti blizkym kostni tkani (kost 3-20 GPa, Mg 41-45 GPa, titanové slitiny 110-117 GPa,
korozivzdorné oceli 189-205 GPa) mohou vést k zamezeni nutnosti reoperace, nebo jejimu
oddaleni [15]. Testy na zvifecich tkdnich prokézaly, ze hotcikovy implantat vyzivuje tkan
po dobu 12-18 tydnli a pomaha udrzovat jeji mechanickou integritu pred tim, nez je nahrazen
novou kostni tkani [20]. V disertacni praci pouzita slitina WE43 navic vynika svou korozni
odolnosti [21], proto je vhodnym kandidatem pro biomedicinské aplikace.

Dalsi vyhodou zpracovani hot¢ikovych slitin technologii SLM je moZnost vyrabét porézni
struktury, které jsou velmi obtizn€ vyrobitelné jinymi technologiemi [22]. Rizné tvary
struktur umoziuji dosdhnout jesté blizSich mechanickych vlastnosti kostni tkdné nez
samotna hotcikova slitina. Navic porézni struktura implantatl pfispiva k regeneraci kostni
tkdn¢ a k jejimu proristani implantitem [23]. Pouziti poréznich struktur v kombinaci
s biokompatibilni slitinou WE43 mé dobry pfedpoklad pro vyrobu kostnich implantatu.

Vyroba poréznich struktur, mezi které patii mikro-prutova struktura, mé sva specifika oproti
vyrobé objemovych dili. To spociva zejména ve schopnosti odvadét tepelnou energii
dodanou laserem a potfebnou k taveni zrn prasku. U SLM vyrabénych dila je tepelna energie
vedena predev§im plnym materidlem [24], coz u tenkych struktur zplsobuje piehiivani
materidlu, a tim vznik imperfekci jako jsou vysoka porozita, drsnost povrchu a rozmérova
neptesnost. Vliv téchto imperfekci je mozné snizit nastavenim vhodnych procesnich
parametrii jako jsou: vykon laseru, skenovaci rychlost, vzdalenost drah laseru a skenovaci
strategie [25].



Zatim vSak neni zvladnutd vyroba mikro-prutovych struktur z jednoduseji zpracovatelnych
materidli jako je hlinikova slitina AlSi10Mg. Proto je prvnim pldnovanym krokem
disertani prace vénovat se této problematice pravé na jednoduSeji zpracovatelné sliting
AlSi10Mg, kterd je v literatuie dobte popsana. Po nalezeni zptisobu vyroby mikro-prutovych
struktur s nizkou urovni imperfekci bude ptistoupeno k vyrobé mikro-prutovych struktur
z hot¢ikové slitiny WE43, ktera je diky svym vlastnostem obtizn¢ zpracovatelna.



3  SHRNUTI SOUCASNEHO STAVU POZNANI

3.1 Zpracovani kovovych slitin pomoci technologie SLM

Technologie SLM vyzaduje vhodné nastaveni procesnich parametrii tak, aby byly
zredukovany projevy procesu taveni kovového prasku laserem. Mezi tyto projevy se fadi
oxidace materidlu, vznik ,.kulickového* efektu, teplotni fluktuace, ztrata legujicich prvki a
tvorba strusky v taveniné. To vede pfedevsim ke Spatnému spojeni mezi vrstvami, nizké
hustoté, nestabilité drah laseru, tvorb¢ trhlin a delaminaci vrstev [12,26,27]. Pro porozuméni
faktorim, které ovliviiuji proces tvorby soucasti, mechanismu tuhnuti taveniny, konzistenci
a kvalitu vyrabénych dild, bylo identifikovano nékolik parametri vyroby SLM a vysledného
materialu (Obr. 3-1). Pro redukei projevil spojenych s procesem SLM se predevS§im vyuziva
kombinace vhodného nastaveni procesnich parametrd, ptedehfevu prasku, vybéru vhodné

skenovaci strategie a procesni komory s atmosférou ochranného plynu [28,29].

Parameters Material properties
Controlled Viscosity

Laser scanners Surface tension

Laser power Particle size distribution
Mechanical layering of powder Particle shape
Atmospheric control Absorptivity/reflectivity
Air flow Thermal conductivity
Heaters (bed temperature) Specific heat
Machine-specific Emissivity

Laser type Melting temperature
Scan radius

Geometry-specific

Scan vector length

Obr. 3-1 Prehled parametru ovliviiujicich proces SLM a materialové vlastnosti [30]

3.1.1 Zpracovani praSkového materidlu technologii SLM

Vzhledem k faktoriim vyroby SLM se dal$i vyzkum zaméfuje na vliv procesnich parametri
souvisejicich s laserem, skenovanim, praskem a b&hem procesu na mikrostrukturu a
vysledné vlastnosti dilii vyrobenych z praskt hoi¢ikovych slitin. Obecné se uznava, ze rizné
procesni parametry SLM procesu vedou do urcité miry k rizné relativni hustoté, mikro-
struktufe a komplexnimu vykonu vyrabénych dilti. Pro popis vlivu procesnich parametrt na
proces SLM se vyuziva energie laseru, kterd v sob¢ spojuje vice procesnich parametrti [31—
34]. Pro jeji vypocet se pouzivaji tii vzorce, kde prvnim je vzorec pro linedrni energii (1),
druhym je vzorec pro ploSnou energii (2) a tietim je vzorec pro objemovou energii (3):
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, kde E, je objemova energie (J-mm™), LP je vykon laseru (W), LS je skenovaci rychlost
(mm-s™), HD je vzdalenost drah laseru (mm), LT je tloustka vrstvy prasku (mm)

Linearni energie se pouziva predev§im pii hodnoceni jednotlivych navard, protoze bere
v ivahu pouze vykon laseru a skenovaci rychlost. Plosnd energie navic bere v potaz
vzdalenost sousednich drah laseru, proto se pouzivéa u plosnych téles vytvotenych v jedné

vrstvé. Objemova energie se pouziva u objemovych téles, protoze zahrnuje i tloustku vrstvy.

Nizsi energie laseru mize mit za néasledek ¢aste¢né roztaveni zrn praSku, takze velikost
taveniny neni dostate¢na pro spojeni drahy laseru s ptedchozi drahou a vedlejsi vrstvou. To
muze vést k nesoudrznosti soucdasti a vzniku vysoké porozity. Naopak vysoka energie laseru
muze zpusobit vétsi nahromadéni taveniny na urcitych mistech, nebo ,kulickovy* efekt a

vypareni materialu [35,36].

3.2 Procesni parametry zpracovani hoi¢iku a jeho slitin

Ng et al. [10] Gispé$né dosahli roztaveni jednotlivych drah hof¢iku pomoci malého systému
SLM v atmosféte argonu. To ukéazalo potencial technologie SLM pro zpracovani
hot¢ikovych slitin. V dalSich publikacich se autofi zabyvali interakci mezi laserovym
zdrojem a Mg praSkem. Zjist'oval se vliv vykonu laseru, skenovaci rychlosti a kontinudlniho
a pulzniho reZimu laseru. Vysledky z jedné drihy laseru byly pouZity k vytvofeni okna
vhodnych procesnich parametra pro vyrobu [37,38]. Dalsi vyzkumy jinych autor [39-44]
se také soustfedili na vyvoj okna procesnich parametrli se zaméfenim na zpracovani
hoi¢ikového prasku a jeho slitin (Mg-9% Al, AZ91D, ZK60 a WE43) pro vyrobu
jednovrstvych, nebo vicevrstvych trojrozmérnych dilt. Ptiklad vytvoteného okna procesnich
parametrQ je na Obr. 3-2.
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Obr. 3-2 Okno procesnich parametr(i pro zpracovani hof¢ikové slitiny (Mg-Al) [41]

Poloha rtznych oblasti v okné procesnich parametri a mikrostruktura materialu zavisi spise

na energii laseru nez jednotlivé na vykonu laseru a skenovaci rychlosti. Na zakladé kvality

vyrobenych vzorktli je mozné definovat Ctyfi hlavni oblasti v uvazovaném rozsahu vykonu

laseru a skenovaci rychlosti pro rizné hoi¢ikové prasky a jejich slitiny:

1.
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Zobna s vysokou vstupni energii: V této oblasti je energie laseru vysoka pii vSech

kombinacich vykonu laseru a skenovaci rychlosti. Vysledkem je odpatovani prasku
v disledku nizkého bodu vypatovani hoi¢iku (1107 °C). Odpateny praSek rychle
expanduje a vyvola silny zpétny rdz v taveniné a tim odfoukne jak taveninu, tak
prasek pry¢. Proto se nemtize tvofit navar. Odpatrovani hoté¢ikovych praski ma navic
za nasledek kondenzaci tékavych latek na okénku laseru, coz snizuje energii
dodavanou laserem [26]. ZvySena teplota v taveniné ovlivituje dynamickou viskozitu
prehraté hotcikové taveniny, coz zptisobuje nestabilitu taveniny. Hot¢ikova tavenina
ma mnohem niz§i dynamickou viskozitu (1,5 Pa-s) nez zelezna tavenina (6,93 Pa‘s)
a slitiny titanu (2,2 Pas), které jsou procesem SLM dobfie zpracovatelné. Vysoka
teplota taveniny a vysoka vstupni energie do taveniny vyvolava vysoké tepelné
namahani, které vede ke snizeni viskozity, coz mize vést také k deformacim

vyrabénych soucasti [31].



2. Zobna s nizkou vstupni energii: V této oblasti je energie laseru velmi nizka, coz je

dano malym vykonem laseru a nizkou skenovaci rychlosti. Tato kombinace nemusi
vzdy zarucit dostatecnou teplotu pro taveni hot¢iku (650 °C), coz ma za nasledek
pouze CasteCné nataveni zrn prasku. Energie je tedy nedostateCnd pro formovani
taveniny a vede ke Spatnému spojeni mezi jednotlivymi zrny prasku. V ptipad¢, ze
dojde ke spojeni zrn prasku, vznikaji kiehké soucésti bez mechanické pevnosti
s natavenymi zrny praSku pfilepenymi na povrchu. Souc¢ésti vyrobené v této oblasti
tak maji mnoho imperfekci, jako je delaminace (odlupovani vrstev), asto zde vznika
kiehky lom a maji vysokou pdrovitost [45]. Kromé ¢astecného nataveni prasku miize
také vzniknou tepelné ovlivnéna oblast i t€émito procesnimi parametry. Ta se vyviji
v dtsledku ¢aste¢ného roztaveni zrn prasSku v dusledku radialniho vedeni tepla ze
stiedu taveniny do okolniho prasku [46]. Pokud je skenovaci rychlost pfili§ vysoka,
je vetsi mnozstvi prasku v disledku nizké hustoty a chemické aktivity hotc¢iku
vyfouknuto a poté oxidovano za vzniku MgO v ¢erném oblaku kontaminujicim
ochranny plyn ve stavebni komote [40].

3. Zbna s vhodnymi procesnimi parametry: V této oblasti se da dosahnout dobrého

taveni hot¢ikového prasku v relativné stabilni tavenin€. To poskytuje dobré spojeni
mezi drahami a vede k tvorbé dili s dobrou vnitini hustotou a s nizkou Urovni
porozity. Takové soucasti (s hustotou 75 % - 99,5 %) bez zjevnych makro-defekta
lze vytvofit pouze pii pouziti procesnich parametrii nachazejicich se v této oblasti.
Predpoklada se, ze tento rozsah energie zvysuje teplotu prasku, zatimco snizuje
viskozitu taveniny. Ta tak mtize byt spravn¢ rozprostiena, coz zlepSuje efektivitu
procesu, jak objasnili Attar et al. pii zpracovani Ti [47] a Ti-TiB2 [48] slitin.

4. Zona vzniku . kulickového* efektu: Tato oblast je charakteristickd vznikem

»Kulickového efektu u drah laseru kvili nedostatecné vstupni energii laseru. Ta je
dana kombinaci nizkého vykonu laseru, vysoké skenovaci rychlosti a velké tlouStky
vrstvy [49]. ,Kulickovy*“ efekt je zplisobeny nedostate¢nou smacivosti taveniny
s ptedchozi vrstvou, coz ovliviiuje soudrznost vytvorenych stop, a tim brani tvorbé
dalsich vrstev [50,51]. ,,Kulickovy* efekt je slozity metalurgicky proces zpiisobeny
nestabilitou taveniny a Marangoniho efektem [27]. Ke ,kulickovému* efektu
dochdzi pii nizké skenovaci rychlosti v dasledku sniZzeni povrchové energie
taveniny. Vyskyt kuli¢ek zplsobuje zhorSeny povrch v disledku kombinace
tepelného napéti a slabého mezivrstvého spojeni.
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3.3 Mikrostruktura hoi¢ikovych slitin

Ve srovnani s dily vyrabénymi tradicnimi metodami maji SLM vyrdbéné dily obecné
jednotnou a jemnou mikrostrukturu. Kombinace spékdni zrn prasku a rychlého tuhnuti
taveniny je velmi prospéSna pro tvorbu rovnomérnych zrn v mikrostruktute. To je také
davod, pro¢ maji soucasti vyrobené metodou SLM vynikajici mechanické vlastnosti. AvSak
zrna a-Mg vyznamné hrubnou v disledku rekrystalizace zptsobené opétovnym roztavenim
vrstev a naslednym pomalym chladnutim. Ng et al. [38] uvedli, ze priimérna velikost zrn a-
Mg roste z hodnoty 2,30 um na hodnotu 4,87 um pii zvySujici se energii laseru z hodnoty
1,27-10° J-mm? na hodnotu 7,84-10° J-mm?. Vysoké energie laseru udrzuje taveninu Mg na
vysoké teploté delsi dobu, ¢imz se zveda 1 teplota v okoli taveniny, az dojde k situaci, kdy
nedokéaze dostateéné rychle odvadét tepelnou energii. To ma za nésledek riist zrn béhem
procesu pomalého chladnuti. Zhou et al. [52] a Yang et al. [53] pouzili slitiny Mg-x Sn a
Mg-x Mn a zjistili, ze legovani slitin muze zlep$it tvar a velikost zrn a tim vylepSit vykon
hot¢ikovych slitin. Primérna velikost zrn a-Mg byla vétsi v oblasti piekryti drah laseru nez
ve stfedu drah z diivodu pretaveni. Mikrostruktury slitin Mg jsou ur¢ovany tfemi klicovymi
parametry: teplotnim gradientem G, rychlosti tuhnuti R a podchlazeni AT [54]. Dilezitymi
faktory ovliviiujicimi sekundérni rozestup dendritii u rovnoramennych a sloupcovych zrn

jsou rychlost ochlazovéani a doba tuhnuti béhem procesu SLM, které 1ze shrnout do rovnice

(4):

d=a-tf =b- ()™ (4)

, kde #rje mistni doba tuhnuti, ¢ je rychlost ochlazovani, a, b, n jsou materialové konstanty.

Vyssi rychlost ochlazovani (G-R) mtize vést k jemnéj$im zrnim. Proto parametry G/R a G'R
tidi typ a velikost mikrostruktury [55]. Ve srovnani s tradi¢nimi metodami zpracovani slitin
jsou slitiny Mg zpracované technologii SLM ovlivnény rekrystalizaci, na druhou stranu je
mozné 1épe fidit jejich mikrostrukturu. Porovnéni mikrostruktur ziskanych riznymi
technologiemi vyroby provedli autofi Zumdick et al. [56]. Zpracované slitiny Mg pomoci
SILM vykazuji jednotnou a jemnou mikrostrukturu (Obr. 3-3 a-c). Mikrostruktura
extrudovanych slitin Mg vykazuje silnou anizotropii (Obr. 3-3 d, e). U odlévané slitiny Mg
je vidét hrubozrnnd struktura (Obr. 3-3 f).
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Obr. 3-3 Difrakce zpétného rozptylu elektront a) — c) aditivné zpracovany material, d) — e) zpracovany pomoci
praskové extruze, f) zpracovany pomoci odlévani materialu [56]

Podle zkoumani vysrazené faze v SLM zpracovanych Mg slitinach je matice Mg slozena
pfevazné ze zrn 0-Mg, MgO a Mg-X (X je urceno sloZenim slitiny). Jak je zndzornéno na
Obr. 3-4, byl pouzit prasek, ktery vznikl smichanim ZK30 a 5-15 % aktivniho amorfniho
bioaktivniho skla BG (Na;O 24,5 %; CaO 24,5 %; P20s 6,0 %; SiOz 45 %). Ukazalo se, ze
MgZn: byl vysraZen v matici a-Mg, kdyz nebyl pfidan Zadny amorfni podil. Se zvySenim
aktivniho amorfniho obsahu se v matici Mg objevily vyznamné pory (Cerné plochy) a na
povrchu kompozitu doslo k ,,aglomeraci*“ BG [57].

MgZn,

\ -

) 2
"“ A —t e N 28 We We
Fowegy e

*— Pores

20 ym :
- LR O S
Emergy - haV

Obr. 3-4 Morfologie povrchu (a) ZK30, (b) ZK30/5BG, (d) ZK30/10BG, (e) ZK30/15BG a EDS analyza
Cervenych Ctvercl na povrchu (c) ZK30 a (f) ZK30/15BG [57]
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3.4 Metalurgické defekty

3.4.1 Oxidace hot¢ikovych slitin

Hot¢ik mize oxidovat i za extrémné nizkych parcidlnich tlakt kysliku a pii pokojové teploté
[58,59]. Naptiklad pii teploté 31 °C miize vznikat MgO v rozmezi 10-4 Pa [59]. U slitin
hoi¢iku zpracovanych technologii SLM lze navic pozorovat fenomén lokalni oxidace
zpusobeny zbytkovym vzduchem, ktery se uvoliiuje pii taveni prasku [60,61]. Salehi et al.
[13] zkoumali interakci mezi Mg praskem a kyslikem v atmosféte argonu. Zjistili, Ze film
MgO muze rist na povrchu zrn prasku. Rychlost riistu oxidového filmu byla fizena difuzi
oxidu v pevné fazi [62]. Obecné je mozné oxidaci slitin Mg popsat dvéma rlznymi
mechanismy, a to zahuStovanim a sublimaci (vypafovdnim). Oxidové filmy jsou
povazovéany za znicujici zhutilovaci mechanismus a vyvolavaji ,kulickovy* efekt, coz
narusuje mezic¢asticové smaceni mezi roztavenymi vrstvami. Oxidové inkluze ¢asto vedou

k inicializaci trhlin a ke snizeni mechanickych vlastnosti dilt [63,64].

Tvorba oxidovych inkluzi se pfipisuje hlavné absorpci kysliku taveninou a oxidovym
filmim pfitomnym na povrchu vychoziho prasku. Ng et al. [38] prokazali, ze ve slitin¢ Mg
bylo pfitomné velké mnozstvi oxidd kviili absorpcei kysliku taveninou v procesu SLM. Na
Obr. 3-5 je vidét, ze se tyto oxidy nesrdzi mezi vrstvami praSku, ale ve velkém mnozZstvi se
objevuji v jedné vrstveé. Kvili proudéni vzduchu v atmosféie se vzduch sndze rozpousti
v tavening, reaguje s taveninou a poté vytvaii imperfekce. Také Gangireddy et al. [65]
zjistili, ze ve slitiné WE-43 se objevili segregace Y-Zr-O. Tyto kiehké faze se vytvarely
podél hranice zrn a snizily pevnost a taznost slitiny. Ackoli nejde oxidaci béhem piipravy a
zpracovani zabranit, I1ze ji minimalizovat navrZzenim pfim&fenych vyrobnich postupt. AvSak
vzhledem ke slozitosti procesu SLM dosud nebyly objasnény potencialni G€inky filmu oxidu
v praskll na zhu§téni, mechanické vlastnosti a korozni chovani Mg slitin.

a-Mg Grain

Magnesium oxide

along grain
boundaries

Obr. 3-5 Obrazek ze skenovaci elektronové mikroskopie (SEM) hofcikové slitiny zpracované technologii SLM
[38]
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3.4.2 Ztrata legujicich prvki

Kontinudlni taveni praSku vysoko-energetickym laserem vede ke ztraté (hofeni nebo
odparovani) prvka Mg slitin béhem procesu SLM (Obr. 3-6 a). To ma negativni vliv na
stabilitu taveniny a navic se méni slozeni a mikrostruktura jednotlivych vrstev [66], coz
snizuje korozni odolnost a vyrazné omezuje vyrobu kvalitnich komponent. Ztrata legujicich
prvki je zavisla na teploté a tlaku par béhem zpracovani Mg slitiny, tedy s vysokou teplotou
a tlakem snadné&ji dochazi ke ztraté legujicich prvki. Jak je zndzornéno na Obr. 3-6b, tlak
par Al (2,9-10'* Pa) je pii teploté 400 °C mensi o 13 ¥add nez u Mg (3,6-10°! Pa). Pii 713
°C a 886 °C je tlak par roztaveného Mg 1013 Pa. ZvySujici se teplota taveniny vyznamné

zvysuje tlak par, ktery méni taveninu na paru.

V procesu SLM je teplota tani Mg fizena vstupni energii laseru. Autoti Wei et al. [42] zjistili,
7e vysoké hodnoty vstupni energie (nad 214 J-mm?) ve sliting AZ91D vedly k silnému
odpatovani prvkii Mg. Odpareny plyn rychle expandoval a vytvofil velky zpétny rdz na
taveninu, ¢imz odfoukl okolni neroztaveny praSek. Navic vysoké vstupni energie také
pfim¢ly taveninu k expanzi jak v podélném, tak pficném sméru taveniny, coz vedlo
k odfouknuti okolniho prasku. Zejména rychlé tuhnuti snizuje objem roztavené smesi a vede
k velkym a hlubokym périm, které pak vyrazné zdrsiiuji povrch [14]. Wei et al. [43]
zpracovali slitinu ZK60 pomoci SLM a zjistili, ze vyrobena slitina vykazuje vyssi pomér
Mg:Zn, ale celkovy obsah Mg a Zn byl snizen, coz bylo ovlivnéno smr§tovanim taveniny a
odpatrovanim legujicich prvki.

Temperature (°C)
25 125 225 325 425 525 625

Log (Vapour Pressure (Pa))

404 ,

-50 T T T T T T
298 398 498 598 698 798 898

Temperature (K)
(a) (b)

Obr. 3-6 (a) SEM obrazek odparovani legujicich prvk( béhem procesu SLM [14]; (b) vypafovaci tlak Mg a Al
v zavislosti na teploté [13]
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3.4.3 ,Kulickovy* efekt

Fenomén kulicky je definovan, jako povrch taveniny smrstujici se do sférického tvaru
pusobenim gravitace, plynu a pevného média, které je vyZzadovano pro splnéni minimalni
povrchové energie mezi taveninou a jejim kontaktnim médiem [49]. Uginky , kuli¢kového*
efektu tzce souvisi s rozstfikovanim kovovych kapi¢ek a Spatnou smaécitelnosti mezi
taveninou a praskem. Yadroitsev et al. [67] se domnivali, Ze tavenina interagovala s laserem
a rozpadla se na malé kapicky a tyto kapicky se sbiraly na povrchu slitiny AZ91D. Také
studie od Simchi et al. [68] a Gu et al. [69] prokazaly, ze skenovaci rychlost méla vyznamny
vliv na stabilitu kapky tvofené taveninou. V tomto piipadé mé plno malych kapicek tendenci
stiikat z taveniny kvuli nizké povrchové energii, coz nasledn¢ na povrchu vytvoii
Hkulickovy* efekt.

