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Abstrakt

Cilem této doktorské prace je zapoCit vyvoj tenkych hoicikovych drati urcenych
k aplikaci v implantologii. Soucasti prace je nalezeni vhodné slitiny a diskuze moznosti, jak
Z ni pfipravit tenky drat metodou piimé extruze. To zahrnuje charakterizaci mikrostruktury,
necistot, mechanickych vlastnosti, tvafecich podminek, dvojcaténi a texturné zavislé
anizotropie. Je prezentovana metoda pro efektivni pfipravu tenkych dratd z ¢istého hoiciku
a nasledné je studovan vliv tvéafecich podminek na vlastnosti ptipraveného dratu. Pro ziskani
dratd s lepsimi vlastnostmi byly zkoumany moznosti vyuziti disperze ¢astic kvazikrystalické
ikosahedralni faze. Kvili obtizim pfi vyrob¢ dratu, v ptipadé vétsiho obsahu legujicich prvki,
byla jako vychozi materidl zvolena binarni slitina Mg-0,4Zn. Vysledky koroznich testl
v umélych télnich roztocich vynutily pokryti dratu polymerem pro zpomaleni pocate¢nich
degradacnich procestu. Toto povlakovani umoznuje funkcionalizaci povrchu. Kopolymer L-
laktidu a e-kaprolaktonu byl vyuzit ke zlepSeni koroznich vlastnosti drata. K zamezeni
rozptylu mechanickych vlastnosti, zptisobenych obc¢asnou piitomnosti ¢astic MgO jako
necistot z tavby, jsou draty splétany do lanek. Na zakladé vysledku této prace by tato lanka
mohla byt vyuzita pro fixaci hrudni kosti u détskych pacientli, kde fyziologicka zat¢z na
hrudni kost neni tak velkd jako u dospélych. Provedeni fixace sterna biodegradabilnim
materidlem by bylo velmi vyhodné pro omezeni syndromu chronické bolesti po sternotomii
a komplikaci v ptipadech, kdy je nutné provadét vice invazivnich operaénich zakroka srdce.

Abstract

The aim of this doctoral thesis is to begin the development of thin magnesium wires for
implant applications. It consists of finding the suitable alloy and discussing the possibilities to
prepare the wire via direct extrusion. This includes characterization of the microstructure,
impurities, mechanical properties, processing conditions, twinning and texture-related
anisotropy. A method for effective preparation of thin pure magnesium wires is presented and
the effect of processing parameters on the wire properties is studied. An attempt was made to
utilize dispersion of quasicrystalline icosahedral phase to obtain alloys with better properties.
Due to the difficulties that arise with extensive alloying and subsequent production of thin
wires a Mg-0.4Zn alloy was chosen as the initial material. The results of corrosion tests in
artificial body fluids made necessary the employment of a coating that slows down the initial
degradation processes and makes further surface functionalization possible. A copolymer of
L-lactide and e-caprolactone is used to further improve the corrosion properties of the wires.
To overcome the variation in tensile properties connected with occasional MgO impurity,
wires are made into strands. Based on the results, these ropes could be potentially used for
sternal fixation in pediatric patients, where the physiologic loads on the sternum are not as
severe as for adults. A possibility of a biodegradable sternal fixation would be beneficial to
minimize post-sternotomy pain syndrome and suppress complications when multiple open-
heart surgeries are required.
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Seznam symbolid a zkratek

oMEM
Avg (cm™)
MCT
Ca/P
DMEM
DMA
EBSD
ECAP-BP
ED

EDS
EMEM
FBS
FIB
GDOES
HBSS
hm.%
IPF
MEM
PBS
PCL
PLA
PLLA
ppm
RD

SBF
SEM

SEM-EBSD

SEM-EDS
TEM
XPS

alfa modifikace minimalniho esenciélniho média
Ramantiv posun

rentgenova mikrotomografie

pomeér poctu atomu vapniku viici poctu atomu fosforu
Dulbeccovo modifikované minimalni esencialni médium
dynamicka mechanicka analyza

elektronova difrakce zpétné odrazenych elektronil

uhlové kanalové protladovani se stejnym prafezem — s protitlakem
smér extruze

energiove disperzni spektroskopie

Eagleovo modifikované minimalni esencialni médium
fetalni bovinni sérum

fokusovany iontovy svazek

opticka emisni spektroskopie s doutnavym vybojem
Hanktiv solny roztok

hmotnostni procento

inverzni polovy obrazec

minimalni esencialni médium

fosfatovy pufr

polykaprolakton

polylaktid, polymer kyseliny mlé¢né

polymer kyseliny mlé¢né, chiralni ,,.L. = levoto¢iva“ varianta
jedna ¢ast z milionu, zde ve smyslu hmotnosti

radialni smér, obecny smér kolmy na smér extruze
simulovany télni roztok (konkrétni typ média)

skenovaci (rastrovaci) elektronovy mikroskop

elektronova difrakce zpétné odrazenych elektronti vyuzita v SEM
energiove disperzni spektroskopie vyuzita v SEM
transmisni elektronovy mikroskop

fotoelektronové spektroskopie

Neni-li uvedeno jinak, jsou slozeni slitin udavana v hmotnostnich procentech (hm.%).