Pouziti pulzniho laseru navic diky své charakteristice Gaussova rozdéleni zptisobuje, ze
okrajova energie je mnohem nizSi nez energie blizko stiedu. Proto jsou zrna kovovych
praski blizko stfedu charakteristiky laseru uplné roztavena, nebo dokonce odpaiena. Na
rozdil od zrn, které jsou daleko od stfedového bodu. Ty nejsou dostate¢né roztaveny, coz
vede ke ,kulickovému* efektu. U hoicikovych slitin je ,kulickovy* efekt spojen pravé
s oxidaci [70]. Hu et al. [40] pouzili dva druhy ¢istého hot¢ikového prasku. Prvni praSek mél
zdanlivou hustotu 0,78 g/cm?® a stedni velikost zrn prasku 25,85 pm. Druhy prasek mél
zdanlivou hustotu 0,93 g/cm® a stfedni velikost zrn prasku 43,32 um. Vzorky vyrobené
z prvniho prasku mély drsny povrch s mnoha neroztavenymi a sférickymi ¢asticemi (Obr.
3-7a, b). Zatimco vzorky vyrobené z druhého prasku mély dobry povrch (Obr. 3-7 ¢, d).
Dtivodem tohoto rozdilu byla Spatnd smacivost a stabilita taveniny. Vyssi teplota a vétsi
objem taveniny se ziskavad z jemnéjSich zrn prasku a nékterd neroztavena jemnéjsi zrna
prasku (jemnéjsi prasek obsahuje mnohem vice zrn, nez hrubgjsi prasek) jsou odfukovana

proudem inertni atmosféry. Nasledné tyto zrna ulpi na nanesené vrstvé, coZ spolec¢né

s vysokou teplotou taveniny zptisobuje silnou oxidaci prasku s jemnéj$imi zrny.

Obr. 3-7 SEM obrazek vyrobenych vzorku z istého hofciku se stfedni velikosti zrn (a), (b) 25,85 pm; (c), (d)
43,32 um [40]
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,Kulickovy* efekt vede k tomu, ze kovovy prasek vytvari na substratu, nebo na predchozi
vrstvé diskontinualni kovové kulicky, které ovliviiuji kvalitu dal$i nandsené vrstvy, coz
muZe zplusobit nespojitost vrstev [49]. VIiv procesnich parametrt na ,,kulickovy* efekt neni
jisté¢ znamy. Existuje zna¢né omezeni pro plné pochopeni mechanismu vytvareni a Sifeni
»kulickového efektu (velikost, proces, teplota). Proto dosud nebyl plné popsan a pochopen

mechanismus generovani téchto defektt.

3.5 Biokompabilita — korozni chovani Mg slitin

Slitiny hof¢iku jsou povazovany za biologicky odbouratelné kovové materidly, které by
mohly byt pouzity v ortopedickych aplikacich [71]. Rychly vyvoj aditivni technologie
umoznuje vyrdbét porézni biomateridly tak, aby spliovaly pozadavky simulace
mechanickych vlastnosti kosti a poréznich struktur s pfesnymi topologickymi parametry
[72,73]. Rizikem je vSak vodik, ktery se uvoliuje korozi Mg a ve velkém mnozstvi je
v 1ékatskych aplikacich hrozbou. Je proto potieba kontrolovat rychlost koroze Mg a jeho
slitin.

V soucasné dobé nejsou aditivné vyrdbéné hotcikové slitiny pouzivany v Zivych
organismech [74]. Vyzkumy se zaméfuji pfedev§im na fizeni rychlosti koroze. Shuai et al.
[75] zjistili, Ze ptidani stopového mnozstvi Zn do Mg slitiny mtze zlepsit jejich odolnost
proti korozi. Podobné& i slitina ZK60-0,4Cu nejenze vykazuje urcitou odolnost proti
degradaci, ale také ma silnou antibakterialni schopnost zplisobenou alkalickym prostfedim
a ionty Cu [76]. Autofi Yin et al. [57] vyrobili kompozity ZK30/BG (bioaktivni sklo)
technologii SLM. V disledku ptfidani bioaktivnich amorfnich latek vykazovala rychlost
degradace koroze kompozith sestupny trend. Také Li et al. [74] vyrobili biologicky
odbouratelnou porézni Mg strukturu, ktera pravdépodobné splni vSechny funkéni pozadavky
na ideédlni material pro nahradu kosti. Za prvé, jeji mechanické vlastnosti jsou dostate¢né
vysoké, aby mohly byt pouzity jako podpiirné struktury. I po 4 tydnech biodegradace méla
Mg struktura stale dobré mechanické vlastnosti, aby mohl byt nosnou strukturou. Zadruhé,
vyrobené dily vykazuji pln€ propojenou porézni strukturu s piesnou topologii. Navic maji
porézni biomaterialy pomalejsi rychlost biodegradace se ztratou objemu asi 20 % po 4
tydnech. BohuZel autofi neuvedli pouzité procesni parametry, kterymi byla struktura
vyrobena.
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3.6 Vyroba mikro-prutovych struktur

V predchozich kapitolach jsou popsany charakteristické jevy, které provazi zpracovani
hoi¢ikovych slitin. Ty jsou také pfi¢inou, ze doposud nebyly publikovany parametry pro
zpracovani hoic¢ikovych slitin do geometrie mikro-prutovych struktur. Proto se tato kapitola
bude odkazovat také k publikacim, které vznikly za pouZiti jinych slitin nez hoi¢ikovych,
predevsim slitiny AlSi10Mg. Tato slitina je v literatuie dobfe popsana a existuji doporucené
procesni parametry pro jeji zpracovani technologii SLM, které udavaji vyrobci prasku.
Zaroven tato slitina bude pouzita pro nalezeni vhodnych procesnich parametri pro

zpracovani mikro-prutovych struktur.

Obr. 3-8 RozlozZeni prutli v zakladni burice: zelena — BCC struktura; Zluta — FCC struktura; ¢ervena —
vertikalni pruty; modra — horizontalni pruty [77]

Mikro-prutové struktury jsou tvofené opakujici se strukturou zédkladnich bunék. Ty mohou
byt tvofeny zploch, nebo z malych prutii [78]. Podle prostorového uspotadani prutii
v zékladni bunice je moZné struktury délit na BCC, FCC. Tyto buiiky mohou mit navic pruty
v ose Z, nebo se da pouzit i jejich kombinace (Obr. 3-8). Dong et al. [79] uvedli, Ze struktury
s prumérem prutu nad 4 mm lze povaZovat za objemovy material. Pfi pouZiti pruti o
velikosti 4 a 5 mm dochazelo pouze k nepatrné zmén€ mechanickych vlastnosti. Navic
vlivem velikosti prutu dochazelo k vyrazn€ lepSimu odvodu tepelné energie z prutu, coz
mélo za nasledek snizeni porozity v prutech (Obr. 3-9). Vyroba mikro-prutovych bunck
technologii SLM ma také své limity, jako jsou vyrobitelnost prutt, popiipadé kvalita
vyrobenych prutl. Leary et al. [77] ovéfili, Ze horizontdlni pruty neni mozné vyrobit
technologii SLM. Dal$im limitem je sklon prutu, ktery je u prutti v BCC buiice 35,26° a pro
FCC bunku 45°. Takovy sklon prutu v kombinaci s malym mnozstvim materidlu vede ke
vzniku imperfekci.
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Obr. 3-9 Vliv velikosti prutu na porozitu pro primery: (a) 1 mm; (b) 2 mm; (c) 3 mm; (d) 4 mm; (e) 5 mm
[79]

Mezi hlavni imperfekce vznikajici pti vyrobé mikro-prutovych struktur 1ze zatadit porozitu,
drsnost povrchu a rozmérovou nepfesnost. Kazda z téchto imperfekei je specificka tim, jak
vznikd a co ji ovliviiuje [25]. U mikro-prutovych struktur je vznik imperfekci spojen
predevsim s energii, kterd je do prutu dodéna vlivem procesnich parametrti (vzorec 1, 2, 3)
[80]. Ta slouZi kroztaveni praSku, ale také musi byt z pruti odvedena, coZ probiha
predevsim pifes material prutu. Okolni prasek ma mensi tepelnou vodivost kvili bodovému
kontaktu mezi jednotlivymi zrny. Tato situace je pfi¢inou vzniku imperfekci jako je porozita,
drsnost povrchu a rozmérova nepiesnost, protoze je prut drzen delsi dobu na vysoké teploté
coz muze vést k vypafeni materiadlu a uzavieni vyparii v prutu (porozita), nataveni okolniho
prasku na stény prutu (drsnost povrchu a rozmérova neptesnost).
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3.6.1 Porozita

— Okraje navaru == Chess board strategie 14R ﬂ 2. Sméry drah laseru
== Prvni draha laseru x nasledujicich
== Nasledujici drahy laseru 4. N 3. vrstev

(a) (b) (c)

Obr. 3-10 Rizné strategie zobrazené na priifezu prutem: (a) contour strategie; (b) chessboard strategie;
(c) meander strategie

Porozita predevSim ovliviiuje mechanické vlastnosti vyrobenych mikro-prutovych struktur
tim, ze snizuje ucinny prufez pii zatézovani prutu. Tim jsou negativné ovlivnény mechanické
vlastnosti struktury a porozita je Casto pri¢inou lomu. Na vznik porozity u nizko-objemovych
dilt jako jsou mikro-prutové struktury ma vliv jak skenovaci strategie, tak orientace prutu,
nebo procesni parametry. Pauly et al. [81] pouzili tfi skenovaci strategie pro vyrobu prutii o
priméru 3 mm (Obr. 3-10). Prvni pouZitou strategii byla ,,chessboard” strategie (Obr.
3-10b), kterd je zaloZena na principu rozdéleni daného prifezu do Etverct, které jsou stiidave
taveny laserem. Cilem této strategie je umoznit materidlu odvést tepelnou energii
v protaveném ctverci tim, Ze nasledné dochézi k taveni Ctverce, ktery je od piivodniho vice
vzdalen. Tato strategie vedla k tvorb€ porozity na hranicich ¢tvercii a dosahovala trovné 2,8
% (Obr. 3-11c, d). Dalsi pouzitou strategii byla ,,meander* skenovaci strategie (Obr. 3-10c),
ktera vysrafuje vnitini ¢ast prufezu a vnéjsi ¢ast je tavena jednou konturou. Tato strategii se
béZné pouziva pro vyrobu dilli SLM technologii a u nékterych materialt existuji standartni
procesni parametry pro tuto strategii (napf. hlinikova slitina AISi10Mg). Porozita vznikala
v celém prutu a pory méli ostry tvar, ktery asto vede k iniciaci trhlin (Obr. 3-11e, f). Uroven
porozity dosahovala hodnot 1,5 %. Podpovrchova porozita nejvice ovliviiuje mechanické
vlastnosti a je nejcast€jsi pricinou lomu. Tieti testovanou strategii byla ,,contour skenovaci
strategie (Obr. 3-10a), ktera je tvofena soustiednymi drahami. Pouziti této strategie vedlo ke
vzniku mensSich porii rozlozenych po celém priufezu prutu (Obr. 3-11e, f). Hodnota porozity
byla 2,3 %. Autofi oznacili contour skenovaci strategii za nejvhodnéjsi pro vyrobu mikro-
prutovych struktur pravé z dlvodu tvaru port. Vrana et al. [34] potvrdili, Ze vhodné
nastaveni procesnich parametrli contour skenovaci strategie vede k redukci porozity
v prutech se sklonem 35,26°, coz odpovida BCC struktuie.
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Obr. 3-11 Porosita v prutech u: (a); (b) contour strategie; (c); (d) chessboard strategie; (e); (f) meander
strategie [81]

Dalsi vliv na vznik porozity maji procesni parametry. Qiu et al. [82] uvedli, Ze vysoka
energie (vzorec 1 — kombinace vykonu laseru a skenovaci rychlosti) zpisobuje velké
protaveni materialu, ale s nizkou vyskou navaru. Muize tak dojit k vypafeni materialu vlivem
vysoké teploty a uzavieni vyparti v materialu, nebo z divodu malého navaru k nanaseni stale
vetsi vrstvy prasku, kterou nebudou procesni parametry schopné protavit. To je vidét na
grafu (Obr. 3-12a), kde vysoka energie dokazala protavit prasek, coz vedlo k nizké porozité
(vykon laseru 400 W). Avsak niz8i energie uz nedokdzala protavit velkou vrstvu prasku, coz
vedlo k vétsi porozité (vykon laseru mensi nez 325 W). Podobné chovéni je mozné vidét i
na Obr. 3-12b, kde vysokd a nizka energie vedla k nizké porozité, zatimco stfedni energie
vedla k vysoké porozité.
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Obr. 3-12 (a) vliv vykonu laseru na porozitu pfi skenovaci rychlosti 7000 mm/s; (b) vliv skenovaci rychlosti
na porozitu v mikro-prutové struktufe pfi vykonu laseru 400 W [82]
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Aboulkhair et al. [80] prokézali, Ze vzdalenost drah laseru ma vyznamny vliv na porozitu.
Ta vznika mezi drahami a mtize byt zptisobena jak vysokou, tak nizkou vzdalenosti drah
laseru (Obr. 3-13). Vysoka vzdalenost drah laseru vede k neroztaveni sousedniho navaru,
tedy nedojde ke spojeni a mezi navary a vzniknout tak pory mezi nimi (hatch spacing
250 pm). Nizk4 vzdalenost drah laseru vede k pretaveni materidlu a vzniku vétsich pori

(hatch spacing 50 a 100 pm).
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Obr. 3-13 Porozita vznikajici rozdilnym pfekryvem drah laseru [80]

Dalsim parametrem ovlivilujici porozitu je sklon prutu. Delroisse et al. [24] prokazali, ze
sklon prutu ovliviiuje odvod tepelné energie z prutu. Ta ma gradient odvodu tepla v ose Z a
zaroven je primarné vedena materidlem prutu. U vertikalniho prutu byla tepelna energie
dostatecné rychle odvedena, coZ vedlo k nizké Grovni porozity 0,4 %. Sklonéné pruty jsou
vSak vice ovlivnény a vlivem odvodu tepelné energie je jejich spodni ¢ast drZzena delSi dobu
na vysoke teploté, coz vede k vypareni ¢asti materidlu. Tyto vypary jsou nasledné zachyceny
v tavening pfi jejim tuhnuti. Tomu nasvédcéuje i1 kulaty tvar port. Vysoka teplota na spodni
stran¢ prutu také vede k vetsi drsnosti povrchu (Obr. 3-14b, c-B). Sklonény prut je tak mozné
rozdélit do dvou oblasti (Obr. 3-14c-A, B), které maji odliSnou troven porozity. V horni
oblasti (Obr. 3-14c-A) byla naméfena porozita 0,1 %, zatimco ve spodni ¢asti prutu (Obr.
3-14c-B) byla namétena porozita 2,7 %. To bylo také ovéfeno autory Vrana et al. [34], kteti
tento typ porozity zaznamenali u pruti se sklonem 35,26°.
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Obr. 3-14 Porozita u (a) vertikalniho prutu; (b); (c) sklonéného prutu [24]

3.6.2 Drsnost povrchu

Dalsi imperfekci vznikajici pfi vyrobé mikro-prutovych struktur je zvySena drsnost povrchu.
Ta je Castecné zpusobena aditivni technologii vyroby, kdy je soucast vyrabéna vrstvu po
vrstve. Vznika tak ,,schodistovy* efekt (Obr. 3-15b - obdélniky), ktery zptsobuje nataveni
prasku na spodni ¢ast sklonénych prutti [83]. Tian et al. [84] kvantifikovali vliv sklonu prutu
(Obr. 3-15a), kdy pfti sklonu 90° byla drsnost povrchu nejnizsi a pti snizujicim se sklonu
prutu drsnost povrchu stoupala. Méfeni probihalo jak na spodni, tak na horni ¢asti prutu.
Dalsi vliv na drsnost povrchu prutii maji pouzité procesni parametry, tedy energie vstupujici
do procesu (vzorec 1). Han et al. [83] uvedli, Ze vysoka energie vede k nastaveni vétSiho
mnozstvi prasku na stény prutu (Obr. 3-15b-a), a to jak u vertikalniho, tak sklonéného prutu.
To je zptisobeno vysokou teplotou, na které je prut drzen delsi dobu. Zaroven vsak uvedli,
Ze procesni parametry s vysokou energii nakonec mohou vést k povrchu s nizsi drsnosti
z diivodu zateCeni materidlu mezi zrna prasku. Tento jev vSak muze negativné ovlivnit
porozitu. S pouzitim nizké energie procesnich parametri jsou pruty vice ovlivnény
schodistovym efektem, ktery miize zplisobit vysokou drsnost povrchu (Obr. 3-15b-c).
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(83]

3.6.3 Rozmérova piesnost

Rozmérovou presnost ovlivituji predevSim pouzité procesni parametry. Qiu et al. [82]
provedli experiment, kdy nastavili pozadovany primér prutu 0,3 mm a sledovali vliv vykonu
laseru a skenovaci rychlosti. Pfi stejném vykonu laseru 400 W a skenovaci rychlosti
v rozmezi od 1000 mm/s do 7000 mm/s dochézelo k vyrobé prutii v rozmezi od 500 do
800 pum (Obr. 3-16a). Pii stejné skenovaci rychlosti 7000 mm/s a vykonu laseru v rozmezi
od 150 W do 400 W byly vyrobeny pruty s primérem v rozmezi od 250 do 550 um (Obr.

3-16b). Vyrobené pruty tak byly z velké Casti vétsi nez pozadovany pramér 0,3 mm.
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Obr. 3-16 (a) zavislost praméru prutu na skenovaci rychlosti pfi vykonu laseru 400W; (b) zavislost praméru
prutu na vykonu laseru pfi skenovaci rychlosti 7000 mm/s [82]

3.7 Mechanické vlastnosti mikro-prutovych struktur

K ziskani materidlovych vlastnosti se nejcastéji pouziva zkouska tahem. Ta se provadi na
normalizovanych tahovych vzorcich, které mohou mit rozdilnou geometrii (norma CSN EN
ISO 6892). Z tahové zkousky se ziskavaji materialové vlastnosti jako: mez pevnosti v tahu
(Rm), mez kluzu v tahu (Re), taznost (A) a kontrakce (Z). Tahové vzorky se vétSinou vyrabi
s pruméry vét§imi neZ 5 mm., coz uplné neodpovidd mikro-prutovym strukturam, které se
vyrabi s primérem prutll mensim nez 4 mm [79]. Vrana et al. [85] upravili tahové vzorky
tak, aby vice odpovidaly mikro-prutovym strukturdm. Vzorek se sklada z 12 tenkych pruti
o pruméru 0,8 mm. Pfi zaté¢Zovani téchto vzorkli doslo k postupnému lomu jednotlivych
pruti. To odpovida chovani mikro-prutovych struktur, kdy pfi zatézovani dochazi
k postupnému poruseni jednotlivych prutt. Pii poruseni vice prutli uz zbyvajici pruty nejsou

schopny pienaset zatizeni a dojde k lomu celého vzorku.
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Obr. 3-17 Vzorek pro tahové testovani mikro-prutovych struktur [85]

U mikro-prutovych struktur se pouziva dalSich typt namdhéani. Jednim z nich je tlakové
zaté¢zovani. Li et al. [86] tlakové zatéZovali mikro-prutové struktury, aby popsali zptisob
jejich poruseni. PouZité struktury méli zakladni typ buitky BCCZ a byly vyrobeny ve ¢tyfech
specifikacich podle velikosti vzorku (1x5x5, 3x5x5, 5x5x5, 7x5x5). Vzorky postupné
zaté¢zovali a bylo zjiSténo (Obr. 3-18), Ze poruseni u struktury tvofené jednou vrstvou bunék
nastalo vlivem poruseni vertikalnich prutti. Sklonéné pruty nasledné nebyly schopny ptenést
zatizeni a doslo u nich k poruseni. U struktury slozené ze 3 vrstev bun¢k doslo k poruseni u
prostiedni vrstvy bunék z diivodu jejiho nizkého pocétu vazeb. U zatézovani 5 a 7 vrstvych
struktur bylo zjisténo, ze deformacéni chovani ma stejny charakter, tedy vznikne ,,smykova“
rovina ve struktufe pod thlem 45°. Deformac¢ni chovani mikro-prutovych struktur je velmi
podobné plnému materialu pfi tlakové zkousce, jen k poruseni dochdzi v makroskopickém

méftitku.
Strain Single-layer Three-layer Five-layer Seven-layer

Obr. 3-18 Tlakové zatézovani mikro-prutovych struktur [86]
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Dal$im typem namaha mikro-prutovych struktur je smyk. Santorinaios et al. [87] pouzili pro
smykové testovani mikro-prutovych struktur Arcaniiv piipravek. Pro uchyceni vzorkl
pouzili desticky, na které nalepily vzorky mikro-prutovych struktur. Pfi zatéZovani struktur
doslo v pripad¢ struktury s velikosti buniky 2,5 mm k poruSeni u mista lepeni (Obr. 3-19a).
V ptipad¢ struktury s velikosti buiiky 1,25 mm doslo k poruSeni v lepeném spoji (Obr.
3-19b). V obou ptipadech tedy nebylo mozné urcit, zda namétené hodnoty napéti odpovidaji

poruseni v samotn¢ strukture.

(a) (b)

Obr. 3-19 Smykové zatézovani mikro-prutovych struktur: (a) velikost buriky 2,5 mm; (b) velikost bufiky
1,25 mm [87]
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4 ANALYZA, INTERPRETACE A ZHODNOCENI
POZNATKU ZISKANYCH NA ZAKLADE KRITICKE
RESERSE

Na zaklad¢ provedené reSerse byly urCeny 4 oblasti, které se tykaji aditivné vyrabénych
mikro-prutovych struktur (Obr. 4-1). Oblasti metalurgickych defektl a procesnich parametrii
byly zamétfeny vyhradné na hoicikové slitiny. Oblasti materidlovych vlastnosti a
mechanickych vlastnosti byly zaméteny z velké Casti na zpracovani hlinikové slitiny
AlSi10Mg, protoze je v literatufe nejlépe popsana. Témito oblastmi se pro hot¢ikové slitiny
doposud autofi nezabyvali. V bilych rameccich jsou uvedeny oblasti, které byly ve studiich
popsany. Zatimco oranzové ramecky znazornuji oblasti, které doposud popsany nebyly.
Proto byly v reSersi pouzity ¢lanky, které se zabyvaji zpracovanim jinych slitin, aby bylo
mozné doplnit poznatky pro vyrobu mikro-prutovych struktur.

Mikro-prutove
struktury
Metalurgické Procesni Materialove Mechanické
defekty parametry vlastnosti vlastnosti
1 Kulickovy" efekt SkenOVE‘ICI = Biokompabilita = Zkouska tahem
strategie
Okno procesnich
=i Oxidace P : == Drsnost povrchu = Zkouska tlakem
parametri
FiEe IengJmch — JEeEnast drah — Porozita — Zkouska smykem
prvki laseru
b—{  Vykon laseru — ROfmerova
presnost
|| Skenovaci
rychlost

Obr. 4-1 Oblasti spojené s vyrobou mikro-prutovych struktur

4.1 Procesni parametry

Vliv procesnich parametri na zpracovani hoi¢ikovych slitin je popsan autory
[38,39,41,42,44]. Ti popsali vliv hlavnich procesnich parametrti, jako je vykon laseru,
skenovaci rychlost, vzdalenost drah laseru a také vyhfevu prasku. Na zaklad¢ ziskanych
poznatkli zpracovali tzv. okna procesnich parametrti, kterd ur¢uji vhodnou oblast energie
laseru pro vybér procesnich parametri.
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I kdyz autoti [41,42,44] pouzili rizné hoicikové slitiny a tloustky vrstev, tak se shodli
na tom, ze vhodné procesni parametry jsou v rozsahu spiSe niz$i energie laseru (7-20 J-mm-
2). Niz$i energie neni dostate¢na k roztaveni zrn prasku. Vyss§i energie vede k tvorbé
,kulickového* efektu a pii vysSich energiich k vypafeni materidlu. Zaroven nizsi energie
laseru vede k vyrob¢ materidlu s mensimi zrny ve struktuie [38], coz zvysuje tvrdost
vyrabénych dild. Déle autofi [39] prokazali, ze piedehiev prasku ma pozitivni vliv na
geometrii a kvalitu jednotlivych drah laseru.

Nizsi energie laseru se jevi jako vyhodna pro zpracovani hot¢ikovych slitin. AvSak uvedena
okna procesnich parametri nelze pfimo pouzit pro vyrobu vzorki pro disertacni praci. Je
totiz nutné do vhodnych procesnich parametrti zahrnout konkrétni pouzity material, typ
laseru, tloustku vrstvy, teplotu ptedehfevu prasku a odvod spalin vzniklych pii procesu
taveni laserem. Proto bude okno procesnich parametrli nastaveno pro zatizeni SLM 280HL
a hot¢ikovou slitinu WE43.

4.2 Metalurgické defekty

Mechanismy tvorby metalurgickych defektii jako jsou oxidace, ztrata legujicich prvkl a
vznik ,,kulickového* efektu byly ve velké mife autory popsany [58—70].

Vlivem taveni hot¢ikového praSku je do atmosféry uvoliiovan zbytkovy vzduch uchyceny
mezi zrny prasku [13,60,61]. Ten zplsobuje oxidaci i pfi samotné vyrob¢ technologii SLM.
Oxidovana zrna prasku zamezuji smacivosti taveniny a vyzaduji vy$$i mnozstvi energie
laseru k jejich protaveni [63,64]. To vyrazné¢ snizuje mechanické vlastnosti vyrobenych dila.

Velka vstupni energie laseru mize zpusobit ztratu podilu hot¢iku v samotné sliting, coz je
dano nizkou teplotou vyparovani hot¢iku [13]. To vede ke snizeni mechanickych vlastnosti
vyrabénych dild. Zaroven to zptisobuje vznik pérti a zvySeni drsnosti povrchu, protoze
vypatenim hot¢iku vznika zpétny raz do taveniny, ktera se rozstiikne po okoli [14,42].

Rozstiik taveniny ve formé kapicek je zékladni piedpoklad vzniku ,kuli€¢kového* efektu
[49]. U hot¢ikovych slitin je ,kulickovy* efekt spojen také s oxidaci [70], kde velké
mnozstvi kuli¢ek nalepenych na povrchu dilu zvySuje rychlost oxidace a také drsnost
povrchu.

Oxidaci zrn hot¢ikového prasku nelze zcela zabranit, av§ak je mozné ji zamezit udrzenim
nizké arovné kyslikt v atmosféfe komory zaiizeni SLM. Urovei kysliku je pii procesu
taveni sledovana a do atmosféry zafizeni je kontinudlné dopoustén argon, aby se hladina
kysliku udrZela na nizkych hodnotach. Ztraté legujicich prvki je mozné zamezit predevsim
pouzitim niz$ich energii laseru, coz bylo také vystupem kapitoly 3.1. Niz§i energie laseru a
nizkd hodnota kysliku v atmosféfe jsou zaroven zdkladnimi ptfedpoklady pro zamezeni
vzniku ,,kulickového* efektu.
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4.3 Materialové vlastnosti

Moznost pouziti hot¢ikovych slitin jako material pro vyrobu poréznich kostnich nadhrad ma
velky potencidl, na ktery se autoii ve velké mife zamétuji [74—-76]. Vyzkumy zjistily, ze
pfidanim legujicich prvki Zn a Cu Ize zvysit jak odolnost proti korozi, tak i antibakteridlni
schopnost. Autofii [74] vyrobili porézni strukturu s mechanickymi vlastnostmi vhodnymi pro
vyrobu kostnich implantati. AvSak nebyly uvedeny procesni parametry, které pro vyrobu
struktury pouzili. Proto se tato ¢ast reSerSe vénuje popisu materialovych vlastnosti mikro-
prutovych struktur vyrobenych z hlinikové slitiny AlSi10Mg, ktera je v literatufe dobie

popsana.

4.3.1 Porozita

Na vznik porozity v mikro-prutovych strukturach ma vliv nékolik parametrii. Autofi [79]
uvedli, Ze zmenseni praméru prutu vede ke vzniku vyssi porozity a zhorSeni mechanickych
vlastnosti. Zaroven uvedli, Ze pruty o velikosti vét$i nez 4 mm lze povazovat za objemovy
material, protoze u nich dochéazi k malé zmén¢€ porozity a mechanickych vlastnosti. Autofi
[81] pouzitim 3 skenovacich strategii potvrdili jejich vyznam pfi vyrob¢ prutil. Jako vhodna
skenovaci strategie se ukazala contour strategie, ktera vedla ke vniku malych kulatych port
rovnomérné rozlozenych v prutu. Vlivem skenovaci rychlosti a vykonu laseru se zabyvali
autori [82], kteti uvedli, Ze jak nizka, tak vysoka energie vstupnich parametri vede k vyrobé
mikro-prutovych struktur s nizkou porozitou. Autofi [80] popsali vliv vzdalenosti drah
laseru na vznik porozity. Nizkd a vysokd vzdalenost porozity vedla ke vzniku pora
zpisobenych pfetavenim, nebo nedotavenim materidlu. Autofi [24] pouzitim stejnych
procesnich parametr pro vertikalni a sklonény prut zjistili, Ze u sklonéného prutu v jeho
spodni ¢asti je roztaveny material drzen vétsi dobu na vysoké teploté, coZ zptsobilo vypateni

materidlu a zachyceni vyparl v tavening pii jejim tuhnuti.

V disertacni praci bude nutné zabyvat se vyvojem skenovaci strategie pro vyrobu mikro-
prutovych struktur z divodu vzniku porozity u pruth mensiho priméru. Jako vhodna se jevi
contour strategie, pro kterou vSak bude nutné nastavit procesni parametry. Kli¢ovym
parametrem je vzdalenost drah laseru, protoze contour strategie je tvoiena soustfednymi
navary. Proto je moZné zménou vzdalenosti drah laseru fidit vstupni energii do prutu. Kviili
rozdilnému odvodu tepelné energie ve vertikalnim a sklonéném prutu bude potfeba vyvinout

jiné procesni parametry pro ob¢ orientace.
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4.3.2 Drsnost povrchu

Drsnost povrchu mikro-prutovych struktur ovliviiuje nckolik parametri. Autofi [83]
identifikovali schodistovy efekt jako jednu z pficin zhorSené drsnosti povrchu u sklonénych
prutt. Tento efekt je spojen s aditivni vyrobou vrstvu po vrstvé. Dale také uvedli, ze procesni
parametry s vysokou energii vedou k niz$i drsnosti povrchu vlivem zatékani taveniny mezi
zrna prasku. Naopak procesni parametry s nizkou drsnosti povrchu zpiisobi pouze nataveni
¢astic na sténu prutu, tedy horsi drsnost povrchu. Sklon prutu také vyznamné ovliviiuje
drsnost povrchu, jak popsali autoii [84]. Nejmensi drsnost povrchu byla dosazena u
vertikalnich prutl a se snizujicim se thlem drsnost povrchu rostla. Zaroven bylo dosazeno

vetsi drsnosti povrchu na spodni stran€ prutu oproti horni strané prutu.

Drsnost povrchu je dalsim materialovych parametrem, ktery dokéze ovlivnit i mechanické
vlastnosti celé¢ mikro-prutové struktury. V disertacni praci budou pouzity jak vertikalni, tak

sklonéné pruty a bude mozné pozorovat vliv procesnich parametri na ob¢ orientace.

4.3.3 Rozmérova piesnost

Autofi [82] pouzili rizné procesni parametry pro vyrobu mikro-prutovych struktur
s prumérem 0,3 mm. Struktury s timto primérem vSak byly vyrobeny pouze s jednou sadou

procesnich parametra, kdy zbylé sady vedly k vyrobé¢ vétSich prutt.

Rozmeérova presnost je dilezitd predevSim pro navrh soucdasti tvofenych mikro-prutovymi
strukturami. Ty jsou Casto navrhované¢ pomoci MKP analyzy a je dilezit¢ dodrzet
pozadované pruméry prutu z divodu unosnosti celé¢ konstrukce. V disertacni praci proto

bude rozmérova presnost vyvijenych procesnich parametri ovéfena.

4.4 Mechanické vlastnosti

Mechanické parametry mikro-prutovych struktur je mozné zjistit pouzitim vice charaktert
zatéZovani. Autoti [85] pouZili upravené tahové vzorky tvofené tenkymi pruty pro ovéfeni
mechanickych vlastnosti v tahu. Tento vzorek vice odpovidd geometrii struktury a 1épe
popisuje jeji chovani pii zatizeni. Autoii [86] tlakove zatiZili mikro-prutové struktury
slozené z vice bun¢k. U struktur s rozloZzenim zdkladni buiikky 5x5x5 a 7x5x5 se projevilo
stejné chovani pii tlakovém zatizeni, kdy doslo k deformaci podél smykové roviny. Ta je ve
struktufe orientovana pod thlem 45°. Autofi [87] testovali mechanické vlastnosti mikro-
prutovych struktur zatéZovanych smykem. AvSak nebyli schopni ze zkouSky ziskat
vypovidajici data z dlivodu selhani testovaciho ptipravku.
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V disertacni praci bude pouzito tlakové testovani mikro-prutovych struktur k ovéfeni
mechanickych vlastnosti mikro-prutovych struktur, protoze tento stav zatézovani je

v literatufe nejvice popsan a je tak mozné ziskané vysledky do zna¢né miry porovnavat.

4.5 Nezmapovana oblast vyzkumu

Jelikoz se zpracovanim hot¢ikovych slitin technologii SLM zabyvaji studie teprve posledni
dobu, zlstava stale velkd oblast neprozkoumana. Co se tyCe vyroby mikro-prutovych
struktur, tak se touto problematikou zabyvali pouze autoii [74]. Ti vyrobili mikro-prutové
struktury a zkoumali na nich biodegradabilitu. AvSak neuvedli pouzité procesni parametry a
nezabyvali se jejich vlivem na vznikajici materidlové imperfekce jako je porozita, drsnost

povrchu a rozmérova neptresnost.

Aby vsak bylo mozné vyrabét mikro-prutové struktury s nizkou porozitou, drsnosti povrchu
a vysokou rozmérovou piesnosti je nutné pochopit vliv ptisobeni procesnich parametrti na
samotny material a geometrii mikro-prutovych struktur. Oblast vyroby mikro-prutovych
struktur z hot¢ikovych slitin doposud nebyla popsana, proto byly v reSerSi uvedeny studie
zabyvajici se zpracovanim jinych slitin, nejvice hlinikovou slitinou Al1Si10Mg (kapitola 3.6).
Ty ukézaly, Ze vhodnou skenovaci strategii pro vyrobu mikro-prutovych struktur miize byt
contour strategie, kterd pomoci parametru vzdalenosti drah laseru dokaze fidit vstupni
energii doddvanou do prutu [34,81]. AvSak bliz§i popis procesnich parametrii na vznik
imperfekci doposud nebyl popsan.

Jelikoz nebyly publikovany studie zabyvajici se vyrobou mikro-prutovych struktur
z hot¢ikovych slitin, tak nebyly publikovany ani studie zabyvajici se jejich mechanickymi
vlastnostmi. V literatuie se v§ak nejvice pouZiva tlakova zkouska pro ziskani mechanickych
vlastnosti mikro-prutovych struktur [86]. Proto by mohla byt pouZita pro porovnani
mechanickych vlastnosti mikro-prutovych struktur z hot¢ikovych slitin s jinymi slitinami.
Specialni multi-prutové tahové vzorky byly pouzity pouze pro stanoveni vlastnosti pruti
hlinikové slitiny Al1Si10Mg [85]. Smykové zatéZovani struktur doposud nebylo v literatuie
popsano, protoze ve studii [87], kterd se smykovym zatéZzovanim zabyvala doslo k poruSeni
uchyceni struktur.
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5 VYMEZENI CIiLE DISERTACNI PRACE A NAVRH
ZPUSOBU JEJIHO RESESNI

5.1 Podstata disertacni prace

Podstatou disertacni prace je vyvoj procesnich parametrii pro vyrobu mikro-prutovych
struktur technologii SLM, tim 1 rozSifeni soucasného stavu poznani v tomto smeéru.
Predmétem zajmu jsou predevSim lehké slitiny jako je hlinikova slitina AlSi10Mg a
hot¢ikova slitina WE43.

5.2 Zaméfeni disertacni prace

Préce je definovana jako zakladni vyzkum, ktery se zamétuje na vyvoj procesnich parametri
pro vyrobu nizko-objemovych dili jako jsou mikro-prutové struktury. Nastavenim
procesnich parametrd pro vyrobu mikro-prutovych struktur je mozné vyrazné snizit
vznikajici imperfekce jako jsou zvySena porozita, drsnost povrchu a rozméerova neptesnost.
Tyto imperfekce vznikaji pfi vyuziji standartnich procesnich parametrii pro zpracovani

materialt technologii SLM, které jsou predevSim uréeny pro objemové dily.

5.3 Cil prace

Cilem prace je stanovit vliv procesnich parametrii na vznik imperfekci v mikro-prutovych
strukturdch a stanovit procesni parametry, diky kterym bude mozné mikro-prutové struktury
s pozadovanymi vlastnostmi vyrabét. V praci budou pouzity lehké slitiny jako je hlinikova
slitina AIS110Mg a hot¢ikova slitina WE43.
Diléi cile:

= Ov¢feni vlivu standartnich procesnich parametri na vyrobu mikro-prutovych

struktur.
*  Vyvoj procesnich parametrii pro vyrobu mikro-prutovych struktur se zamétenim na

redukci porozity, drsnosti povrchu a rozmérové nepiesnosti.

» Ovéfeni mechanickych vlastnosti mikro-prutovych struktur.

33



5.4 Pfinos prace

Mikro-prutové struktury nachazi uplatnéni zejména v oblasti redukce hmotnosti, zvyseni
odvodu tepla, v oblasti absorpce energie, a také pro vyrobu kostnich implantat v piipade
hoi¢ikové slitiny WE43. Pro jejich uplatnéni v téchto oblastech je diilezité jejich vyroba bez
imperfekci s homogenni strukturou a dobrymi mechanickymi vlastnostmi. Toho je mozné
dosadhnout post processingem, ten ale v pripadé¢ mikro-prutovych struktur vede k pouziti
chemického odstranéni ptilepenych zrn prasku, coz mize skoncit také naruSenim povrchu
struktury a snizit jeji nosnost. Dal$i moznosti je nalezenim procesnich parametrii, které
povedou k vyrob¢ struktur s nizkou urovni imperfekci, homogenni strukturou a dobrymi
mechanickymi vlastnostmi. Tyto ptedpoklady jsou také dulezité pro navrh soucasti
tvofenych mikro-prutovou strukturou, kdy se vyuzivda MKP analyzy. Jejim vystupem je

struktura s presnymi rozméry, bez imperfekcei a s pozadovanymi mechanickymi vlastnostmi.

5.5 Vé&decke otazky a pracovni hypotézy

Védecka otazka €. 1

Je mozné pomoci contour skenovaci strategie redukovat imperfekce (porozita, drsnost

povrchu, rozmérova neptesnost), které vznikaji pti vyrob¢é mikro-prutovych struktur?
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Pracovni hypotéza ¢. 1

Mikro-prutové struktury jsou povazovany za nizko-objemovy dil, ktery se pii vyrobé
technologii SLM chovéa rozdiln¢ oproti objemovému dilu. To je ddno predevSim malym
mnozstvim materialu, ktery ovliviiuje odvod tepla z mista taveni prasku. U mikro-prutovych
struktur je malé mnozstvi materidlu obklopeno zrny prasku, které maji nizsi tepelnou
vodivost nez material prutu. Proto je tepelnd energie odvadéna predev§im materidlem prutu,
ktery je tak ohfivan na vysokou teplotu, coz vede ke vzniku riznych imperfekei [24]. Hlavni
imperfekci je porozita, kterd je v ptipad¢€ pouziti procesnich parametri s vysokou vstupni
energii zpiisobena vyparenim materialu a naslednym uzavienim vyparti v materialu pii jeho
tuhnuti. Mala vstupni energie naopak vede ke vzniku oblasti, ve kterych jsou neprotavena
zrna prasku [80,82]. Dalsi imperfekei je drsnost povrchu, kterd vznika diky vysoké teploté
prutu tak, Ze okolni zrna jsou ¢astecné natavena na sténu prutu [83]. Je také dana sklonem
prutu, kdy vétsi sklon prutu vede k vétsi drsnosti povrchu vlivem schodistového efektu a
procesnich parametri [84]. To také ovliviiuje rozmérovou presnost [82]. Resenim miize byt
pouziti contour skenovaci strategie, kterd je tvofena soustfednymi navary. Je tak mozné
jednoduse ménit vzdalenost mezi navary, a tim i vstupni energii procesu a jednoduse tak
ovlivnit vstupni energii do prutu, coz mé vliv na vznik imperfekci [81]. Proto se da
predpokladat, Ze vhodné nastaveni kombinace procesnich parametrti pro pouziti contour
skenovaci strategie povede k vyrobé mikro-prutovych struktur bez vyraznych imperfekci.

Védecka otazka ¢. 2

Povede pouziti contour skenovaci strategii pro obtizn¢ zpracovatelnou hot¢ikovou slitinu

WE43 k vyrobé mikro-prutovych struktur s trovni porozity do 0,5 %?

Pracovni hypotéza ¢. 2

24

materialil jako je naptiklad hlinikové slitina AISil0Mg. To je dano pfedev§im Uzkym
rozsahem mezi teplotou varu a vypafovani [14]. Na zpracovani hot¢iku ma vliv také velké
mnozstvi koufe, které v pribehu taveni praSku vznikd [42]. Dal$im vlivem je korozni
chovani hoi¢ikovych slitin, které ma za nasledek vznik oxidl na hranicich taveniny [13]. To
vede k nutné uprave procesnich parametrii pro zpracovani hot¢ikovych slitin, které povedou
k redukeci téchto jevill. Vyroba mikro-prutovych struktur diky malému prifezu v dané roviné
muze sama o sob€ redukovat mnozstvi koute, které v procesu vznika. Zaroven vSak budou
mit procesni parametry vEtSi vliv na vznik porozity a drsnosti povrchu, kvili hor§imu
odvodu tepla z prutu. Contour strategie ukazala potencial redukovat vznikajici imperfekce
v materialu. Do jaké miry je mozné imperfekce redukovat, zalezi na kombinaci procesnich
parametrii, ale pro hlinikovou slitinu byla dosaZena porozita v mikro-prutovych strukturach
nizni nez 0,5 % [34]. Proto se predpoklada, ze by bylo mozné pouzit contour skenovaci
strategii pro vyrobu mikro-prutovych struktur z materidlu WE43 s porozitou pod 0,5 %.

35



Védecka otazka €. 3

Povede pouziti contour skenovaci strategie pro vyrobu mikro-prutovych struktur ke zvyseni
mechanickych vlastnosti oproti pouziti procesnich parametrii pro objemovy material pro
hoi¢ikovou slitinu WE43?

Pracovni hypotéza ¢. 3

Mechanické vlastnosti struktur ovliviiuje nékolik vlivi jako je porozita, drsnost povrchu, ale
také mikrostruktura materidlu. Vlivem porozity a drsnosti povrchu vznikaji pfi zatézovani
trhliny, které ¢asto vedou k lomu [24,81,82]. AvSak také mikrostruktura materialu ovlivituje
mechanické vlastnosti jako jsou mez kluzu a taznost [38]. To je dano tvarem zrn, kdy mensi
zrna vétsSinou vedou ke zvySeni meze kluzu a sniZeni taznosti. Naopak vétsi zrna ¢asto vedou
k mensi mezi kluzu a zvySeni taznosti. Velikost zrn se dé ovlivnit jak tepelnym zpracovanim
po vyrobé¢, tak zvolenymi procesnimi parametry. Proto se piredpoklada, ze mikro-prutové
struktury 1 s vét§im mnozstvim p6rt mohou dosahovat lepsich mechanickych vlastnosti.

5.6 Zplsob feSeni a pouZzite védecké metody zkoumani

Reseni diserta¢ni prace je rozdéleno do tif hlavnich etap zabyvajicich se vyrobou mikro-
prutovych struktur. Prvni etapa se vénuje zkouméni vlivu doporucenych procesnich
parametri na vyrobu prut, které reprezentuji ¢ast mikro-prutové struktury. Déle se zabyva
moznosti pouziti contour skenovaci strategie jako ndhrady za obecné€ pouzivanou ,,meander*
strategii. V druhé etapé budou vysledky z prvni etapy pouZity pro nastaveni procesnich
parametrl pro vyrobu mikro-prutovych struktur z hoté¢ikové slitiny WE43, u které nebyly
doposud publikovany vhodné procesni parametry pro vyrobu. Tieti etapa se bude vénovat
mechanickému testovani mikro-prutovych struktur vyrobenych contour strategii se
zaméfenim na eliminaci imperfekci. Cilem bude zjistit mechanické vlastnosti struktur

vyrobenych contour strategii. Kazda etapa se tak bude zabyvat jednou védeckou otazkou.
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5.6.1 Etapa 1: Pouziti contour strategie pro vyrobu mikro-prutovych

struktur

Cilem etapy 1 je popsat vliv procesnich parametrii na vyrobu nizko-objemovych dilt jako
jsou mikro-prutové struktury. Za timto ucelem byla pouzita hlinikova slitina AISi10Mg,
ktera je v literatufe dobie popsana. Vyrobené dily z této slitiny technologii SLM jsou navic
pouzivany jak v automobilovém, tak leteckém prumyslu. V této c¢éasti by meélo byt
odpovézeno na prvni védeckou otdzku: Je mozné pomoci contour skenovaci strategie
redukovat imperfekce (porozita, drsnost povrchu, rozmérova nepiesnost), které vznikaji pti
vyrobé¢ mikro-prutovych struktur? V této etapé bude postupovano podle schématu
uvedeného na Obr. 5-1.

=

= Vertikalni pruty =  Single track experiment =
= Sklonéne pruty Zaveér:

Doporucena meander strategie Vyvoj contour strategie

Hollow strut experimet
Zaveér:

= Priméry prutuod 0,5 do 3 mm

Zaveér:

~ Vysoka energie procesnich
parametr(i vede k tvorbé
porozity, zvyiené drsnosti
povrchu a nepresnosti rozméru
prutd

# \Vybér vhodnych
procesnich parametri

» Sifka drahy je rozdilna
pro rizné praméry a
sklony prutd

= Vyroba pruti

Zévér:

# Svhodnym nastavenim
procesnich parametri se
podarilo redukovat

»  Qverlap experiment

Zaveér:

» Prekryv drah laseru je
mozne urcit v zavislosti
na Sirce drahy

porozitu, drsnost
povrchu a rozmérovou
nepresnost

Obr. 5-1 Pfedpokladany prabéh prvni etapy feSeni disertacni prace

V prvni fazi bude ovéten vliv procesnich parametrti doporu¢enych vyrobcem prasku na
vyrobu nizko-objemovych dilli jako jsou mikro-prutové struktury. Pro tento experiment je
zamysleno zjednoduSeni ve form¢ pouZiti pouze prutll, jako reprezentace mikro-prutové
struktury. Vzhledem k moZznému rozlozeni prutl v zdkladni buiice [77] budou uvazovany
dva sklony prutd (90° a 35,26°). Sklon 90°, tedy vertikdlni prut, reprezentuje pouziti
podptrnych prutl naptiklad ve struktufe BCCZ. Sklon 35,26° reprezentuje orientaci pruti
v zékladni bunice BCC. Zaroven tento sklon odpovida nejhorsi orientaci (nejvice sklonény
prut), kterou je mozné v zakladni bunice dostat.

Na zékladé ptredchozich vysledki bylo mozné urcit, ze doporucené procesni parametry
vedou k vyrobé prutl s vysokou porozitou, drsnosti povrchu a neptesného rozméru [34].
Zaroven byla testovana contour strategie (Obr. 5-2b) jako ndhrada za meander strategii (Obr.
5-2a) pouzitou v doporucenych procesnich parametrech. Tato strategie ukazala mozny
potencial ve sniZzeni porozity a drsnosti povrchu. Proto bude pouzita v této etapé. Pruty
budou vyrabény 0,5 do 3 mm, protoze pruty vétSiho priméru uz Ize povazovat za objemovy
material [79].
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Hatch
Fill contour

Border

Obr. 5-2 (a) meander strategie doporu¢ena vyrobcem prasku; (b) contour strategie: TW — Sitka drahy, OL —
prekryv drah laseru, BC — odsazeni prvni drahy od okraje prutu, HD — vzdalenost drah laseru

Pro pouziti contour strategie bude nutné naladit procesni parametry tak, aby material prutu
byl schopny odvést veskerou tepelnou energii danou laserem — viz vzorec 1, 2, 3 [24]. To by
melo zarucit vyrobu pruti bez imperfekci. Prvnim krokem bude zakladni single track
experiment, kde budou vyrobeny jednotlivé drahy laseru. Analyzou navaru je mozné urcit,
zda pouzité procesni parametry (vykon laseru a skenovaci rychlost) vedly k tvorbé navaru
s vhodnym tvarem [37,38]. Je tedy mozné urcit, zda bylo pouZzito hodné vstupni energie,
nebo malo. Dal§im krokem je vyroba hollow struts, tedy dutych prutii. Z ptedchozich
vysledkt bylo patrné, Ze se Sitka drahy 1iSi v z&vislosti na pouZzité geometrii vzorku — single
track, thin wall (jednotlivé drahy kupeny na sebe), nebo prut. Proto se pfedpoklada, ze Sitka
drahy se bude ménit i v zavislosti na priiméru prutu (Obr. 5-2b — TW). Dalsim krokem je
zjisténi vhodné prekryvu drah (Obr. 5-2b — OL — overlap), aby mezi jednotlivymi drahami
nevznikala porozita [80]. Ten udava procento $itky drahy, které je v prekryvu se sousedni
drahou. Ciselné Ize tuto hodnotu vyjadfit jako 2x $itka drahy minus vzdalenost drah laseru
(Obr. 5-2b — HD — hatch distance) lomeno dvéma. Poslednim krokem je ziskani odsazeni
prvni drdhy od oéekavaného okraje prutu (Obr. 5-2b — BC — beam compensation). Siika
dréhy se projevuje jak smérem do prutu, tak i smérem z prutu. Tato hodnota je potiebné pro
vyrobu rozmérové piesnych prutll a bude ziskana na zéklad¢ vyrobenych prutovych vzorka
méfenim jejich skuteCnych prameéri. Po ziskani vSech parametrti z t€chto experimentt bude
mozné nastavit procesni parametry contour strategie a vyrobit ovéfovaci prutové vzorky,

které budou porovnany se vzorky vyrobenymi doporucenymi procesnimi parametry.
Pouzité védecké metody zkoumani

Vyroba vzorkii bude probihat na zaiizeni SLM 280", které je vybaveno Ytterbiovym
laserem s vykonem az 400 W. Vyska vrstvy bude nastavena na hodnotu 50 um. Ta byla
zvolena na zéklad¢ materidlu, kterym je hlinikova slitina AISi10Mg (TLS Technik GmbH).
Jeji distribuce ¢astic je 15-60 um. Platforma bude vyhtata na teplotu 150 °C. Pro zékladni
single track experiment bude pouzit vykon laseru 175-400 W a skenovaci rychlost 200-
2000 mm/s. Na zakladé vysledki z tohoto experimentu budou dale navrZeny procesni

parametry pro navazujici experimenty.

38



Pro analyzu single trackt, hollow strut a overlap experimenti budou vzorky metalurgicky
vybrouseny a foceny. Nejprve budou vzorky zality do zalévaci hmoty (EpoKwick,
hmotnostni pomér pryskyfice 4,4:1 tvrdidlo). Nasledn¢ budou vzorky vybrouseny na
metalurgické brusce (Advanced Metalography, Saphir 250 A2-ECO) s pouzitim brusnych
papirti se zrnitosti od 600 do 2000. Nasledn¢ budou vzorky vylestény s pouzitim brusné
pasty se zrnitosti 1 um. Vzorky budou nafoceny na digitdlnim mikroskopu (Keyence, VHX-
6000, objektiv Z250R, zvétSeni 250x). Na fotkach budou méteny parametry single tracki
jako jsou vyska (Obr. 5-3-1), Sitka (3), hloubka (2) a kontaktni tihel (4). Z téchto parametri
bude mozné urcit procesni parametry, které vedou k vyrobé single trackd bez imperfekci.
Na fotkach vzorki hollow strut bude méfena Sitka drahy. Na vzorcich overlap bude méfena
porozita mezi drahami pro zjiSténi vhodného overlapu mezi nimi (nizka porozita = vhodny
overlap — prekryv drah laseru). Ta bude méfena v programu Imagel, kde fotky budou
pfevedeny do Cernobilé barvy a nasledné bude vyhodnoceno procentudlni zastoupeni cerné

barvy (porozity) na fotce.

Obr. 5-3 Méfeni parametr( single tracku

Vyrobené pruty budou analyzovany pomoci pCT (Phoenix vitome|x L 240). Ze snimku z
pCT bude mozné urcit vnitini porozitu pruti a jeji rozlozeni (Obr. 6-1a). Déle budou snimky
pouzity pro digitalizaci pruti do STL formatu. Tyto data pak budou porovnana
s originalnimi CAD daty v programu GOM Inspect, kde bude urcCena jejich rozmérova
odchylka a nasledné také drsnost povrchu Ra. Ta bude slouzit pro porovnani mezi vzorky a
bude vztazena k velikosti Gaussova valce napasovaného na vyrobeny prut.
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5.6.2 Etapa 2: Pouziti contour strategie pro vyrobu prutii z hot¢ikoveé slitiny
WEA43

Cilem etapy 2 je nalézt vhodné procesni parametry pro vyrobu prutli z hoi¢ikové slitiny
WEA43. Tato slitina prokazuje dobrou biokompabilitu, kterou by bylo mozné vyuzit pfi
vyrobé kostnich implantatli. To vSak vyzaduje vyrobu prutii bez vétsich imperfekei jako je
porozita, drsnost povrchu a rozmérova neptesnost. Tato etapa by méla odpovédét na druhou
veédeckou otazku: Povede pouziti contour skenovaci strategie pro obtizné¢ zpracovatelnou
hot¢ikovou slitinu WE43 k vyrobé mikro-prutovych struktur s trovni porozity do 0,5 %?

V etapé bude postupovano podle nésledujiciho schématu (Obr. 5-4).

Vyroba mikro-prutovych struktur z hofcikové slitiny Dalsi rozsifeni
WEA43 D
: s r = Porozita v uzlu mikro-prutove
= Single track experiment * Hollow strut experimet struktury
Zaveér: ; Zavér. s = Redukce drsnostipovrchu
» \lybér vhodnych » Sitka drahy je rozdilna mikro-prutovych struktur
procesnich parametr( pro rGzne primeéry a

sklony prutQ 1l

*  \iyroba prutl *  Overlap experiment

Zavér: Zaveér:

» S vhodnym nastavenim » Prekryv drah laseru je
procesnich parametri se moZné urcit v zavislosti
podafilo redukovat na Sirce drahy

porozitu, drsnost
povrchu a rozmérovou
nepresnost

Obr. 5-4 Pfepokladany pribéh druhé etapy feSeni disertacni prace

V této fazi jde pfedev§im o nalezeni vhodnych procesnich parametrii pro zpracovani
hot¢ikovée slitiny WE43 a vyrobu mikro-prutovych struktur. Tato oblast nebyla doposud
popsana. Jelikoz hot¢ikova slitina WE43 je sloZena piedevs§im z hot¢iku a malého procenta
legujicich prvku, tak je velmi obtizné jeji zpracovani technologii SLM. Hoicik ma nizky
rozsah mezi teplotou taveni (650°C) a teplotou vypateni (1107°C) [14]. Proto je potieba jak
vhodné nastavit vstupni parametry laseru, tak, aby nedos$lo k vypateni hoiciku, ale také je
potieba je nastavit tak, aby material prutu byl schopen odvést tepelnou energii. Proto se
v této ¢asti pocitd s vyuzitim contour strategie, ktera se prokazuje jako vhodna pro vyrobu
mikro-prutovych struktur [34,81]. Postupovano bude jako v prvni etapé. Budou provedeny
zakladni testy pro ziskdni vstupnich parametrl contour strategie jako jsou Sitka drahy (track
width), pfekryv drah laseru (overlap) a kombinace vykonu laseru a skenovaci rychlosti.
S pouzitim téchto procesnich parametriit budou vyrobeny pruty a bude na nich pozorovéan

vliv parametrii na porozitu, drsnost povrchu a rozmérovou piesnost.
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Pouzité védecké metody zkoumani

Vyroba vzork® bude probihat na zaiizeni SLM 280"L. Jako material bude pouzita hoi¢ikova
slitina WE43 s rozlozenim s velikosti ¢astic 28-60 um. Tloust’ka vrstvy bude nastavena na
50 um. Pro zakladni single track experiment bude nastaven vykon laseru 50-250 W a
skenovaci rychlost 200-1200 mm/s. Na zakladé vysledkl tohoto experimentu bude zvolen
rozsah procesnich parametrti pro dal$i experimenty.

Vyhodnoceni vzorkd bude probihat shodné s etapou 1, kde pro single track, hollow strut a
overlap experiment budou vzorky metalograficky zpracovany a na jejich fotkach budou
vyhodnoceny zakladni parametry experimenti. Na vyrobenych prutech bude méfena
rozmérova presnost v programu GOM Inspect, kde budou vzorky naskenovany pifimo na
platformé pomoci 3D skeneru (ATOS Triple Scan). Drsnost povrchu Ra vyrobenych prutii
bude métena na digitdlnim mikroskopu (Keyence, VHX-6000, objektiv Z250R, zvétSeni
250x) a bude pouzita pro porovnani vlivu procesnich parametrti. Porozita v prutech bude
meéfena na vybrusech pomoci skriptu v matlabu. Ten byl vytvoten tak, aby z fotky vybral
pouze materidl prutu a v ném analyzoval procentni zastoupeni ¢erné barvy (pord). Na
zaklad¢ téchto vyhodnoceni bude mozné kvantifikovat vliv procesnich parametrti na vyrobu
prutl z hotcikové slitiny.

DalSi mozZné rozSifeni etapy

Po odladéni procesnich parametri pro vyrobu prutd bude mozné se zamétit na celé mikro-
prutové struktury. V nich jsou jednotlivé pruty spojeny v uzlu, a tak vznika zékladni bunka
struktury. V uzlu se trajektorie laseru méni v ptipad€ contour skenovaci strategie a vznikaji
ostré hrany trajektorie (Obr. 5-5a). To mize mit za nasledek prehtati mist s ostrymi hranami
trajektorie, coz vede ke vzniku porozity vlivem odpateni ¢asti materidlu a uzavieni vypart
v tavenin€ pii jejim tuhnuti. Tento jev byl pozorovéan pfi vyrobé mikro-prutovych struktur
z hlinikové slitiny AlSi10Mg (Obr. 5-5b). Jako mozné feSeni se jevi pouZziti procesnich
parametrQ s niz$i energii, nebo pouZiti rozdilné strategie pro vyrobu prutii a uzl. Toto bude
pfedmétem dalSiho vyzkumu.
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Obr. 5-5 (a) zména trajektorie contour strategie v uzlu buriky; (b) zvySena porozita v uzlu buriky

Dal§im moZnym navazanim na piedchozi vyzkum je redukce drsnosti povrchu. Jak bylo
v této kapitole popsano, pii vyrob¢ prutl z hot¢ikové slitiny WE43 je velké mnozstvi prasku
nataveno na samotny prut, coz vede ke zvySeni drsnosti povrchu. Nalepeny prasek negativné
ovlivituje pouziti mikro-prutovych struktur, protoze jednotliva zrna nedrzi pevné na prutu a
mohou se pouzitim uvolnit. Zvysena drsnost povrchu také mize zpusobit vétsi koncentraci
napéti, coz muze vést k lomu pfi zatizeni struktury. Existuji zpisoby post procesingu, které
se pro odstranéni prasku z povrchu soucasti vyrobenych SLM technologii pouZivaji. Jednou
znich je piskovani, které vSak v pfipadé¢ vétsi struktur nedosahuje na vSechny pruty
struktury. Dal$i moznosti je chemické opracovani povrchu. AvSak i samotné procesni
parametry mohou drsnost povrchu zasadné ovlivnit. Proto i tato oblast bude dal§im
pfedmétem vyzkumu.

5.6.3 Etapa 3: Zatézovani mikro-prutovych struktur z hot¢ikove slitiny
WEA43

Cilem etapy je popsat deformaéni chovani mikro-prutovych struktur. Této oblasti se doposud
vénovalo malé mnoZstvi publikaci [65]. Tato oblast tak neni dostate¢né popséana. Tato etapa
by méla odpovédét na tieti védeckou otazku: Povede pouZiti contour skenovaci strategie pro
vyrobu mikro-prutovych struktur ke zvySeni mechanickych vlastnosti oproti pouziti
procesnich parametri pro objemovy material pro hoic¢ikovou slitinu WE43? V etapé bude
postupovano podle nasledujiciho schématu (Obr. 5-6).
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Mechanické testovani mikro-prutovych struktur z horcikové
slitiny WE43
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Obr. 5-6 Predpokladany prabéh feseni treti etapy disertaéni prace

Tato faze tfeSeni bude vénovana mechanickym vlastnostem mikro-prutovych struktur
vyrobenych z hot¢ikové slitiny WE43. Pro zjisténi mechanickych vlastnosti bude pouzita
tlakova zkouska, kterda je v literatufe bézné pouzivana a bude tak mozné struktury
z hot¢ikoveé slitiny porovnat s dal$imi slitinami. V této fazi feSeni bude uvazovano testovani
vlivu skenovaci strategie na mechanické vlastnosti. Jak bylo zminéno v ptfedchozi kapitole,
contour strategie vede ke vzniku porozity v uzlech zdkladnich bunék. Tato porozita miize
byt inicidtorem trhlin, proto budou porovnany dvé¢ struktury — jedna vyrobena contour
strategii, druha s procesnimi parametry pro objemovy material. Bude tak mozné ovéfit vliv
contour strategie na mechanické vlastnosti struktur. Dal$im zkoumanym vlivem bude
velikosti prutu. U prutd do priméru 3 mm by se mély mechanické vlastnosti ménit

v zavislosti na praméru prutu [79]. Cilem bude ovéfit, jaky ma tato zména charakter.

Pouzité védecké metody zkoumani

OHL

Vzorky mikro-prutové struktury budou vyrobeny na zatizeni SLM 280" z hot¢ikové slitiny

WEA43. Procesni parametry budou vybrany na zakladé¢ vysledkli z druhé etapy.

Mechanické vlastnosti budou testovany na univerzalnim testovacim zatizeni (Zwick Roell
7250). Zatizeni bude osazeno piipravkem pro tlakové testovani mikro-prutovych struktur.
Z mechanické zkousky bude ziskan zdznam sily v zavislosti na prodlouzeni, kde bude mozné
definovat maximalni zatéZnou silu a prodlouzeni struktury. Ze smluvniho prufezu struktury
bude mozné urcit mez pevnosti struktury. Tyto parametry budou pouZity pro porovnani
struktur s rozdilnymi priméry pruti.
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DalSi mozZné rozsireni etapy

Dal$im moznym krokem je porovnani vlivu riznych smysli zatézovani jako je smykové a
tahové zatézovani. To mize byt uzitecné predevsim u obecné naméhanych téles, které by
mély byt optimalizovany pomoci mikro-prutové struktury. Dal§im logickym krokem by bylo
vytvoreni modelu v MKP reprezentujiciho smykové zatézovani struktur. Tento model by
pak bylo mozné pouzit na rizné struktury a zjistit tak mechanické vlastnosti bez nutnosti
provadéni experimentd.

5.7 Plan publikaci

Prvni publikace byla vytvofena z vysledkil prvni etapy. Publikace byla zamétena predevsim
na vyvoj procesnich parametrli contour strategie pro redukeci porozity, drsnosti povrchu a
rozméerové nepresnosti v porovnani s pruty vyrobenymi pomoci doporuc¢enych procesnich
parametrul.

Publikace 1 — datum vydani 02/2022

Cil publikace: Redukce imperfekcei jako je porozita, drsnost povrchu a rozmérova
nepfesnost pomoci optimalizace procesnich parametrti contour

skenovaci strategie.

Nazev: Contour laser strategy and its benefits for lattice structure
manufacturing by selective laser melting technology

Periodikum: Journal of Manufacturing Processes

Impact factor (IF): 5,684 (pro rok 2021)

Publikace 2 — piredpokladané datum odeslani 12/2022

V publikaci budou pouZity poznatky ziskané z prvni publikace k vyrobé¢ pruti z hotéikoveé
slitiny WE43 s vyuZitim contour skenovaci strategie.

Cil publikace: Vyvoj procesnich parametri pro vyrobu pruti z hoic¢ikové slitiny
WEA43 s cilem minimalizovat vznik porozity, drsnost povrchu a

rozmerovou nepresnost.
Periodikum: Materials

Impact factor (IF): 3,748 (pro rok 2021)
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Publikace — predpokladané datum odeslani 10/2023

V publikaci budou pouzity poznatky z piredchozich publikaci k vyrobé mikro-prutovych
struktur z hoicikové slitiny WE43. Ty budou zatézovany tlakem. Vysledky budou dale
analyzovany a bude popsan vliv tlakového zaté¢Zovani a procesnich parametri na deformacni

chovani struktur.

Cil publikace: Popis deformaéniho chovani mikro-prutovych struktur v zévislosti na
pouzitych procesnich parametrech a priimérech pruti.

Periodikum: Journal of Magnesium and Alloys

Impact factor (IF): 11,813 (pro rok 2021)

V zavislosti na moznych navazujicich tématech zminénych v kapitole 5.6 mohou vniknout

v prubehu feseni disertacni prace dalsi publikace.
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6 SOUCASNY STAV RESENI DISERTACNI PRACE

6.1 Vyvoj contour skenovaci strategie pro vyrobu mikro-
prutovych struktur z materialu AlISi10Mg

Disertacni prace navazuje na piredchozi studium, které se zabyvalo moZznosti pouZzit contour
strategii pro vyrobu nizko-objemovych dilii jako jsou mikro-prutové struktury. Prvotni
vysledky ukazaly, ze contour skenovaci strategie by mohla byt vhodné pro vyrobu mikro-
prutovych struktur (Obr. 6-1a) a byly shrnuty do publikace Selective Laser Melting Strategy
for Fabrication of Thin Struts Usable in Lattice Structures (viz ptiloha 1) [34].
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Obr. 6-1 (a) redukce porozity ve sklonénych prutech pomoci contour skenovaci strategie [34]; (b) vysledky
porozity contour strategie pro vertikalni pruty [88]
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Na zaklad¢ téchto vysledki bylo téma dale studovano. Byly navrzeny rozSifujici
experimenty, které byly zaméfeny na mikro-prutové struktury se zdmérem ziskat potiebné
vstupni parametry pro contour skenovaci strategii (vykon laseru, skenovaci rychlost, Siika
dréhy, prekryv drah laseru, odsazeni prvni drahy od okraje prutu). Cilem téchto experimentii
bylo nastavit procesni parametry contour skenovaci strategie tak, aby byla redukovéana
porozita v prutech s ohledem na namétfené hodnoty porozity pti pouziti doporucenych
procesnich parametri. DalSim cilem bylo popsat vliv procesnich parametrii na drsnost
povrchu a rozmérovou piesnost. Pro tuto studii byla pouzita hlinikovéa slitina AISi10Mg,
ktera je v literatufe dobfe popsana, a navic se bézn¢ pouziva pro vyrobu dili technologii
SLM. Diky tomu existuji doporuc¢ené procesni parametry pro tuto slitinu, ke kterym je
mozné vysledky vztahovat. Ziskané poznatky byly shrnuty do publikace Contour laser
strategy and its benefits for lattice structure manufacturing by selective laser melting
technology (viz ptiloha 2) [88]. Tato publikace je zakon¢enim prvni etapy feSeni disertacni
prace a jeji hlavni poznatky lze shrnout do nékolika odrazek:

* Geometrie vzorkll ma vliv na vstupni parametr Sitky drahy pro contour skenovaci
strategii. Proto byl pouzit experiment hollow struts (dutych prutd), které vedly
k naméteni rozdilnych hodnot Sitky drdhy, nez bézné¢ pouzivany single track
(jednotlivé drahy) experiment.

= Siika drahy naméfena v hollow strut experimentu je zavisld na procesnich
parametrech, orientaci prutu a priméru prutu.

»  Optimalni hodnota piekryvu drah laseru byla stanovena jako 35 % $itky drahy,
pricemz tato hodnota by méla byt dodrzena v celém prutu

*  Smér taveni zevniti-ven v kazdé vrstvé pii pouZiti contour skenovaci strategie vedlo
k redukeci ostrych pori, které vznikaly vlivem absence prasku uvnitt prutu pfi pouZiti
z vnéjsku-dovniti sméru.

= Siika dréhy ziskana ze zavislosti $itky drahy na linearni energii (vykon laseru /
skenovaci rychlost), priméru prutu a orientaci prutu vedla k nastaveni procesnich
parametril contour skenovaci strategie tak, ze byly vyrobeny pruty s porozitou do
0,2 % (Obr. 6-1b)

* Drsnost povrchu Ra se dokézalo pouZitim contour skenovaci strategie, a to zejména
u sklonénych prutd.

» Nastaveni odsazeni trajektorie prvni drahy laseru od ptedpoklddaného okraje prutu o
33 % S§itky drahy vedlo k vyrobé prutt s primérnymi odchylkami rozméru 0,03 mm
pro sklonéné pruty a 0,04 mm pro vertikalni pruty.
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6.2 Vyvoj procesnich parametrii contour skenovaci strategie pro

vyrobu mikro-prutovych struktur z hoi¢ikové slitiny WE43

Na zaklad¢ publikovaného ¢lanku uvedeného v ptedchozi kapitole se ukazalo, ze pouziti
contour skenovaci strategie vedlo k redukci porozity, drsnosti povrchu a rozmérové
nepiesnosti ve vyrobenych prutech. Proto byla tato strategie zvolena se zdmérem vyrabét
mikro-prutové struktury z hot¢ikové slitiny WE43.

Doposud bylo provedeno nékolik experimentti, které vedly k ziskani dat pro naladéni
contour skenovaci strategie. Prvnim experimentem byl single track experiment (Obr. 6-2a).
V tomto experimentu byly vyrobeny jednotlivé navary v rozmezi procesnich parametri:
vykonu laseru 50-250 W a skenovaci rychlosti 200-1200 mm/s. Celkem bylo vyrobeno 98
navar(, na kterych byl vyhodnocen tvar navart z metalografickych vybrust.

(@) (b) (c)

Obr. 6-2 (a) navary z horcikové slitiny WE43; (b) metalograficky vybrus navaru: z hof¢ikové slitiny WE43;
(c) z hlinikové slitiny AISi10Mg

Vysledky experimentu ukazuji, Ze zpracovatelnost hot¢ikové slitiny WE43 je zna¢né odlisna
od hlinikové¢ slitiny AlSi10Mg. Navary z hot¢ikové slitiny WE43 (Obr. 6-2b) maji vétsi
privar nez navary vyrobené z hlinikové slitiny AISil0Mg (Obr. 6-2¢). To je dano piedevsim
teplotou taveni hoic¢iku, ktera je znacné niz$i nez u hliniku. Tento jev zplisobuje velikost
pravaru az 6x vétsi, nez je tloustka vrstvy, tedy jeden navar mize vést ke spojeni az 6 vrstev
pod nim. To vSak nese dalsi rizika z pohledu tvorby porozity, kterd v takovém ptipad¢ miize
vznikat.

Dalsi experimenty vedly k prokdzani vlivu geometrie vzorku na $itku drédhy/stény. Byly
porovnany tfi druhy vzorkl: single tracks (jednotlivé navary); thin walls (tenké stény);
hollow struts (duté pruty). Sitka drahy byla méfena u single tracks vzorki pomoci svételného
mikroskopu a méfeni vzorktli se shora. Thin walls a hollow struts (Obr. 6-3a) vzorky byly
méfeny pomoci metalografickych vybrust.
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Obr. 6-3 (a) hollow strut vzorky; (b) zavislost Sifky drahy na linearni energii u rliznych geometrii vzorkl

Vysledky neprokazuji tak vyznamny vliv geometrie vzorku na Sifku drahy (Obr. 6-3b) jako
byla pozorovana u hlinikové slitiny AlSi10Mg. Nejvétsi vliv na Sitku drahy ma linearni
energie, tedy vyssi energie vede k SirSimu névaru. U hollow struts vzorkl byla provedena
analyza vlivu parametra (linearni energie, vykon laseru, skenovaci rychlost, primér prutu)
na $ifce drahy v programu Minitab (Obr. 6-4). Ta prokazala, ze primér prutu ma na Sitku
drahy nejmensi vliv, coz je v rozporu s pozorovanim u hlinikové slitiny.
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Obr. 6-4 Vlivy vstupni parametrd pro vyrobu hollow struts vzorkd na Sifku drahy

V dalsim experimentu bylo cilem ziskat hodnotu piekryvu drah laseru, kterd povede
k vyrobé prut bez porozity. Pro tento ucel byly vyrobeny hollow struts vzorky tvorené
dvéma drahami laseru. Vyhodnoceni probihalo méfenim porozity mezi drahami na
metalografickych vybrusech. Vysledky vSak nevedly k prokézani jedné hodnoty, ktera by
vedla k redukci porozity (Obr. 6-5). Porozita mezi drahami pod 1 % se ukézala u vzorki
vyrobenych s piekryvem od 25 % do 80 %.
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Obr. 6-5 Vliv pfekryvu drah laseru na relativni hustotu mezi drahami u hollow struts vzork( vyrobenymi
dvéma drahami

Vzhledem k ptedchozim experimentiim byly vyrobeny prutové vzorky, které byly vyrobeny
ve tfech sadach s prekryvem drah laseru 40, 50 a 60 %, aby se ukazalo, zda tyto pfekryvy
drah povedou ke zméné porozity. V prutech tedy bude méfena porozita, drsnost povrchu a
rozmeérova piesnost.

Tyto vysledky budou pouzity v druhé publikaci, kterd by méla odpovédét na védeckou
otazkou ¢islo 2.
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7 ZAVER

Pojednani ke statni doktorské zkousce detailné rozebira vyrobu mikro-prutovych struktur
z lehkych slitin hliniku a hof¢iku. Prvni ¢ést je zaméiena na shrnuti soucasného stavu
poznani, které je mozné rozde€lit do dvou ¢asti. V prvni ¢asti je uveden popis zpracovani
hot¢ikovych slitin pomoci technologie SLM. Hoi¢ikové slitiny jsou obtizné zpracovatelny
materidl a je nutné brat ohledy na korozi, hoteni hoiciku a jeho vypatovani. Z téchto divodu
nejsou v literatuie uvedeny procesni parametry pro jeho zpracovani do podoby mikro-
prutovych struktur. Proto byla druhd ¢éast shrnuti soucasného stavu poznani zaméfena na
vyrobu mikro-prutovych struktur z riznych materialti, avSak zejména z hlinikové slitiny
AlSi10Mg. Ta je dobie popsana v literatufe a jednoduse zpracovatelna na zatizeni SLM.
Existuji také jeji doporucené procesni parametry pro vyrobu objemovych dild. Mikro-
prutové struktury se od objemovych dilt lisi v odvodu tepelné energie, ktera vede ke vzniku
imperfekci jako je zvySend porozita, drsnost povrchu a rozmérova nepiesnost. Proto se
disertacni prace zaméfuje na vyrobu mikro-prutovych struktur.

Na zéklad¢€ soucasného stavu poznani byla provedena analyza uvedenych poznatki. Ta vedla
k identifikaci bilych mist, které¢ nebyly v literatufe popsany. Pro vyrobu mikro-prutovych
struktur se jedna o redukci imperfekci pomoci nalezeni vhodnych procesnich parametrti pro
jejich vyrobu. Pro hoicikové slitiny nebyly doposud publikovany ¢lanky zabyvajici se jejich
vyrobou a vlivem procesnich parametrii na jejich vyrobu. Na zaklad¢€ bilych mist a literatury
byly vytvofeny tfi védecké otdzky a pracovni hypotézy. Ty byly déle rozvijeny do tii etap
feSeni disertacni prace, kde kazda etapa se zabyva feSenim jedné védecké otazky. V kazdé
etap¢ je uvedeno, jak bude feSeni probihat se zamétenim na zodpovézeni danych védeckych
otazek. Jsou zde také uvedeny parametry a zafizeni, na kterych bude vyzkum provadén.
Vysledky zjednotlivych etap budou pouZity pro sepsani publikaci. Jejich seznam a
planované periodikum pro danou publikaci je uveden v kapitole plan publikaci.

V posledni ¢asti pojednéni k disertacni préci je soucasny stav feSeni disertacni prace. Prvni
etapa feSeni byla Uispé$n¢ splnéna. Byl publikovén ¢lanek, ve kterém byla jako vhodna pro
vyrobu mikro-prutovych struktur identifikovana contour skenovaci strategie, ktera vedla
k vyrobé vertikalnich a sklonénych prutl s porozitou do 0,2 % pro praiméry prutt od 0,6 do
3 mm. Jeji pouziti také vedlo k redukci drsnosti povrchu a rozmérové nepresnosti vzhledem
k doporucené meander strategii. Experimenty, které¢ vedou k ziskani procesnich parametri
contour strategie byly pouzity pro hot¢ikovou slitinu WE43. Vysledky z experimenti byly
analyzovény a na jejich zaklad¢ byly nastaveny procesni parametry pro vyrobu prutovych
vzorki. Ty jsou v soucasné dob¢ analyzovany.
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8 SEZNAM PRILOH

Ptiloha 1: Publikace Selective Laser Melting Strategy for Fabrication of Thin Struts Usable

in Lattice Structures

Ptiloha 2: Publikace Contour laser strategy and its benefits for lattice structure

manufacturing by selective laser melting technology
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Abstract: This paper deals with the selective laser melting (SLM) processing strategy for strut-lattice
structure production which uses only contour lines and allows the porosity and roughness level to be
managed based on combination of the input and linear energy parameters. To evaluate the influence
of a laser scanning strategy on material properties and surface roughness a set of experiments was
performed. The single welds test was used to find the appropriate processing parameters to achieve
continuous welds with known width. Strut samples were used to find a suitable value of weld
overlapping and to clarify the influence of input and linear laser energy on the strut porosity and
surface roughness. The samples of inclined hollow struts were used to compare the wall thickness
with single welds width; the results showed about 25% wider welds in the case of a hollow strut.
Using the proposed SLM strategy it is possible to reach a significantly lower porosity and surface
roughness of the struts. The best results for struts with an inclination of 35.26° were achieved with
25% track overlapping, input energy in the range from 9 J to 10.5 ] and linear energy Ej;, from 0.25 to
0.4 J]/mm; in particular, the relative density of 99.83% and the surface roughness on the side of the
strut of Ra 14.6 um in an as-built state was achieved.

Keywords: selective laser melting (SLM); AlSi10Mg aluminum alloy; scanning strategy; porosity;
roughness; contour strategy; melt-pool size; linear energy; input energy

1. Introduction

Nowadays, metallic porous materials such as cellular structures or foams have a wide range of
applications. Metal foams are mostly used for energy-absorbing applications or as filling material of the
conventionally produced profiles for weight reduction. Their most significant advantage is relatively
cheap mass production. However, the regularity and shape of the foam structure cannot be precisely
controlled [1-5]. On the other hand, the additively manufactured cellular lattice structures are mostly
used for special parts in aerospace, space, cooling or biomedical applications [6-8]. The most important
advantages of the lattice structure are their shape regularity and a wide range of possible materials
that can be used [9,10]. One of the suitable additive technologies for lattice structure production is
selective laser melting (SLM).

SLM is a layer-based metal additive technology allowing for rapid fabrication of porotypes and
lightweight components with complex geometry [11-14]. Fabrication, using SLM, is affected by many
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process parameters which have a significant effect on the final material properties. The main SLM
process parameters are laser power (LP), laser speed (LS), thickness of the applied powder layer,
distance between laser tracks, diameter of the laser beam, and scanning direction [15]. Its influence
on the final mechanical properties was examined, especially for solid-based production; however, for
lattice structures, this has not been well investigated.

Qiu et al. [8] investigated the influence of the laser power (LP) and the scanning (LS) speed on
the diameter, shape and porosity of the struts made of AlSi10Mg material. The linear dependence
between the strut diameter and the increasing LP was found. The authors used LS of 3500 mm/s while
the LP was changed in the range from 150 W to 400 W. The diameter of strut changed from 260 pm
to 500 um for the nominal diameter of 300 um. Due to the number of struts in the lattice structure,
the mechanical properties can significantly change. The dependence of the main process parameters
on the strut porosity was evaluated, but only for one LP and LS level. Abele et al. [16] dealt with
dimensional accuracy of the strut structure. The authors tested a laser strategy for lattice structure
production focused on high dimensional accuracy of very thin struts (d = 0.2 mm). These struts were
produced by only one laser path, and therefore the authors investigated primarily the offset of the
laser contour paths. The linear energy Ej;, (J/mm) and laser spot diameter were used as the main
parameters. The authors defined the struts’ size limitation as two times laser spot diameter. Leary
et al. [17] investigated a manufacturability and surface roughness of the struts with the orientation
typical for struts-lattice structures. They found that the surface roughness on the strut down-skin
surface is significantly higher due to a heat transfer and sticking of the surrounding powder on the
strut down-skin. The surface roughness is strongly dependent on the strut orientation which was also
described by other authors [10,16,17]. Yan et al. [10] explained the higher surface roughness on the
down-skin surface by the “stair effect” after slicing of the strut to the single layers. This effect increases
at a lower strut inclination, where a greater part of the layer is produced directly on the powder.
However, a lower height of layer thickness could decrease this effect. Koutny et al. [18] examined the
influence of the strut orientation on the strut size. The samples were measured by a 3D optical scanner
and evaluated by maximum inscribed cylinders inside the struts. Correction parameters for the struts’
production with the accurate size were proposed.

Yu et al. [19,20] investigated the influence of the laser power and the scanning speed on the width
of the single track. The scanning speed was found to be more influential in relation to the final width
than the laser power. Samples fabricated with high energy density had a high porosity in the upper
layers because the previous layers were re-melted and gas pores moved up to the current layer. Parts
with full density were produced with high laser energy density. Wei et al. [21] showed that the weld
samples produced in the linear energy density range of 1.5-1.875 J/cm had a continuous scan track
with a relatively smooth surface without intertrack pores. Delroisse et al. [22] studied the influence of
strut orientation on the microstructure. They found a heterogenous microstructure in case of inclined
struts, while the vertical struts had a fully homogenous structure. The differences were explained by
worse heat transfer in the bottom zone of the strut caused by strut orientation.

Koutny et al. [18] also examined the influence of the strut orientation on the strut size for
samples made of stainless steel (SS) material. The results of SS material were different compared to
aluminum alloy; while the samples of SS material had the diameter smaller than nominal, the samples
of aluminum alloy had a larger diameter. Attar et al. [23] examined commercially pure titanium
alloy (CP-Ti) from powder with a wide grain size range up to 100 um. The authors experimentally
investigated the SLM process parameter to produce nearly full dense (>99.5%) CP-Ti cylindrical
samples with diameter d = 4mm without any post-treatment.

The present study deals with SLM scanning strategy for struts fabrication using concentric contour
laser paths in the entire strut cross-section instead of volume strategy [16]. The main aim is to allow
for fabrication of struts-lattice structures with expected mechanical and material properties with high
repeatability. This is very important for designing components for aerospace or space industries using
finite element method (FEM) analysis [24] and topology optimization with great strength to weight
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ratio. Due to a large number of the struts in the lattice structure, even a low increase in the single
strut dimension can significantly change the mechanical properties of the lattice structure [8,25-28].
Also, the influence of the LS and LP process parameters on the struts’ surface roughness and porosity
are described.

2. Materials and Methods

2.1. Metal Powder Analysis

The AlSi10Mg aluminum alloy metal powder (TLS Technik GmbH, Bitterfeld, Germany) was used
in all experiments. The metal powder was produced using a gas atomization in nitrogen atmosphere
and its particles were almost spherical in shape (Figure 1b). A particle size distribution was analyzed
(Horiba LA-960, Horiba, Kyoto, Japan) for powder quality verification. The results can be seen in
the chart (Figure 1a). The particle mean size was 41.41 um, median size was 40.7 um and standard
deviation was 12.9 um. The particle size up to 25.2 um represents 10% and the particle size up to
58 um represents 90% of particle size distribution. Depending on the particle size distribution, a 50 um
layer was applied.
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Figure 1. Selective laser melting (SLM) powder characteristics; (a) chart of particle size distribution;
(b) shape of powder particles (scanning electron microscopy (SEM)).

2.2. Roughness Analysis

The struts samples were digitized by the optical measurement system (Atos Triple Scan III, GOM
GmbH, Braunschweig, Germany) to find out the surface roughness on the strut side. The optical
system was equipped with two 8 Mpx cameras and MV60 lens (resolution 17 um). The samples were
coated with a thin layer of TiO, powder (thickness of around 3 pum) [29] before the scanning process
and digitized separately one by one for a more detailed measurement. After digitization, the data were
polygonised using a “more detailed” option in GOM Atos software. With the optical measurement,
the down-skin surface cannot be sufficiently digitized. Therefore, data of micro-computed tomography
were used.

The GOM Inspect software was employed to evaluate the surface roughness by comparing the
section line of digitized strut surface and the best-fitted computer-aided design (CAD). (Figure 3a).
Obtained values were used for calculation of the Ra surface roughness according to Equation (1).

1 |z1] + |z2| + ... + |za]
Ra = EZ?:HZJ = . .

(pum) 1
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2.3. Porosity Analysis

Software Image ] was used for the initial porosity analysis of the top view sample images (8-bites)
after basic grinding with the use a hand grinder (GP-2 Grinder, Sinowon, Dongguan, China). The image
area for the analysis was cropped out using the rectangle window without inclusion of the rough
border of the strut. Then, the colors were converted to black and white using the automatic threshold
to reach a repeatability for all samples. The results of the porosity were evaluated as the percentage of
black in the color white (Figure 2).

Internal porosity was also analyzed using the micro-computed tomography (uCT, GE phoenix
v | tome | x L240, GE, Wunstorf, Germany). The main parameters of the X-ray tube used were the
voltage of 130 kV, current of 100 pA, and filter of 0.5 mm copper plate. Within two pCT measurements,
two groups of four samples were jointly analyzed (Figure 3b). The measured data were obtained with
the 15 um linear voxel size resolution and were reconstructed (using the back-projection algorithm)
in the Datos reconstruction software. All subsequent post-processing was performed in the software
VGStudio MAX 3.1.

i,

(b)

Figure 2. The samples after basic grinding to the struts mid-plane; (a) the top view images captured by
light microscope; (b) three areas of the struts after converting of the colors in Image] software.
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Figure 3. Struts analysis—(a) surface roughness evaluation in GOM Inspect software after optical
measurement; (b) group of four samples measured together in VGStudio MAX software; (c) transparent
3D render of the strut with the lowest porosity 0.17% (d) transparent 3D render of the strut with the
highest porosity 2.93%.
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During the software analysis, the reconstructed data were divided into single struts and then
each sample was independently analyzed in the porosity analysis module. The software detection
of the air pores is based on the thresholding method that determines the boundary between the
material and the air (background). This threshold was calculated automatically by software to reach
comparability between both measurements. The results of the porosity analysis were between 0.17
and 2.93% (Figure 3c,d).

2.4. Input Energy Calculation

The input energy to the current layer (E;,) was obtained by Equation (2). It is based on the real
laser paths in the actual layer, and on beam compensation and hatch distance parameters, which
depended on actual process parameters and their single welds. The total length of the laser paths
in the layer I was calculated based on the ellipse circumference o and the numbers of laser tracks N
(Equation (3), Table 1), LS and LP were the main laser parameters.

By = 7o°() @

I=) 7 01+02+...4 0, (mm) (3)
0 %Z[a—i—b—i—y/Z(aZ—i-bZ)} (mm) 4)
a = g; b= (i)-cos (54,74°) (mm) (5)

2.5. Samples Fabrication

All samples were manufactured using a SLM machine (SLM 280'L, Liibeck, Germany) equipped
with 400 W Ytterbium fiber lasers (YLR) laser. The laser beam was focused to the diameter of
82 um and had a Gaussian shape. Laser scanning speed may reach up to 10,000 mm/s. During the
production process, Ny atmosphere was used in the chamber and the oxygen level was kept under
0.2%. The platform temperature was 150 °C.

To find the most suitable material and surface properties of AlSi10Mg struts produced by SLM,
several tests were used:

e Single welds test;
e  Struts test;

e  Struts test II;

e  Hollow struts test.

2.5.1. Single Welds Test

The aim of the single welds experiment was to find a suitable combination of the main process
parameters (LP, LS) for the production of consistent single welds and to find out the width of single
welds for a specific combination of process parameters.

To prepare the real condition during layer by layer production, single welds were produced on
the top of 5 mm solid material block (Figure 4a). The influence of the laser direction on the single welds
condition was also observed; therefore, all single welds were produced in and against atmosphere
flow direction (Figure 4b). Images of the welds from the top view were captured by light microscope
(Olympus SZX7, Olympus, Tokyo, Japan) and used for width measuring and a visual evaluation of
the continuity and uniformity (Figure 4c). Their width was measured in six points along each single
weld and one average value for both directions was used. For the experiment, the following process
parameters were changed—LP in the range between 175 and 400 W in steps 25 W and LS in the range
between 200 and 2000 mm/s in steps 100 mm/s.
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Single weld produced against

atmosphere direction

Single weld produced in

atmosphere direction
(@) (b) (c)

Figure 4. (a) Shape of the single welds samples; (b) one combination of process parameters produced

in and against the atmosphere flow; (c) measurement of width of the single welds.

2.5.2. Strut Test

The aim of the test was to narrow the process parameter window of the single weld test depending
on the porosity and surface roughness of the struts and to find the most suitable overlap (OL) parameter
from the porosity point of view. The samples consisted of five struts with diameter d = 2 mm were
produced in two orientations (OR) compared to the platform OR 90 and OR 35.26°. The strut diameter
was chosen to be sufficiently large to set OL in the range from OL-50% to OL 50% of the weld width
(Figure 5b). The beam compensation parameter (BC, a distance between the strut surface and the
first laser path) was applied as a half of the weld width. Laser process parameters were changed as
follows—LP in the range from 225 to 350 W, and LS in the range from 400 to 2000 mm/s.

OL = -50% -25%

contour laser trajectory - - - - strut surface

(a) (b)

Figure 5. (a) Shape of the samples with inclination of 90°; (b) contour strategy with different
overlap parameter.

In this experiment, the laser strategy for lattice structure production created only by contour
lines was tested (Table 1). The main idea is the possibility to produce fine lattice structure using
various combinations of the process parameters (low /high energy) to manage surface roughness or
internal porosity and to allow for production of very thin struts. An advantage is an easy optimization
of the strategy for the elimination of non-melted or over-melted areas in struts and for improving
dimension accuracy.
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Table 1. Laser strategies of the strut with inclination of 35.26° (orientation in body centered cubic (BBC)
lattice structure).

Strategy/d

0.5 mm 0.6 mm 0.7 mm 0.8 mm 0.9 mm
(mm)

Contour

Standard : > e P ( ) [

After fabrication, samples were ground to the mid-plane of the struts using a hand metallographic
grinder (GP-2 Grinder, Sinowon, Dongguan, China), and the images of the samples from the top view
were taken by light microscope (Olympus SZX7, Tokyo, Japan). For the initial porosity analysis Image]J
software was used. Porosity was analyzed only on the samples with OL 0%, 25% and 50%.

2.5.3. Strut Test II

The aim of the experiment was to find the influence of LP and LS on the internal porosity and
surface roughness. The following process parameters were selected: LP in the range between 225 W
and 400 W and LS in the range between 500 mm/s and 2000 mm /s with respect to the perspective
area of previous strut test. The strut samples with OR 35.26° only were used in the experiment.
The samples were analyzed using nCT to obtain more accurate results of porosity and full surface data
for down-skin roughness evaluation.

2.5.4. Hollow Struts Test

Samples of hollow strut shape; created with only one single weld in each layer, were produced
(Figure 6). The cross-section of the hollow strut sample was designed to ensure evaluation of correct
width of the wall without distortion caused by grinding in the inclined plane. The primary aim of the
hollow strut test was to compare the width of the single welds on the solid block and the width of the
wall of hollow struts (the shape close to the real strut). The combinations of the process parameters
were selected also to obtain the influence of the width of wall on LP and LS. For this experiment,
the following process parameters were changed—LP (225, 250, 275, 300, 350, 400 W); LS (500, 900,
1400 mm/s). After fabrication, the 37 samples were ground to the mid-plane of the struts using a hand
metallographic grinder (GP-2 Grinder, Sinowon, Dongguan, China) and the images of the ground
surface from the top view were captured by light microscope (Olympus SZX7, Olympus, Tokyo, Japan).

15 mm

(a)

Figure 6. (a) A special shape of strut designed for evaluation of the width of hollow strut walls
without distortion caused by inclined grinding plane; (b) wall width measurement using macro images
captured by the light microscope.
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3. Results

3.1. Single Welds Test

The results of the width of single welds are shown in Figure 7. The final values were averaged
from six measurements against and six measurements in the atmosphere flow direction. The values
marked in red color were excluded due the worse quality of the welds (non-uniformity of width and
bad continuity). For the input linear energy calculation, Equation (6) was used and the limit value of
around 0.25 J/mm was found for continuous welds.

Ey, = LP/LS (J/mm) (6)

w (um) Laser speed (mm/s)
Egin (mm) | 200 [ 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000]1100] 1200] 1300]1400] 1500] 1600 1700] 1800 | 1900 ] 2000

17 | 35% 310 261 290 246 221[214 199 223

0.88 058 0.44 035 029 025|022 0.19 0.18
j00 | 401 343 303 286 317 271 240[210 201 210
100 067 0.50 040 033 0.29 025|022 020 0.18

- 374 309 271 255 214 203 199 174 [ 163 145

- 0.75 0.56 045 038 032 0.28 0.25 023|020 0.19

55 344 314 270 253 233 223 201 180 | 161 163 159
= | 0.83 0.63 0.50 042 036 031 0.28 025|023 021 0.19
% s 380 346 332 289 262 277 235|227 221 201 149
B 0.69 055 0.46 039 034 031 028|025 023 021 020
& 305 325 308 267 260 232 223 202|211 193 183 192 186
g | 075 060 050 043 038 033 030 027|025 023 021 020 0.19
al P 333 316 275 274 262 258 207 199 200 | 196 189 176 145

- 0.65 054 046 041 036 033 030 027 025|023 022 020 0.19

- 358 336 328 317 300 261 259 259 205|200 199 209 205 352

0.70 058 0.50 044 039 035 032 0.29 027|025 0.23 022 021 019

e 317 308 201 372 370 272 267 250 287 230 237 | 239 223 217

o 063 054 047 042 038 034 031 029 027 025 023|022 021 020

S 357 332 358 301 273 234 236 223 214 206|223 216 212 201 210

0.67 057 050 0.44 040 036 033 031 029 027 025 0.24 022 021 020

Figure 7. The average width of the single welds in and against atmosphere flow (colored cells); line
energy (color free cells).

Figure 8a shows the frequency of the continuous single welds widths from 145 um to 401 pm in all
tested process window. Different widths of single welds are useful for ensuring the dimension accuracy
and material properties during production of the struts using a contour line strategy (especially thin
struts). Therefore, for the next experiments, the welds across the entire perspective process window
were selected as follows—the consistent welds were categorized into 11 classes according to weld
widths. From each class, one combination of process parameters was chosen depending on the amount
of linear energy Ejy;,, in the (Equation (6)). The combination of LP and LS with the linear energy level
closest to the average energy level of the class was selected. A few more combinations, e.g., laser
parameters corresponding with standard process parameters or the parameters from previous studies,
were chosen. Finally, 16 combinations of LS and LP were tested.
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Figure 8. The results of the single welds test (a) histogram of the width frequency of single welds,
(b) the prediction of weld width for non-tested combinations of process parameters.

3.2. Struts Test

3.2.1. Determining the Overlap Parameter

The samples were ground to the mid-plane of the struts to measure the internal porosity and to
check the weld overlap (OL). The internal porosity was analyzed on the struts with OL from 50% to
0% to prevent distortion of the results due to a disconnection between the neighboring single welds.
For evaluation of the most suitable OL value, a dependence of the porosity vs. input energy E;,, was
used (Figure 9a,b).

@ ; (0 50% ® 25% W0%OL
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325 =
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Figure 9. Porosity vs. input energy dependence (a) for inclination 90°; (b) for inclination 35.26°.

In the charts, three groups of porosity regarding the OL parameter were identified in both cases
of struts inclination. To find out the OL parameter with the lowest porosity level, the results were
interpolated with quadratic polynomial function and the minimum of the function was determined
(black cross in Figure 9).

In the results of both strut inclination, the overlap OL 50% shows a higher porosity level. It occurs
due to a large overlap area where the material is overheated. Higher porosity level is also at OL
0% where it could be caused by theoretically no overlap and insufficient connection between the
neighboring welds. The lowest porosity level was reached at OL 25% in both orientations; therefore,
for the next experiments, the OL 25% was selected as the most suitable. In the case of OR 35.26°,
higher porosity values were identified compared to OR 90°.

3.2.2. Initial Roughness Analysis

Results of surface roughness on the strut side show different trends based on struts inclination
(Figure 10). For the struts of OR 90°, roughness decreases with higher E;, while for OR 35.26°,
roughness significantly increases with higher E;,,. The worse surface quality at OR 35.26° is caused by
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approximately 40% higher E;, and heat transfer to the surrounding powder particles and caused by
strut inclination.

(b) 50%O0OL @ 25%OL m 0%OL
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Figure 10. Surface roughness vs. input energy dependence (a) for inclination of 90°; (b) for inclination
of 35.26°.

The images captured by light microscope (Olympus SZX7, Tokyo, Japan) confirm the previous
results. Figure 11 shows two combinations of process parameter. The former with high E;,,—LP 275 W,
LS 400 mm/s (Figure 11a,b), and the latter with low E;,—LP 300 W, LS 1400 mm/s (Figure 11c,d).
In the case of the struts at OR 90° produced with higher E;,, the surface quality was smooth, with
no partially melted powder (Figure 11b). The struts produced with lower E;, were characterized by
visually rough struts surface (Figure 11d). In the case of the struts at OR 35.26° produced with higher
E;,, the top surface also seems to be smooth; however, a lot of partially melted powder appeared on the
strut down-skin surface (Figure 11a). The struts produced with lower E;,, had a significantly smaller
amount of partially melted powder on the strut down-skin surface (Figure 11c).
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Figure 11. Struts surface quality—produced with higher E;, (a) at orientation (OR) 36.26°; (b) at OR
90°; produced with lower E;, (c) at OR 36.26°; (d) at OR 90°.

The results of porosity and surface roughness were jointly used to narrow the perspective area
of the process parameters for struts production in 3D contour graph (Statistica software). Based on
the results, the laser parameters were narrowed as follows—LP between 225 W and 300 W, LS over
1000 mm/s.

3.3. Struts Test 11

3.3.1. Interpolation of Welds Width

The aim of the struts test Il mainly was to determining the effects of individual parameters on
surface roughness and internal porosity. In order to obtain dependencies on LP and LS, the parameters
were selected with respect to perspective area of the previous strut test. Some combinations of LP
and LS were not included in the single welds test and their widths were not known. To find them,
the dependence between LS and width of the single weld was used for prediction (Figure 8b).
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Figure 8b shows the curves of LS vs. welds width curves for LP 400, 300 and 250 W. From the
results of LP 400 W, it is obvious that the dependence is not linear; therefore, the power functions,
which best correspond to the measured data, were used for interpolation. This is also confirmed by the
results for LP 300 W and LP 350 W. The calculated values are marked red.

3.3.2. Porosity Analysis

The porosity results were obtained by a micro-computed tomography (uCT) device with voxel
size of 15 um. The struts were individually analyzed to find out the porosity level for each combination
of process parameters However, the shape and the size of pores is also important. Table 2 shows the
images of the uCT analysis with various shapes of pores and porosity level. Based on the results,
the required minimum values of linear energy Ep;, 0.25 J]/mm and input energy E;;, 8 ] were identified
for strut production without creating large irregular pores.

Table 2. The porosity level of the strut samples—3D renders with pores shape; the pores in the entire
volume were projected to the plane of the view; all images have the same pores scale bar.

LP 225 W LP 250 W LP 300 W LP 350 W LP 400 W
LS 1200 mm/s; LS 1400 mm/s; LS 500 mm/s; LS 500 mm/s; LS 1700 mm/s;
E;y 7.28]; Epiy, E;, 917 J; Epiy E;, 13.54]; Eyy, E;, 1543 ]; Ey;,, E;, 7.56 J; Epiy

0.19]/mm 0.18 J/mm 0.6]J/mm 0.7]/mm 0.24]J/mm
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Por. —0.17% Por. —0.31% Por. —0.42% Por. —0.43% Por. —0.81%

3.3.3. Evaluation of Perspective Laser Parameters

The results of porosity levels generally show a similar trend as in the initial results of the previous
test. However, in this case, the significant accumulation of results at the porosity level 0.4% occurs
for E;;, of 8 + 10 ] and for Ejy;;, of 0.15 <+ 0.4 J/mm (Figure 12a,b). However, the porosity level of linear
energy Ej;, in range 0.15 <+ 0.25 J/mm is very low, and the porosity is created with a small number
of large irregular pores. It can significantly decrease the mechanical properties; therefore, this area
is unsuitable for the production of the struts. Regarding the charts, which show the influence of
LS and LP on the porosity (Figure 13a,b) and the previous porosity analysis, the parameters LP of
225 =275 W, LS of 900 + 1400 mm /s with E;,, of 8 ~ 10.5], E;;, of 0.25 = 0.4 J/mm, and OL 25% were
selected as the perspective for struts production from the porosity point of view.

The results of surface roughness were obtained by uCT measurement in this experiment; therefore,
it was possible to analyze the results on the side and also down-skin strut surface (Figure 12¢,d).
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The results show a similar trend as the results of porosity except for the pronounced linear dependence
of as-built surface roughness on linear energy Ej;,,. The best results were accumulated between E;,
8 +~10] and Ey;;, of 0.15 + 0.4 J/mm with the level of about Ra 30 um on the strut-side surface and
about Ra 40 um on the down-skin surface.
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Figure 12. (a) uCT porosity vs. input and linear energy dependences, black mark represents the
universal SLM process parameters; (b) focused results area up to 1% porosity level with marked
perspective areas; (c) surface roughness vs. linear energy dependence—on the side and down-skin
struts surface, black marks represent the universal SLM process parameters.; (d) surface roughness vs.
input energy dependence.
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Figure 13. Cont.
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Figure 13. (a) The influence of various laser speed (LS) levels on porosity; (b) the influence of various
laser power (LP) levels on porosity; (c) the influence of various LS levels on surface roughness; (d) the
influence of various LP levels on surface roughness.

Regarding the charts, which show the influence of LS and LP on the roughness (Figure 13c,d),
parameters LP in the range of 225 <+ 300 W, LS in the range of 900 =~ 2000 mm/s with Ein of 8 +- 10 ],
Elin of 0.15 + 0.4 ] /mm and OL 25% were selected as the perspective for lattice structure production
with a low roughness level.

3.4. Wall Width Analysis

Simultaneously with the strut samples, hollow strut samples were fabricated. The hollow strut
shape was used because of similar heat transfer conditions as those in the case of struts production.
The width of the wall at OR 35.26° was of about 25% higher on average than that in the case of the
single welds on a solid block (Figure 14). The results confirm the trends of the weld widths from
a single weld test. The influence of LP seems to be more linear than that of LS.
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Figure 14. (a) Comparison of single welds and walls width according to LS—in chart (SW) single weld
width; (WW) wall width; (b) the wall width according to LP.

3.5. Metallographic Analysis

A metallographic analysis for evaluation of the microstructure was performed. Standard methods
were used for metallographic sample preparation, i.e., wet grinding and polishing with use of diamond
pastes. A microstructure of the struts was analyzed in an etched state (Fuss etchant) and evaluated by
metallographic light microscope (Olympus GX 51, Tokyo, Japan). Orientation of the micrographs is
parallel to the strut axis (Figure 15a). The microstructure of the struts is inhomogeneous, consisting
of single welds separated by fusion boundaries. Differences in the microstructure can be seen in the
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layers close to the down-skin surface of the struts (B area in Figure 15a) in comparison with the up-skin
surface (A area). Different shapes of porosity depend on the E;,, parameter. Due to overheating of the
material, gas pores with a spherical shape were created (Figure 15b,c). No cracks were found in the
microstructure of the evaluated samples.

500 1 . .
= Building direction Z —

Down-skin surface

(b)

(0) (d)

Figure 15. Microstructure of the struts (a) LP 250 W, LS 1400 mm/s, E;;; 9.17 ], Ej;;, 0.18 J/mm with
description common for all pictures; (b) LP 300 W, LS 500 mm/s, E;;, 13.54 ], Ej;;, 0.6 J/mm (c) LP
350 W, LS 500 mm/s, E;,, 15.43 ], Ej;, 0.7 ]/mm; (d) LP 400 W, LS 1700 mm/s, E;,, 7.56 ], Ej, 0.24 ] /mm.

4. Discussion

4.1. Comparison of the Linear Energy Needed for Consistent Single Weld

The results of the single welds experiment show as a limit value Ej;,, 0.25 J/mm for consistent
welds. The value is higher than that in the case of [21], where the determined limit was 1.5 J/cm.
The difference is caused by the shape of the used sample. In [21], the single welds were fabricated
directly on the platform. In the present study, the sample, which simulates real production and the
increase of thickness of the deposited powder during the first few layers, was used. After melting,
the produced layer has a height usually lower than that of the originally spread layer of 50 um. Then,
the next deposited layer has higher thickness and a quality of weld and the required linear energy Ej;,
can be changed [30].
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4.2. Benefits of Contour Lines Laser Strategy

The state that led to the design of a contour scanning strategy is shown in Figure 16. There are
examples of the laser strategy internally developed by SLM Solutions universal process parameters.
In the cases of diameters of 0.5 and 0.6 mm, only one contour line was generated while in the case of
0.7 mm diameter, one more fill contour line was generated. Using the results of the single weld test,
it is possible to calculate the theoretical dimensional accuracy and re-melting area.

¢ 0.6mm ¢ 0.5mm
;l' ; L ; @—@ width of border weld
\
/ width of fill contour weld
” \
®—® welds overlap
| —— border trajectory
\
\ fill contour trajectory
\
— e - — —. strutsurface

Figure 16. SLM Solutions universal struts laser strategy.

The laser parameters of universal process parameters are as follows: contour line LP 350 W, LS
500 mm/s; fill contour offset LP 250 W, LS 555 mm /s, and LF = —4). During production of a 0.5 mm
strut, the diameter will be theoretically about 0.116 mm (23%) larger because of a combination of the
beam compensation parameter of 0.15 mm and the weld width of 0.358 mm. A theoretical overlap
area is 0.158 mm (44% of the weld width). In the case of a 0.6 mm strut, the diameter will also be
larger (about d = 0.116mm; 19%) and a theoretical overlap area is 0.058 mm (16% of the weld width).
The diameter of 0.7 mm will also be about 0.116 mm larger; as can be seen in Figure 16, from the
contour line, no overlap area is created. Therefore, a fill contour track in the distance of 0.17 mm
from the contour line is added. Due to the fill contour line and its distance from the contour path,
an unfavorable state with large overlap of 0.31 mm (87% of the weld width) is created in the center of
the strut. Its trajectory is also on the already produced contour weld and thus the material is re-melted,
which can cause internal defects in the struts (Figure 16; d = 0.7 mm). The aim of the proposed contour
strategy is to create uniform conditions for different strut diameters and improve the dimension
accuracy using single welds results.

Using the previous results of the single welds experiment, the hollow strut experiment and
a designed script in Excel, the contour strategy for production of the struts with low porosity,
and surface roughness, were designed (Table 3). The obtained weld widths from the single weld
experiment which meet the required linear energy Ej;,, and input energy E;,, were used only (Figure 19a).
These values were increased by about 25% (parameter from the hollow strut test, Figure 19b) and then
used to define the beam compensation BC parameter ((single width x 1.25)/2). The goal of the Excel
script was to find a suitable combination of laser parameters which achieve the overlap in the center
of the struts as close as possible to the value around OL 25%. The results are shown in Table 3. For
the diameters of 0.5 and 0.6 mm, the combinations with the required OL parameter have been found.
In the case of the diameter 0.7 mm, the best results were obtained with LP 225 W, LS 900 mm /s and
LP 250 W, LS 1000 mm /s, however the OL parameter between neighboring welds must increase to
29% and 34%. For values closer to OL 25%, it would be necessary to discover other combinations of
parameters around these two; however, the expected levels of porosity and roughness using these
combinations will be significantly lower compared to standard SLM strategy (Figure 12).
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Table 3. Various suitable combination of process parameters for production of the struts with diameters
0.5-0.7 mm, (N (-) is number of the used contour, w (um) is single width x 1.25).

d(mm) OL(%) LPW) LS(mm/s) w(um) BC(um) N (-) OL in Center (um) OL in Center (%)

- 225 600 295 147 1 89 30%

0.5 - 325 1000 293 147 1 86 29%

: - 350 1300 285 143 1 70 25%

- 375 1200 294 147 1 88 30%

0.6 - 400 1000 339 170 1 78 23%
0.7 225 900 236 118 2 84

: 29% 250 1000 224 112 2 67 30%

4.3. The Heat Transfer during Strut Fabrication

The first strut experiment in this study was also designed for comparison of the conditions during
production the struts with OR 90°and OR 35.26°. The difference is caused by worse heat transfer in
the inclined strut. It can lead to wider single welds than expected; therefore, the successful results
of porosity at OL 0% were discovered (Figure 9, Figure 18b). This was verified by the hollow struts
experiment which confirmed this hypothesis. The width of the wall was increased on average by about
25% (Figure 14a). At higher energy levels (over 0.5 J/mm), the effect of the wider bottom part of the
wall also appeared (Figure 17). It was caused by the thermal gradient during SLM production of struts
with inclination and shows the heat energy transfer well. To describe the energy conditions during the
struts’ production, this must be considered:
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Figure 17. Comparison of inclined and perpendicular strut (a) for parameters LP 275 W, LP 400 mm/s;
(b) LP 350 W, LP 600 mm/s; (c¢) LP 400 W, LP 800 mm/s; (d) LP 350 W, LP 500 mm/s.

(1)  Due to the point contact of the powder particles between themselves, the metal powder has much
lower heat conductive performance and works as an insulator compared to the solid material.

(2) Due to the strut inclination, the cross-section with a higher area occurs in every layer. Using the
energy calculation in Equation (2), it is possible to calculate the increase of the input energy E;;,
and compare OR 35.26° and OR 90°; it is about 40% higher in the case of OR 35.26°.

(3) The thermal gradient points in the direction -Z. Due to the inclination of the struts, the heat

transfer is slower than in the case of the strut with the axis directed in thermal gradient direction.

After melting of each layer of the strut, the heat energy flows straight down in thermal gradient
direction. There are two parts of each produced layer with different energy transmission, the part
produced on the previous layer and overhanging part produced on the powder (Figure 18). In the
former case of the part on the previous layer, the energy flows through the strut. Because the thermal
gradient has a different direction than the strut, heat transfer is slower compared to the strut with
OR 90°.
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Thermal

i Gradient

(a) (b)

Figure 18. (a) Scheme of the heat transfer during SLM additive manufacturing; (b) The ground sample
to the mid-plane of the struts.

In the latter, the thermal energy flows to the powder which is in contact with the strut down-skin
surface and the powder particles are overheated because there is only a point contact between
neighboring powder particles, and only poor heat transmission to the powder bed. Affected particles
are melted on the down-skin surface which causes larger dimensions of the struts [8,18] or a wider
bottom part of the hollow struts samples, as well as a higher surface roughness on the down-skin
surface of the strut (Figure 17). The heat energy is also accumulated in overhanging part of the layer
and the material structure is changed [22] (Figure 15).

4.4. Porosity and Roughness Analysis

The results of uCT show a different shape and level of porosity according to the input energy E;,
and the linear energy Ey;,,. The porosity in the struts with the lowest porosity level is often formed
by a small number of larger pores which are located close to the top surface (Table 2). Formation of
the large irregular pores is related to the heat transfer in the inclined struts where more heat energy
is accumulated at the bottom part of the strut. Due to the low linear energy, there is no overheating
area in the bottom part of the strut (the spherical porosity is very small); however, on the upper side,
the state is an unstable because of a lack of linear energy. This causes the occasional disconnection of
neighboring welds and formation of larger pores. The minimum value Ej;,, 0.25 ]/ mm was determined;
it is in line with the results of single welds.

A lack of E;,, causes porosity in the center of the struts. During production of the laser tracks close
to the strut surface, heat transfer is lower due to the surrounding powder. During production of single
welds in the center of the strut, heat transfer is higher due to the neighboring welds; an unstable state
occurs with occasional disconnection of the welds and formation of larger pores. The minimum value
E;, 9] was determined. Also, the inside-out order of single welds production is recommended.

4.5. Porosity and Roughness

The current results of strut experiments clearly show that the porosity and surface roughness
is affected by the input energy E;, as well as linear energy Ej;,; these both include the laser power
LP and the laser speed LS. It follows that for strut production free of internal defects and a rough
surface, appropriate laser process parameters must be chosen. The charts of the dependences of LP
and LS on the porosity (Figure 13) demonstrate a different influence of the parameters on porosity
forming. The chart shows that the porosity increases with higher LP at all LS levels linearly, except for
LS level of 500 mm/s, which shows unstable results. The LS parameter shows non-linear results with
the lowest porosity in the range of 1000 <+ 1250 mm/s. With higher LS, the porosity seems to be stable
and at the constant level, except for LP 400W where the porosity increases. LSs up to 1000 mm/s are
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unstable and the porosity significantly increases. It could be caused by too high E;, and formation of
gas pores in the material due to its overheating material (Figure 15c¢).

The influence of LS and LP on the surface roughness has a similar character as that on the porosity
in case of input energy E;,. Linear energy Ej;,, dependence shows the pronounced linear dependence of
as-built surface roughness. In Figure 13c, it is possible to find two approximately linear areas. The first
area, up to 1400 mm/s, where there are significant changes in roughness values, and the other one,
between 1400 mm/s and 2000 mm/s, where there is a significantly lower and stable roughness level.
The dependence of LP vs. roughness is linear for all tested laser speeds. Generally, the results show
a low surface roughness with lower E;;, and Ej;,.
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Figure 19. The perspective area (a) linear energy Ej;;, (J/mm) (green cells) and input energy to the layer
E;, (]) (red cells); (b) width of single welds in (um) multiplied x 1.25 (parameter from hollow strut test)
(grey cells) and porosity level (blue cells).

5. Conclusions

In this article, an experimental study was conducted to investigate the influence of a proposed
contour line laser strategy for an SLM lattice structure on internal porosity and surface roughness of
the single struts, which significantly affects the mechanical properties of the lattice structure. Based
on the dependence of porosity vs. input E;;, and linear energy Ey;,, the influence of the laser speed
LS and laser power LP was found and the perspective areas of suitable process parameters for the
struts-lattice structure were defined. In the present study, the main conclusions are as follows:

e  For the production of the struts-lattice structure, the contour strategy seems to be perspective,
mainly because of the possibility to use various laser process combinations based on the required
width of single welds of the different strut dimensions to achieve a fully melted strut with
a constant OL 25% parameter.

e  The heat transfer condition in the inclined struts significantly influences all material and shape
parameters of the struts (lattice structure). During the strut production with high E;,, heat energy
is accumulated in the down-skin part of the strut and higher roughness, higher porosity and
change of the material microstructure occur. Therefore, the production at lower E;;, levels leads to
more stable results with lower porosity and roughness.

e E;, calculated based on the real laser trajectory in the strut describes the amount of the porosity
(P) and roughness (R) in the strut samples (d = 2 mm) well. Another necessary condition for
struts production without large and irregular internal pores is the minimum level of linear energy
Ejiy, 0.25]/mm. The perspective areas of process parameters based on P and R were defined as
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follows—E;,, of 8 = 107; Ej;;, of 0.25 +— 0.4 J/mm, LP of 225 - 300 W, LS of 1250 - 1750 mm/s and
OL 20% = 30%. Figure 19 shows the perspective area which meets all conditions for low porosity
and surface roughness levels. The presented weld widths are combinations of single weld values
multiplied by the parameter obtained from the hollow strut test (x1.25).
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ABSTRACT

This paper deals with the research of the Selective Laser Melting (SLM) scanning strategy to produce lattice
structures from AlSi10Mg powder material. Nowadays, most of the SLM end-users use the laser strategy and
parameters recommended by powder or machine suppliers to produce different components. However, this setup
can cause material and shape imperfection, especially in the case of low-volume lattice structures. In this study,
the default meander scanning strategy for AlSi10Mg material was changed to contour strategy and its main SLM
process parameters were developed. Commonly used experiments were modified to consider the lattice struc-
ture's shape and dimension. The results showed that by using developed parameters, i.e., recommended range of
input linear energy of 0.25-0.4 J/mm; track width based on strut diameter, input linear energy and the orien-
tation of strut; the overlap of the laser contour tracks of 35% and inside-out direction; it is possible to produce
lattice structures with high material density (more than 99.8%) and low surface roughness in a wide range of
strut diameters from 0.6 to 3 mm. The differences in lattice structure production of vertical and inclined struts
are described and discussed in relation to the SLM process during powder melting with use of thermal transient

simulation.

1. Introduction

Additive technologies have become increasingly used to manufac-
ture unique parts, mainly due to the ability to produce components with
complex shape from a wide range of materials. It allows us to be inspired
by the shape diversity of nature during the product design phase and to
produce components with very few limits compared to conventional
production. One of these unique shapes is a lattice structure with the
potential for application in the aerospace or space industry due to a great
weight to load ratio [1-4].

Selective laser melting (SLM) is a part of laser powder bed fusion (L-
PBF) technology which is an additive technology that produces the
components layer-by-layer using a high-energy laser to melt the fine
metal powder. This technology allows processing of a wide range of
metal materials from aluminium alloys to high-strength titanium alloys;
therefore, it is a promising technology for various advanced industries.
The SLM process is controlled by many process parameters that directly

* Corresponding author.

influence the produced parts' quality and mechanical properties. The
key parameters are those of the laser, i.e., laser power (LP), laser speed
(LS), and the parameters of the scanning strategy, i.e., hatch distance
(HD), overlap (OL), beam compensation (BC), and the type of used
strategy (stripe, chessboard, contour etc.) [5-7]. The qualitative issues
of the wrong setting of SLM process were examined mostly on the
volumetric parts [8-10]. The results showed that the main imperfections
arise not only on the surface of the parts (surface roughness, dimensional
accuracy) but also inside of the material (porosity, unmelted areas,
inappropriate material structure). In case of low-volume lattice struc-
ture, the same imperfections occur; however, they behave differently
during SLM manufacturing process as was shown by Dong et al. [11].
They manufactured thin tensile samples with various diameters from 1
to 5 mm and examined the diameter's size effect on porosity and me-
chanical properties. The results showed that the porosity and mechan-
ical properties were unstable for dimensions below 4 mm, i.e., the
porosity increased, and mechanical properties decreased. It follows that
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for thin lattice structures, the default SLM process parameters led to
worse results, and the parameters and laser strategy must be improved.

The results of the previous study could be closely associated with the
lattice structure geometry usually composed of many thin inclined
struts. The heat flow and dissipation of the thermal energy after laser
melting are lower compared to full volumetric parts. It was shown by
Delroisse et al. [12], who divided the inclined strut into the upper and
bottom areas (above and below strut axis) due to the different quantity
of an internal porosity observed by pCT. The upper area of the inclined
strut contained a porosity of 0.1% compared to the bottom area with a
porosity of 4%. The same situation was observed in the BCC cell node by
Liu et al. [13].

This thermal behaviour also contributes to the increase of surface
roughness, as was shown by other studies [14-16], which can resultin a
change in thin-struts shape, as was shown in studies [17-20]. Han et al.
[14] described two possible explanations for high surface roughness in
down-skin areas. First, the commonly known stair effect, which arises
due to layer-by-layer production and orientation of strut. The second is
the melt pool's flowability, which is in the liquid phase for a longer time
due to the accumulation of thermal energy in the low-volume struts.
Then, the melted material can flow deeper into the surrounding powder
bed and the powder particles could be entrapped on the strut surface.

One way to reduce the consequences of the thermal accumulation is
to reduce the input laser energy by modification of the SLM process
parameters. However, it is also necessary to modify the SLM scanning
strategy because they are strongly connected, as was described in many
studies [10,15,21-27]. The authors [21,22] showed LP and LS's effect on
the single-track width. As LP increased and LS decreased (i.e., the input
laser energy increased), the single weld-track width increased. The au-
thors [21,23] defined the key weld track parameters, i.e., depth and
width of the track, which ensure the right connection between neigh-
bouring tracks and previous layers as well as the height of the track,
which must be close to the applied layer thickness. Tian et al. [15]
measured the contact angle between single track's surface and base
plate. A contact angle higher than 90° led to the formation of a balling
effect, which could cause a higher porosity between neighbouring track
welds due to unmelted powder particles. Other authors focused on the
overlapping of the neighbouring tracks [10,25]. They found out that too
low HD led to spherical porosity between weld tracks due to material
overheating and following material evaporation. Due to the fast solidi-
fication of melted material, the vapours were trapped inside the
material.

On the other hand, the large HD causes poor or no connection be-
tween the neighbouring single-tracks and trapping of the unmelted
powder between them [28]. According to the melt pool behaviour, the
composition of the powder is also related to the porosity between single
tracks. Louvis et al. [26] described that the AlSi10Mg alloy formed an
oxide film at the melt pool's edges. Oxide film limits the melt pool
flowability and causes porosity due to nonmelted powder particles
closed between the laser tracks.

The SLM process parameters setting's influence was also examined
directly on the lattice structure geometry. Qiu et al. [27] dealt with the
lattice structures with a diameter of 0.3 mm. Using a constant LS of
7000 mm/s and increasing LP (in the range of 150-400 W) the diameter
of struts was increased in the range of 0.26-0.5 mm. By using a constant
LP of 400 W and increasing LS (in the range of 1000-7000 mm/s), the
struts' diameter was decreased in the range of 0.8 to 0.6 mm. It follows
that the parameters setup directly influences the final dimensions of the
lattice structure and thereby the mechanical properties. Vrana et al. [16]
performed a complex study that described the influence of the main SLM
process parameters (LS, LP, HD) directly on the lattice structure im-
perfections such as internal porosity and surface roughness. They also
used special contour strategy to reach relative density of AlSi10Mg low-
volume material of 99.83%. The results showed a clear dependence of
porosity and surface roughness on the input energy. However, the study
was performed only for the strut diameter of 2 mm, and the results for
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other sizes could differ, as was shown by Dong et al. [11]. The scanning
strategy for lattice structure production was also dealt with Pauly et al.
[7]. They used three different scanning strategies to produce a thin strut
geometry - chessboard strategy (small pores; pre 97.2%), stripe
strategy (sharp pores; pre; = 98.5%), contour strategy (small round
pores; pre] = 97.7%). The results showed that the strategy could signif-
icantly influence mechanical properties due to the shape of the pores
and the porosity level.

Mechanical properties of low-volume lattice structures had higher
susceptibility to material imperfections when the universal SLM process
parameters were used [29,30]. These authors used recommended pro-
cess parameters for lattice structures production and significant surface
roughness and dimensional deviation (between —7.5% to —12.5%) were
obtained. These deviations resulted in large differences in simulated
mechanical properties using nominal dimensions of lattice structures
and finally, the actually measured geometry had to be used to predict
correct mechanical behaviour. The final results showed a strong corre-
lation between computed and experimental mechanical properties.
Kempen et al. [9] showed the influence of borderline porosity on me-
chanical properties. The porosity was generated by used scanning
strategy and affected mechanical properties.

Based on the previous results, this study will focus on improving the
lattice structure production using the contour laser strategy approach.
The main goal is to find out a dependence of the main SLM process
parameters on the lattice structure dimensions (dimensions up to 3 mm)
and to reach stable and predictable lattice structure parameters such as
porosity, surface roughness, and dimensions after SLM production.

2. Materials and methods

For better orientation in present study, a brief experiments workflow
was created. The detailed description of the used materials and methods
is further in the chapter.

To define the contour laser strategy (CS) parameters, the following
workflow must be performed:

Single weld tracks experiment - the perspective SLM process window
was defined based on the visual and digital-light microscope results
(Table 2).

Thin wall/ hollow strut experiment - the single weld track sample
was changed to 3D shapes of wall and hollow strut samples that in-
cludes the thermal conditions during lattice structure
manufacturing. The larger dimensions were obtained compared to
the single weld track experiment (Fig. 11).

The key 3D dependence - diameter (d) vs. input linear energy (LE) vs.
hollow strut thickness (HT) dependence was created that describe
the change of the HT parameters and allows contour strategy pa-
rameters adjustment according to actual lattice structure geometry
(diameter, orientation, Fig. 14).

Overlap (OL) experiment - connection between two hollow strut
walls was analysed. The optimum OL values were evaluated based on
the porosity in the overlap area (Fig. 13).

e Porosity experiment (1st testing loop) - Based on the previous results,
the contour strategy was designed. The porosity results showed
imperfection (Table 5); therefore, the parameters were modified.
Porosity experiment (2nd testing loop) - Significant improvement of
porosity result was observed (Fig. 16); therefore, the dimensional
and surface roughness analysis were performed.

Porosity experiment (3rd testing loop) - The final fine tuning of a
contour laser strategy was performed using d vs. LE vs. HT depen-
dence. Various SLM parameter were defined as optimal for different
strut diameter (Table 6).
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2.1. Selective laser melting manufacturing

SLM machine (SLM 280", Liibeck, Germany) equipped with a 400 W
Ytterbium fibre laser has been used to manufacture all samples. The
laser source had a Gaussian distribution and was focused on a spot
diameter of 82 pm. The process conditions were constant for all pro-
duced batches of samples, i.e., the oxygen level was kept under 0.2%
during the SLM process, the protective atmosphere of nitrogen was used,
the platform was heated to 150 °C, the layer thickness of 50 pm was
applied and the main SLM parameters were used based on the results of
this study. All samples were produced from the gas atomised aluminium
alloy AlSi10Mg (TLS Technik GmbH, Bitterfeld, Germany) with particle
size distribution in the range of 15-60 pm (Fig. 1b).

2.2. The main contour laser strategy parameters

The basic SLM experiments described in the studies
[13-15,21,23,24] were modified to consider the specific conditions
during SLM manufacturing of low-volume lattice structures. The ob-
tained parameters were used to define the parameters of the presented
contour laser strategy shown in Fig. 1a, which are - laser power (LP),
laser speed (LS), overlap (OL) and beam compensation (BC). Overlap
(OL) defines sufficient connection between two laser tracks inside the
strut and is determined by contour distance (CD). The exact value of OL
can be found only for the known track width (HT). Beam compensation
(BC) indicates the strut border's offset to achieve the required strut size.

2.2.1. Laser process parameters window

The single-track experiment aimed to describe the influence of the
LP, LS laser parameters on the quality of the A1Si10Mg single track welds
and thereby find a suitable process window include the consistent track
welds with the known welds' width. Single track welds were produced
on the top side of a 5 mm solid material block (Fig. 2b) and captured by a
light microscope (Olympus SZX7, Olympus). The images were further
used for track welds width measurement and visual evaluation of the
single-track welds' continuity and uniformity. The track width (TW) was
measured in twelve points along two single track welds (24 values) and
the average value was evaluated (Table 2). During the experiment, the
following parameters were changed - LP in the range of 175-400 W
and LS in the range of 200-2000 mm/s.

2.2.2. Geometry of single-track welds

Based on the previous experiment, the second batch of single-track
welds was focused on the track weld's geometry. The laser parameters
were the same as in the previous test, but the ranges were narrowed
according to the perspective process window, i.e., LP in the range of
200-350 W, LS in range of 500-1400 mm/s which corresponds to the
input linear energy (LE) of 0.25-0.4 J/mm (expressed by Eq. (1). The
track weld geometry was measured on metallographic cross-sections
using a digital-light microscope (Keyence VHX-6000, Z250R lens,
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zoom 250x). The evaluated parameters were track weld width (1),
height (2), and depth (3), as is shown in Fig. 2a.

LP

LE =< (

J/mm) @

2.2.3. Influence of the samples geometry

As was already mentioned in the introduction, the porosity and
surface roughness are affected by a base material's thermal conductivity.
The total thermal conductivity of the whole component then further
depends on it's shape and orientation. Therefore, the basic single-track
experiment was modified in two steps to investigate their influence on
the samples's shape. First, the geometry was changed into thin-wall
geometry (3D single track) and then into the shape of the hollow
strut, representing the geometry of lattice structure. Both modified ge-
ometries consist of one single track in each layer (Fig. 3b) that allows
observing the changes caused by modified samples heat dissipation. The
resulting thickness of the walls and hollow struts were compared with
the single-track welds' width. The thin walls had a rectangular geometry
of 10 x 2 mm and were produced in two orientations, i.e., vertical and
inclined (35.26°), that corresponds with BCC and BCC-Z lattice unit
cells' basic geometry. The hollow struts samples were produced in the
same two orientations with the diameters range of 0.3 to 3 mm. Various
dimensions and two orientations of the samles were used to describe the
influence of size and orientation effects on the hollow strut thickness.
The laser parameters were used within the perspective process window
of LP and LS (LP 200-350 W; LS 500-1400 mm/s). The geometry was
measured on metallographic cross-sections using a digital-light micro-
scope (Keyence VHX-6000, Z250R lens, zoom 250x). The thickness
values were measured as the average values between the two lines, each
was made by interpolation of five border points (Fig. 3a).

2.2.4. Overlap parameter

The overlap experiment was performed to ensure sufficient connec-
tion between neighbouring single-track welds and avoid excessive
remelting of material in their connection that can initiate the inter-weld
porosity. The sample's shape was a hollow strut composed of two laser
tracks (Fig. 4b). The OL parameter was chosen in the range of 0-55% of
the hollow strut thicknesses. The nominal diameters of the two tracks
hollow strut were 0.8; 1.2; 1.6; 2 mm. The track OL was evaluated based
on the internal porosity (image analyses, ImageJ, threshold 100)
measured in connection to the two tracks (Fig. 4a). The results were
evaluated from metallographic cross-sections captured by a digital-light
microscope (Keyence VHX-6000, Z250R lens, zoom 250x).

2.3. Analysis of porosity, surface roughness and dimensional accuracy

The shape and dimensions of the component can significantly affect
the formation of the SLM manufacturing imperfection [11]. Therefore,
to obtain meaningful results, the sample's shape must be as close as

Fig. 1. (a) The parameters of the contour strategy: hollow strut thickness (HT), overlap (OL), contour distance (CD) and beam compensation (BC); (b) the shape of

powder particles (scanned by SEM).
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Fig. 2. (a) Measured geometrical parameters of the single-track welds; (b) the single-track sample.

2 Laser track -

Diameter/dimension |

(b)

Fig. 3. (a) Methodology of the thin-wall and hollow strut thickness evaluation; (b) geometry of hollow strut and thin-wall.

-

Outer diameter

@ (b) ©

Fig. 4. Porosity measured in the connection of neighbouring laser tracks (a) metallographic cross-section of two track hollow strut, (b) the final monochrome image
analysed by ImageJ software, (c) geometry of hollow strut consists of two laser tracks.

Table 1
The list of the applied SLM parameters in the study.
Parameters 1%t loop 2nd Joop 3 loop
Laser process Values from previous hollow strut experiment LP and LS according to
param. RSA
Dir. of cor'1t0ur Outside-in Inside-out
production
Track width Previous hollow struts Response Surface Analysis (RSA)
results
Beam i 1/2 of the thickness of the 1/3 of the thickness of the hollow strut samples
Compensation hollow strut samples
Overlap 30 % 35 %
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= Hatch
= Fill contour
= Boder

Fig. 5. The default SLM process parameters (a) schema of the meander strategy
(b) table of the process parameters.

possible to the final part. In the case of the lattice structure, the strut
geometry was chosen. The experiments were further focused on
obtaining the porosity distribution, pores size, surface roughness and
dimensional accuracy of the strut samples.

The struts were produced in two orientations, i.e., vertical and in-
clined (35.26°), that corresponds with BCC and BCC-Z lattice unit cells'
basic geometry. The struts' diameters were used in the range of 0.6-3.0
mm, and the thickness of the track (HT) was set differently for each
diameter according to the previous results. Other parameters were
constant and were applied according to the testing loop, as is shown in
Table 1.

Based on the first testing loop results, the influence of the contour
track production order was evaluated on the level of porosity; therefore,
the inside-out direction of production was applied in the second and
third loops to reduce material imperfection for strut diameters over 1.0
mm. Moreover, finally, the OL was changed to 35% according to
porosity results (Figs. 15b, 13) and the BC of 1/3 hollow strut thickness
was used after the first results of dimensional analysis. All results were
compared to the default SLM process parameters i.e., meander hatch
strategy (Fig. 5a).

X Hatch Fill cont. Border
LP (W) 350 250 300
LS (mm/s) 1150 555 600
LE (J/mm) 0.3 0.45 0.5
OL (%) 50 50 50
Laser focus 0 —4 0

2.4. Porosity analysis

The porosity was analysed in two ways. First, the porosity was
evaluated in the connection of the two laser tracks by digital-light mi-
croscope. In this case, the cross-section images of the two tracks hollow
strut were captured by the digital-light microscope (Keyence VHX-6000,

(a)

Fig. 6. Porosity analysis (a) group of samples scanned together, (b), (c) internal porosity of vertical struts, (d), (e) inclined struts.

644

Journal of Manufacturing Processes 74 (2022) 640-657

Z250R lens, zoom 250x) and analysed using ImageJ software. Then the
porosity value was evaluated as the percentage of black in the mono-
chrome images. The second, a micro-computed tomography approach
(KCT, GE phoenix v | tome | x L240, Waygate technologies, Hiirth,
Germany) was used for porosity analysis in the whole volume of the strut
samples and evaluation of the influence of contour strategy parameters
on the occurrence of material imperfections (Fig. 6a). The following
adjustment of the measurement was used i.e., a micro-focus X-ray tube
with a voltage of 130 kV, a current of 100 pA and a 0.5 mm wide copper
filter. The achieved linear voxel resolution was 16 pm for all samples
with a minimal pore volume of 2 voxels. The scanned data were further
reconstructed in the Datos reconstruction software and processed in
VGStudio MAX 3.1 software (Fig. 6b,c,d,e). The threshold value was
obtained automatically from common scan of all samples (Fig. 6a) and
applied to segmented samples This was performed to ensure the
comparability of the results of struts porosity [31]. The main outputs
from the pCT analysis were 3D images of the material porosity for all
produced struts (more than 232 samples), i.e., its level and distribution
for each strut. The pCT was also used to digitize a struts shape to STL
format which was used for dimensional accuracy and surface roughness
analysis. These outputs enabled to find the dependences of porosity and
surface roughness on the strut diameter and LE.

2.5. Shape and surface roughness analysis

N
R~ Dbl ) @

The surface roughness and shape of struts were investigated using
the digitised STL data from pCT even though relatively high voxel size
resolution of 16pm. The main purpose of this analysis was to use large
data set from pCT analysis and find out dependences of these parameters
according to the strut diameter and LE, not exact values.

The evaluation was performed in the GOM Inspect software by the
following procedure. First, the digitalised data was aligned to CAD data
using the Best fit method. The surface roughness was measured as
dimensional deviation from CAD in 200 points of line selection on the
down-skin surface of the inclined strut (Fig. 7a). The deviations were
converted to Ra surface roughness according to Eq. (2). Then, the strut's
actual diameter was measured by fitting an ideal Gauss cylinder (used
selected point: 3 sigma) to the largest possible area of the digitalised
data (Fig. 7b).

2.6. Numerical simulation

The transient thermal simulation was performed in Ansys Work-
bench software to clarify the observed effects in porosity and surface
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Fig. 7. (a) Surface roughness analysis on a vertical strut, (b) the inclined strut with fitted Gauss cylinder and red marked area of selection. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Part 3

Part 2

Fig. 8. The numerical model of the transient thermal simulation.

Table 2
The results of the first evaluation of the single-track weld's width. The marked samples are shown in the
figure above.

Laser Speed (mm/s)
TW (um)
200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 {1000 1100|1200‘1300|1400|1500‘1600|1700|1800|1900|2000
175 § 353 | 310 | 261 | 290 | 246 | 221 | 214 | 199 | 223
200 | 401 [ 343 | 303 | 286 | 317 | 271 | 240 | 210 | 201 | 210
225 3741 309 | 271 | 255 203|199 || 174 | 163 | 145
§ 250 344 270 | 253 | 233 [ 223 [ 201 | 180 | 161 | 163 | 159
§ ﬂ 380|346 | 332|289 | 262 | 277 | 235 | 227 | 221 | 201 | 149
§ 300 305 [ 325 | 308 | 267 | 260 | 232 | 223 | 202 | 211 | 193 | 183 | 192 | 186
E 325 333|316 | 275|274 | 262 | 258 199 (200 | 196 | 189 | 176 | 168
350 358 | 336 | 328 | 317 | 300 | 261 | 259 | 259 | 205 | 200 209 | 205 | 352
375 317|308 | 201 || 372 | 370 | 272 | 267 | 250 | 287 | 230 | 237 | 239 | 223 | 217
400 357 [ 332 [ 358 || 301 | 273 | 234 | 236 | 223 | 214 | 206 | 223 | 216 | 212 | 201 (210
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LP 350 W; LS 1500 mm/s;
LE 0.23 J/mm
A5 Y

LP 250 W; LS 400 mm/s;
LE 0.63 J/nm

(b)

LP 225 W; LS 700 mns;
LE 0.32 J/mm
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LP 325 W; LS 1100 mm/s;
LE 0.29 J/mm

H A

© (d

Fig. 9. The images of single-track welds captured by a digital-light microscope - (a) LE = 0.23 J/mm; (b) LE = 0.63 J/mm; (c) LE = 0.32 J/mm; (d) LE = 0.29 J/mm.
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Fig. 10. (a) The geometrical parameters of the single-track welds vs. linear energy, (b) the examples of the typical shapes of the single-track welds.
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Fig. 11. (a) The comparison of the single tracks width, hollow struts, and thin walls thickness, (b) the chart of the HT parameters vs. LE for vertical hollow struts (c)

inclined hollow strut.
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roughness. The numerical model represents the situation during the SLM
production of the strut when a part of the strut was already produced,
and the next layer is producing. The height of the model is 1 mm and
consists of three parts for simulation of hollow strut experiment (Fig. 8).
The Part 1 and Part 3 represent surroundings powder bed, and the Part 2
is solidified AlSi10Mg material. The mesh of all parts was created by the
hex dominate Solid 90 elements with size of 0.05 mm (used layer
thickness). Material parameters were used from Ansys Additive
Manufacturing materials library and modified according to studies
[25,32-34]. On the upper surface of all three parts the air convection
was applied. The heat source (laser) was applied using the Moving Heat
Source extension where the laser's circular trajectory was defined. The
input energy was defined using LP and LS parameters. For simulation of
full strut, the model was modified to consist only of Parts 2 and Parts 3.
There is no powder in the centre part of the strut; therefore, Part 1 was
removed, and Parts 2 was extended and filled the centre area of the strut.

3. Results
3.1. Laser process parameters window

Table 2 shows the results of the track width parameter (TW)
measured by a digital-light microscope and the area of fine continuous
track welds evaluated by a visual check (green area of the table). All
samples were sorted according to the track weld's shape and quality into
three types of colours. Fig. 9a shows the balling effect, which is typical
for low input energy production (red colour). In Fig. 9b, the track weld's
width is large and the height too low (orange colour). It was caused by
the high input energy of the laser. In Fig. 9¢,d, there is shown ideal
situation when the single-track welds were continuous without any in-
terruptions (green clolour). The final perspective window is in the range
of LP 200-350 W; LS 500-1400 mm/s; linear energy LE 0.25-0.4 J/mm.

The previous experiment was performed again for a deeper evalua-
tion of the track welds' geometry using fine cross-sections images. The
results are presented in Fig. 10a, where the strong dependence of the
track welds' geometry on the LE is shown. The results show that due to
the liquid melt pool's surface tension at a low energy level, the track
weld's height is high, but the width and depth are low (Fig. 10b-low liner
energy). With increasing LE, the track weld width and depth are
growing, but the height is decreasing (Fig. 10b-high linear energy). The
comparison of the track welds' width evaluated from the cross-sections
and the digital-light microscope shows the same trend with deviation

d=06

d=08

(a)
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caused by different evaluation approaches. In the cross-section case, the
value of the width was measured accurately but only in one section of
the track weld. It could cause small deviations compared to the average
values measured by a digital-light microscope which are more repre-
sentative for the whole track. Based on that, the microscope measure-
ment's average values were further used. According to the study [21],
the depth to width ratio was used to analyse the suitability of process
parameters. This parameter was lower than 0.5 (—) for all tested process
parameters, particularly in the range of 0.26-0.49. It means that those
process parameters are suitable to produce components from AlSi10Mg
material by SLM [16]. The obtained values will be used for comparison
with modified experiments focused on lattice structure production.

3.2. Influence of samples geometry on track width

This experiment aimed to compare a walls thickness measured on the
specific geometry of thin-wall and hollow strut with the single-track
weld's width. The vertical walls' results were in the range of 209-303pm
and showed a significant dependence on input linear energy (LE) as was
the same in the case of single-track welds. The obtained values of the
thickness were in average about 28% larger than TW values in the whole
range of tested process parameters (Fig. 11a). In the case of inclined
walls, the deviation was in average even 34% higher. The main reason is
the lower heat transfer which decreases with the wall's inclination. Due
to the low thermal conductivity of the surrounding powder bed, the
energy is accumulated in the material and causes an increase in the wall
thickness.

The results of the vertical hollow strut thickness (HT, diameter of 2
mm) had a similar trend as thin walls; however, the thickness was
increasing at higher linear energies in comparison to thin walls. The
cross-section images of inclined hollow struts showed the different
thickness in the up-skin and down-skin areas (Fig. 12b). This deviation
was probably caused by the thermal energy accumulation described
above and in studies [12,16]. As is shown in Fig. 11c,d, the various
nominal diameters of the hollow struts were produced using five levels
of input linear energy (LE) in the range of 0.25-0.38 J/mm. The results
showed that the HT parameter measured on a small diameter is larger
compared to the HT parameter measured on a larger diameter, even if
the same process parameters were used. The biggest differences were
shown in the highest LE of 0.38 J/mm, where the HT parameter
measured on the nominal diameter of 0.8 mm was 391pm and for the
diameter of 3.0 mm was 292pm i.e., it is difference of 34%. In the case of

500 pm
| —

Build
direction

(b)

Fig. 12. (a) The digital-light microscope images of the vertical hollow strut cross-sections, (b) different up-skin and down-skin thickness measured on the metal-

lographic cross-section of inclined hollow struts.
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Fig. 13. The chart of porosity vs. overlap (a) OL in the range of 0-55%, (b) OL in range of 20-50%.
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Fig. 14. Hollow strut's thickness vs. linear energy and strut diameter from
Response surface analysis for vertical struts.

the diameters of 0.3-0.6 mm, both sides of the hollow strut were even
connected, and a fully volumetric strut was created. These results are in
line with the results presented by Dong et al. [11] where internal
porosity and mechanical properties depend on the sample's diameter (up
to 4 mm). The actual results clearly show that the deviation in the
hollow strut's thickness and single tracks welds is significant. Therefore,
it is necessary to implement HT parameter into the SLM laser strategy for
lattice structure production to avoid internal defects.

3.3. Single-track weld overlap parameter

As it was mentioned above, the overlap (OL) parameter is expressed
as percentage value of the hollow strut thickness (HT) and mainly affects
the porosity in connection of two neighbouring tracks. Due to the small
dimensions of lattice structures, the internal porosity influences their
mechanical properties more than in case of bulk material; and therefore,
the overlap is more important. The OL's correct setting is based on the
HT parameter, which depends on dimensions of the lattice structure and
the liner input energy (LE) of the SLM process.

The porosity values were measured in the transverse cross-section of
hollow struts composed of two laser tracks. In Fig. 13a, the first loop of
the experiment results is present. As it is shown, the porosity decreased

with increasing OL parameter, and the minimum value was reached in
the range of 20-50% for all tested dimensions. The second loop was
focused on the perspective range of 20-50%, and only limit values of
previously tested parameters were used, i.e., diameters of 0.8, 2 mm
(thin and large diameter representant) and LE of 0.25, 0.38 J/mm (low
and high energy representant). The results showed that OL parameter is
not dependent on the lattice structure's dimension but on LE (Fig. 13b).
Therefore, the optimal OL values are in the range of 30-40% for all
tested parameters (thin, large diameter; low, high energy).

3.4. Strut thickness prediction based on response surface analysis

As it is clear from previous results, the definition of the SLM process
parameters for lattice structure manufacturing is complex task affected
by input linear energy, size, and orientation of the lattice structure. To
include the effects to the contour strategy parameters, the response
surface analysis (RSA; part of the Design of Experiments) of the hollow
strut thickness (HT) parameter was prepared. The RSA allowed deter-
mining the exact value of HT for specific input linear energy (LE) and the
strut's nominal diameter (SD). The HT values were interpolated by the
quadratic surface described by Eq. (3) with the reliability of R2 = 78%
for vertical struts (Fig. 14) and by Eq. (4) with the reliability of R2 =
86% for inclined struts. Thus, it is possible to predict the values also for
the parameters that were not tested exclusively.

The comparison of the RSA prediction and the measured data for the
specific parameters are shown in Table 3 (vertical hollow struts, linear
energy of 0.34 J/mm). The average deviation was 2.18%, and the largest
deviation was 6.72% in the case of 0.9 mm strut diameter.

THyer = — 134 +2736+LE — 94.3+SD — 3177-LE” +21.25.SD?
— 54+LE«SD (um) 3

TH;,e = — 31 +24504LE — 101+SD — 2025+LE? + 35.8+SD?
—301sLE«SD (um) 4

3.5. Full strut verification

In the following chapter, the previous results were used for the
definition of the SLM contour strategy for lattice structure
manufacturing and their influence was observed on the material
porosity, surface roughness and the dimensional accuracy.

Table 3

The comparison of the response surface analysis data and measured values.
Strut @ (mm) 0.7 0.8 0.9 1.2 1.6 2 2.5 3
Predicted HT (pm) 362.5 354.4 346.8 326.3 304.9 290.4 281.8 283.8
Measured HT (pm) 364 340 323.5 320.5 287 288 286 283.5
Deviation (%) —0.4% 4.1% 6.7% 1.8% 5.9% 0.8% —1.5% 0.1%
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Table 4
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The comparison of the vertical struts produced by the default SLM process parameters and the contour strategy (LP = 200 W, LS
= 700 mm/s, LE = 0.29 J/mm).

Drnom (mm) 0.6 0.7 0.8 0.9 1.0 1.25 1.5 2.0 3.0
Por. (%) 1.74 1.79 1.97 1.92 19 0.97 0.78 0.06
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Table 5

The comparison of the inclined struts produced by the default SLM process parameters and the contour strategy (LP = 200 W,
LS = 700 mm/s, LE = 0.29 J/mm).

Drnom (mm) 0.6 0.7 0.8 0.9 1.0 1.25 1.5 2.0 3.0
Por. (%) 0.11 0.13 1.11 1.44 1.16 0.25
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OL porosity
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Large sharp pores

Down-skin area

(a)

3.5.1. Material porosity

The material porosity experiment was divided into two steps. In the
first testing loop, the same parameters were used as in case of hollow
struts experiment, i.e., the strut diameters and specific hollow strut
thickness (HT) values (Fig. 11c). The reason was to minimise unexpected
circumstances which could influence the results. The other contour
strategy parameters were derived from the HT parameter, i.e., the dis-
tance of the contour trajectories CD = HT - OL, the contour overlap
between the neighbouring track of 30% (OL = 0.3 x HT), and the beam
compensation BC = 0.5 x HT. The material porosity measured by pCT
was chosen as the main response parameter.
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Fig. 15. (a) The top view of the inclined strut (d = 2 mm, LP = 300 W, LS = 800 mm/s, LE = 0.38 J/mm) (a) the first testing loop (b) the second testing loop.

The results of the first testing loop showed a relatively high level of
porosity in thin vertical struts for all tested input linear energies (LE)
(Fig. 16a,b). The default SLM process parameters with meander hatch
strategy reached the porosity level of 2%; the contour strategy (CS)
approach reached an interval between 0.16% and 1.35% based on the
used LE. The porosity decreases according to LE and the strut nominal
diameter. Tables 4 and 5 show the graphical comparison of the level and
distribution of porosity obtained using meander hatch and the CS
strategy. The meander hatch strategy led to a high porosity level with
spherical and equally distributed pores in the whole volume. An
exception was the large vertical struts (d = 2 and 3 mm), where the
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Fig. 16. Comparison of the meander and contour strategy (a) the level of porosity for the vertical struts (b) the level of porosity for the inclined struts in the first loop;

(c), (d) second loop.
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Fig. 17. The struts with non-melted pores in the middle axis area (a) LP = 225
W, LS = 900 mm/s, LE = 0.25 J/mm, OL of —10.65%; (b) LP = 300 W, LS =
800 mm/s, LE = 0.38 J/mm, OL of —11.28% (un-melted area in the strut axis).

porosity was low. It was caused by high thermal conductivity in larger
struts that could be considered as bulk material for which the default
process parameters are mostly optimised. A similar conclusion was
reached by Dong et al. [11] for dimensions over 4 mm.

The CS porosity results were presented by the uCT images of the
struts produced with input linear energy LE = 0.29 J/mm (middle value
from tested range). The CS approach showed a lower porosity level for
both vertical and inclined thin struts (up to 1 mm). The porosity was
equally distributed; however, its level grew with the increasing diameter
of the strut, and large sharp pores occurred over the diameter of 1 mm. It
relates to the direction of the contour track production and the number
of tracks. The large struts (the diameter over 1 mm) consisted of 3 and
more laser tracks (depends on used LE). It led to the lack of powder
inside the strut if outside-in direction of the contour strategy was used.
This was caused by drag of the surrounding powder into the melt pool
during powder melting [35]. This effect relates to the change of the
material state because the density of powder is much lower than melted
material and therefore, larger volume of the powder is consumed for the
melt pool. To minimise the effect, the inside-out direction will be used
for the next test loops. Moreover, the sharp overlap porosity was found
in the top view images (Fig. 15a). It could be created due to insufficient
overlapping of neighbouring contour tracks in the up-skin area where
the thickness of the track is thinner than in the down-skin area above the
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powder bed. Based on that, the OL parameter was increased about 5% to
35% which stabilise the situation in up-skin area. But on the other hand,
it can increase a porosity in the down-skin area.

The second testing loop showed significant improvement in all
observed parameters. A change of laser scanning direction eliminated
the sharp pores. The porosity level was significantly decreased using the
hollow strut thickness (HT) obtained from Response Surface Analysis
(RSA) and changing the OL to 35%. The results are shown in Figs. 16c,
d and 15b. where the porosity level reached values in the interval of
0.01% (LE = 0.29 J/mm) to 0.6% (LE = 0.32 J/mm) for vertical struts
and even in the interval of 0.07% (LE = 0.25 J/mm) to 0.4% (LE = 0.32
J/mm) for inclined struts. Tables 4 and 5 show the gradual evolution of
the results and the clear positive effect of the CS strategy on all observed
struts' parameters. The results also showed the issue with unmeted
centre areas of some struts. If the non-compatible combination of the HT
and strut diameter is used, the gap could occur in the strut centre
(Table 5 - 1st loop d = 1.5 mm; 2nd loop d = 0.7 and 1.0 mm).

The last testing loop mainly aimed to reduce the unmelted area in the
struts' centre (Fig. 17). Using RSA prediction, the optimal combination
of the process parameter was found for each strut diameter. Thereby, the
constant OL parameter was reached in the whole cross-section of the
vertical and inclined struts (Table 6). The porosity results generally
showed very low level of spherical porosity without unmelted areas, i.e.,
in case of inclined struts max. 0.16%; in case of vertical struts max.
0.19%. It confirms that the results of RSA analysis and OL parameter of
35% allow achieving very low values of porosity level for various di-
ameters of the struts using different SLM parameters within the defined
perspective process window.

Based on the results, the contour strategy and customisation of the
process parameters for various dimensions of the lattice structure seem
to be an effective approach to eliminate the material imperfections.

3.5.2. Dimensional accuracy

The results of the first testing loop are shown in Fig. 18a,b, where the
dimensions of the struts are generally smaller than the nominal di-
ameters. This issue could relate to the circular trajectory of the laser
which means the higher laser speeds along the outer part of the trajec-
tory due to its curvature (Fig. 20) and therefore HT parameter is thinner.
It affects beam compensation parameter (BC; Fig. 1) which was too high
and caused the dimensional deviations. Eq. (5) was created to reach the
optimal dimensional accuracy based on the evaluation. Then, the BC
parameter was changed to BC = BCcoef x TH. The resulting BCcoef =
0.34 was further used in the next testing loops, which expressed the
average value used for all strut diameters. BCcoef was evaluated based
on the nominal strut diameter (SD) and diameter of the first peripheral

Table 6
The chosen results from the third validation testing loop.
Vertical Inclined
Drnom (mm) | 0.6 | 0.8 1.25 2.0 3.0 0.6 | 0.8 1.25 2.0 3.0
LP (W) |214| 325 243 263 263 171 | 251 263 263 263
LS (mm/s) | 950 | 950 950 864 861 950 | 950 833 665 928
LE (J/mm) [0.23| 0.34 | 0.26 0.30 0.31 0.180.26 | 0.32 0.40 0.28
Por. (%) |0.02| 0.19 | 0.09 0.04 0.02 0.02]0.07 | 0.12 0.07 0.01
= E AR
g 2
) ‘
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Fig. 18. The charts of the dimensional deviations from the nominal diameter of the first loop (a) vertical strut, (b) inclined strut; comparison between the first and
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The modified BC parameter's influence is presented in Fig. 18c,d. As
the comparative parameter between the first and second testing loop,
the median value of the dimensional deviation was used. In the case of
the vertical struts, the median value was changed from —0.11 mm to
—0.03 mm. In the case of inclined struts, the median value changed from
—0.10 mm to 0.04 mm. In both charts, two areas of results could be
found. The dimensional deviations of the larger vertical struts are low.
However, in the case of thin struts, the deviations are higher, and the

652

values are unstable. The inclination of the struts' leads to better accuracy
in the case of thin struts, but on the other hand, the deviation of the
larger struts is higher than in the first testing loop. In general, the change
of the BCoef parameter from 0.5 to 0.34 helped significantly reduce the
dimensional deviations; however, to reach even better accuracy, the BC
parameter must be evaluated individually according to the struts' size,
the orientation of the struts and used LE.

3.5.3. Surface roughness

Surface roughness (Ra) was measured on the inclined struts' down
skin surface where the Ra values are the highest [14]. The contour
strategy approach shows the same trend for all levels of the tested LE, i.
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Strut border

Inside overlap

Laser trajectory

Melt pool

(b)

Fig. 20. (a) Schema of the circular trajectory influence on the change of the actual velocity of the melt pool, (b) Schema of the possible remelting in the thin

struts [36].

e., the small diameters have relatively high Ra values, which decrease
with the increasing size of the strut (Fig. 19). In higher linear energies,
the differences between the small and large struts are more significant.
This effect is related to the dissipation of thermal energy from the melt
pool area and the size of the struts. With increasing LE, the surface
roughness Ra increases linearly across all tested diameters (Fig. 19b).
This conclusion matches with the study [16] where they focused on a
wide range of LE and the strut diameter of 2 mm.

Surface roughness partially affects also dimensional deviations
which can be seen by comparing the charts of Figs. 18 and 19a. The
charts show that the struts with a small diameter have a larger deviation
of the dimensions and higher surface roughness than larger struts.

4. Discussion

The presented results aimed to describe the SLM process's specific
behaviour during the manufacturing of thin-strut lattice structure. Due
to low volume of material, the lattice structures are highly affected by
thermal behaviour of SLM melting process; therefore, the geometry and
size of produced lattice structures must be considered. For this purpose,
the Contour Strategy (CS) parameters was developed which led to
elimination of typical imperfections of lattice structure, such as
dimensional inaccuracy, high surface roughness and porosity.

4.1. The process of the contour strategy optimisation

4.1.1. Comparison of the single tracks, thin wall, and hollow struts results
The first differences have already appeared in the basic SLM

()

experiment, respectively, in comparison of the single-track welds and
thin-walls, and hollow struts thickness results. The thin perpendicular
walls' thickness was about 28% wider than the single-track welds' width,
and the inclined walls was even 34% (Fig. 11a). The hollow strut's
thickness showed a similar deviation as the inclined walls (Fig. 11b);
however, more significant dependence on the input energy (LE) was
observed. In previous studies [11,17], the need for similarity of the
samples shape and final components was mentioned. Therefore, the
hollow strut's geometry was finally used to design the CS parameters.

Based on the wider thickness of hollow strut samples, the hypothesis
was created that the circular shape of the laser CS trajectory and their
small diameter causes the changes in the melt pool's thermal behaviour.
Due to a circular shape of laser trajectory with a very small diameter, the
inner part of the melt pool moves slower than the outer part (Fig. 20).
This locally increases the input energy Egs. (8), (9) because the laser
exposes the inner part of the strut longer and the melt pool expands.
Then, the hollow strut's thickness increases faster than the walls with
increasing input linear energy (LE; Fig. 11b). The example could be the
set of the process parameters LP = 325 W, LS = 1100 mm/s Ein = 0.295
J/mm and the strut diameter d = 0.8 mm; due to the speed distortion on
circular trajectory, the LE is distributed from E;, ; = 0.535 J/mm to Ejp »
= 0.204 J/mm depend on the position.

-~ voe(dy — TH) - ﬁ

Vi = T a (6)
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Fig. 21. (a) Laser heat affection of vertical strut geometry in four points of laser trajectory; (b) heat affection of whole strut.
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Fig. 22. (a) Strut thickness of the vertical struts with different strut diameter in three points of trajectory based on simulation; (b) spiral groove on surface of

vertical struts.
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The hypothesis was verified using the vertical struts' transient thermal
simulation (d = 0.8 mm) in Ansys Workbench software. The described
phenomenon is associated with the strut diameter (Fig. 22a), input
linear energy (Fig. 11c,d) and also the position on the laser trajectory
(Fig. 21a,b). Close to the starting point (S), the laser started exposition
and the melt pool is the narrowest. In the middle of the trajectory (point
P2, P3), the track thickness (HT) is growing as the melt pool is larger and
longer. In the last part of the trajectory, the melt pool meets the pre-
heated area of the powder (around 300 °C) and includes the biggest
amount of melted material; the HT is the largest.

The magnifying of the melt pool is also visible on the strut surface
where the spiral groove was formed (Fig. 22b). The groove is caused by
the deviation of the HT parameter in the start/end point and the spiral
shape was created due to moving of this point in each layer by 67°
(default setup in post-processing software). Also, the asymmetricity of
the HT was observed especially in the centre of strut as was described
above (Fig. 20).

Obtained results supported the hypothesis because the values of the
LE and d dependence have the same trend as the numerical results. This
phenomenon also affected the possibility of the small strut production
The smallest struts to produce are those with the diameter d = 0.6 mm.

4.1.2. Overlap parameter and inter-weld porosity

The overlap (OL) is one of the key parameters that contribute for SLM
manufacturing process stabilisation. The OL parameter defines the
overlapping and connection of the neighbouring track welds. If the OL
parameter is too high, the gas porosity occurs by vaporising the
AlSi10Mg chemical components. Otherwise, if the OL parameter is too
low, the lack of fusion porosity occurs because the gap between neigh-
bouring track is filled by unmelted powder. Therefore, the inter-weld
porosity was chosen as the main response parameter during OL opti-
misation and the aim was to minimise it.

The results showed that the minimum porosity value was achieved in
the OL range of 30-40% of the hollow strut thickness (HT; Fig. 13b).
According to the further results of the volumetric porosity, the optimal
OL value of 35% was finally found. The reason was the lack of fusion
porosity which was observed in the inclined strut. After modifying the
OL parameter, this issue disappeared (Fig. 15a).

4.1.3. Design of the contour strategy parameters

The main design parameter for minimising the lattice structure im-
perfections is the hollow strut thickness (HT) that depending on the
required strut's diameter, structure topology and the input linear energy
(LE). The necessary condition is the constant overlap of 35% (OL) in the
whole strut cross-section; therefore, the combination of the strut diam-
eter and compatible HT parameter must be chosen to achieve the integer
number of the laser contour even in the strut's centre. Otherwise, two
typical issues appear. If the OL parameter is higher than 35%, the
remelting of the material and gas porosity occurs in the strut centre. If
the strut is unmelted in the centre (negative value of OL), the lack of
fusion porosity occurs (Fig. 17b,c). Both issues significantly decrease the

Table 7
Different setup of contour strategy for inclined strut with a diameter of 1.25 mm; three sets of process parameters.
State Optimal Remelted Unmelted
Dhom (mm) 1.25 1.25 1.25
LP (W) 350 275 300
LS (mm/s) 1100 800 800
LE (J/mm)
TH (um)
OL in centre (O/o)
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Fig. 23. The numerical simulation of the thermal distribution during powder melting (a) vertical strut; (b) inclined strut; (c) The chart of the temperature T in the
distance a below laser exposing point in vertical and inclined strut (d = 0.4 mm).

mechanical properties of the lattice structures.

The results of the HT parameters were analysed using Response
Surface Analysis (RSA). It allows finding a smooth approximation of the
HT results in the whole perspective SLM process window, definition of
their equations (Egs. (3), (4)), and finally describe the dependence of LE-
d-TH parameters for both perpendicular and inclined struts. These
predictions make it possible to effectively find the optimal parameters
depending on the produced strut diameter (0.6 - 3 mm), input energy
(LE 0.25-0.38 J/mm) and orientation. Using the specific values of the
HT parameter for each combination of the SLM process parameters and
strut diameter enables to obtain the best possible quality of produced
lattice structures and implement all previous results into the CS
(Table 7).

4.2. The higher level of porosity and surface roughness in inclined struts

The SLM process is based on the selective melting of the metal
powder by a high-power laser. The layer-by-layer production causes a
cyclic thermal loading of the manufactured part that must be dissipated
from the melting point through the component. The crucial moment of

Down-skin

the SLM process is the melting of the powder. During the solidification of
a liquid phase, the material microstructure is created. If the temperature
is too high or low in the met pool, the internal porosity is formed.
However, the situation is different in the inclined and vertical struts due
to their orientation.

During the vertical struts production, the laser points in the direction
of the strut's axis, and there is the volumetric material below the melt
pool. Surrounding powder material is not significantly influenced by
thermal energy (Fig. 23a). Another situation is in the case of the inclined
strut. The laser does not point in the direction of the axis but in the Z-
direction. This causes the root of the melt pool also points in the Z- di-
rection and thermally influence the down-skin area of the strut where
high surface roughness is formed (Fig. 23b). The surrounding powder
has low thermal conductivity therefore, it prevents heat dissipation to
the surroundings. Thermal energy is longer trapped in the melt pool and
then dissipated to the volumetric material with higher thermal con-
ductivity. It follows that the down-skin area of the strut is more ther-
mally influenced than the up-skin area of the strut. Moreover, due to
layer-by-layer production, this situation is repeated many times and
the changes of microstructures, and material porosity occur [12].

Fig. 24. Microstructure of the struts [16] (a) LP 250 W, LS 1400 mm/s, Ein 0.18 J/mm; (b) LP 300 W, LS 500 mm/s, Ein 0.6 J/mm.
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The porosity results in Fig. 15 confirmed this hypothesis. In Fig. 15a,
there are many small gas pores placed in the down-skin area even the
lack of fusion porosity has appeared in the up-skin area. As was
explained above, the down-skin area is repeatedly remelted; therefore,
the negative effect of low input energy disappeared and is observable
only in the up-skin area. A similar situation is presented in metallo-
graphic cross-sections of the previous study [16]. Even the strut was
produced by the process parameter out of the recommended process
window, the metallographic pores are placed in the down-skin area
especially when the high input energy is used (Fig. 24b). In the up-skin
area, the lack of fusion porosity appears as was expected (Fig. 24a).

4.3. Influence of contour strategy on mechanical properties

As described above, the contour laser strategy has a positive effect on
reducing porosity, surface roughness, and dimensional accuracy. These
imperfections mainly cause the initialization of cracks during the me-
chanical loading of produced parts. Especially, porosity situated near the
surface is very susceptible to the initialization of crack. In the case of
lattice structure with struts diameter of 0.5-3 mm, the porosity highly
affects the strut's cross-section and has a high impact on mechanical
properties [9,12,27]. Surface roughness has a similar effect as subsur-
face porosity. A highly rough surface can cause crack initiation, espe-
cially in the bottom area of the inclined strut [14,15]. Dimensional
accuracy can affect the mechanical properties of lattice structures
because produced struts do not reach the designed dimension (Fig. 18).
The designed part could have a different mechanical property than were
expected.

However, the microstructure can also be affected by scanning strat-
egy and process parameters [37,38]. The scanning strategy can affect
the mechanical properties of produced parts due to grain structure and
orientation. Simultaneously, the energy of input parameters has an
impact on microstructure. The contour strategy allows the setup of
process parameters with different input energy. The contour strategy
effect on lattice structures material microstructure and mechanical
properties should be further explored.

5. Conclusions

The complex study about manufacturing of the SLM lattice structures
was conducted to investigate the influence of the contour laser strategy
(CS) on the material porosity, surface roughness, and dimensional ac-
curacy of the lattice structures. Based on the investigation, the following
conclusions can be listed below:

The strong dependence of single-track welds parameters was
observed on the specific geometry of the samples; therefore, it is
necessary to use the results of the hollow struts thickness (HT) to
design the CS parameters.

e The hollow struts thickness (HT) is a variable parameter that de-
pends on the lattice structure's geometry, i.e., orientation and
diameter of the struts, and the input linear energy (LE). The equa-
tions (Egs. (3), (4)) were found that consider the relationship be-
tween the parameters.

The overlap parameter of OL = 35% was evaluated for AlSi10Mg
material as optimal to achieve the material porosity's best results for
two struts orientations (vertical; inclined 35.26°). The constant OL
must be reached in the whole volume of the struts, especially in the
centre of the struts.

The inside-out contour strategy significantly reduced the sharp pores
caused by the lack of powder effect in the struts' centre.

Using the found equations (Egs. (3), (4)) of the hollow struts thick-
ness dependence allows to find the optimal SLM process parameters
for the required strut diameter and to minimises the material
porosity under the level of 0.2% in the range of d = 0.6-3.0 mm.
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e The inclined struts' surface roughness has a linear dependence on the
input linear energy, and the values increased with higher energy. The
contour strategy approach allows decreasing the surface roughness
compared to default parameters. The maximum obtained values
were Ra up to 16 pm for vertical struts and up to 80 pm for inclined
struts.

The contour strategy improves the diameter accuracy and the me-
dian value of dimensional deviations of 0.03 mm was reached for
inclined struts and 0.04 mm for vertical struts.
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