Z diivodu velmi velkého poctu vyuzivaného experimentdlniho vybaveni na riznych
institucich nejsou vzdy v podrobnostech uvedeny ptfesné podminky jednotlivych experimentt
a metody ptipravy vzorkl. Tyto informace jsou obsazeny v publikovanych pracich, na néz se
text odkazuje. V ptipadech, kdy se jedna o nepublikovana data, Ize informace ziskat od autora

na e-mailové adrese Karel. Tesar@fjfi.cvut.cz



1 Uvod

Hoi¢ik je nejlehcim kovem, jenZ se celosvétové vyuziva pro konstrukéni aplikace. Jeho
hustota 1738 kg.m™ je velice pithodna pro pouziti, kde kazdy ufetfeny gram poskytuje
ekonomickou ¢i environmentélni Gsporu. Pti praktickém pouZiti jsou Casto nedostate¢né
mechanické a korozni vlastnosti Cistého hot¢iku vylepSovany pridavkem vhodnych legujicich
prvkil a vytvotfenim slitin, které svymi vlastnostmi jiz konkrétnim aplikacim vyhovuji. Hot¢ik
nachazi vyuziti nejen pro aplikace Cisté¢ konstrukéni, ale je hojné€ vyuzivan i v pyrotechnice,
metalurgii a chemickém pramyslu [1]. Nizky moment setrvacnosti lehkych soucastek
z hot¢iku je vyhodny pro velmi rychle se pohybujici c¢asti konstrukci. Piikladem
konstrukéniho vyuziti hot¢ikovych slitin jsou €asti karoserii a diskd kol automobilii. Zde se
vyuzivaji jak odlitky, tak casti vyrabéné ploSnym tvarenim. V automobilovém primyslu se
vyuziva zejména 35% tspora hmotnosti oproti stejnym dilim z hlinikovych slitin, coz ma za
nasledek snizeni spotieby paliva. Mimo tspory finanéni se tim tedy snizi i environmentalni
zatéz [2]. V poslednich n€kolika letech doSlo k vyraznému zefektivnéni procesu vyroby
hot¢iku, ktery nyni zatézuje zivotni prostiedi daleko méné. DalSim odvétvim, kde se uplatni
konstrukéni vyuziti hot¢ikovych slitin, je letecky, vojensky a kosmicky pramysl. Jednou
Z nejbéznéjsich tvarecich technik pro zpracovani Mg je ptima extruze za tepla [3]. Volbou
legujicich prvku je mozné ziskat slitiny s disperzi intermetalickych fazi, které maji velmi
perspektivni vlastnosti. V tomto odvétvi se jednim z nejzajimavéjSich sméra jevi vyuziti
kvazikrystalické faze pro zlepSeni vlastnosti Mg [4,5].

Rychle se rozvijejicim odvétvim vyzkumu a vyuziti hot¢iku jsou biomedicinské aplikace.
Hoi¢ik je biogennim prvkem, jenZ ma zasadni roli pro spravnou cinnost lidského
metabolismu. V implantologii ma tedy vyuziti hoi¢iku jednoznacnou vyhodu v tom, Ze
existuji télu ptirozené procesy jeho zpracovani a vylouéeni pii jeho vySSich koncentracich.
Piebytek Mg je filtrovan ledvinami a neni pro télo nijak nebezpecny. Hoicik v lidském téle
podléha korozi a fadi se tedy k latkam, které nazyvame biodegradabilni. Biodegradabilita
spolu s téméf nulovou cytotoxicitou ¢ini z hotféiku velmi perspektivni materidl pro vyrobu
implantatd, které po urcité dobé plné degraduji [6,7].

V soucasné¢ dobé se rozviji studium rychlosti koroze Mg v simulovanych télnich
roztocich a na zvitecich modelech in vivo [8]. Cytotoxicita Cistého Mg a riznych jeho slitin je
zkoumana invitro [8,9]. Pfevazna vétSina studii je provadéna na laboratornich vzorcich

s pomérn¢ velkymi rozméry, kdy se studuji mechanismy koroze a degradace. Dale se provadi



studie na pomérné velkych implantatech, jako jsou biodegradabilni Srouby a dlahy, pouzivané
pfi zavaznych frakturdch koncetin [10]. Doposud neni Mg pfili§ pouzivany pro malé
implantaty, jelikoz neni pln€¢ popsdn mechanismus lokalni koroze, kterda mtize ohrozit
konstruk¢ni integritu implantatu pied planovanym okamzikem degradace. Je nicméné Zadouci
tento problém fesit, nebot’ by poté bylo mozné pouzit Mg také pro externi cévni fixaci, stenty
a dal$i podobné aplikace, které vyzaduji implantaty s rozméry v fadu desetin az jednotek
milimetrii alespont v jednom sméru.

Ukazalo se, ze korozni produkty Mg mohou byt za jistych podminek rovnéZ bioaktivnim
materialem, ktery poskytuje vhodny povrch pro déleni a rust kostnich bunék. Bylo zjisténo, Ze
se v nékterych piipadech na povrchu Mg vytvaii vrstva fosfat, napiiklad Caip(PO4)s(OH),
(hydroxylapatitu), ktery je hlavni anorganickou slozkou lidskych kosti [11]. Pro Sirokou $kalu
implantat, které jsou v pifimém kontaktu s hojici se kosti, byvad vyuzivan synteticky
deponovany hydroxylapatit (nebo jiny ortofosfat) tak, aby byla omezena pocate¢ni rychlost
koroze [12]. Pokud jsou pro korozni testy pouzity komplexngjsi simulované télni roztoky,
které mimo zakladnich aminokyselin a anorganickych slozek obsahuji i fetalni bovinni (teleci)
sérum (ristové faktory, bilkoviny, vitaminy, stopové prvky), ukazuje se, Ze se mohou vytvaret
nejen jednodu$si ortofosfaty, ale i substituované formy hydroxylapatitu [12]. Pfikladem
roztokd, které nejlépe simuluji Zivy organismus, je minimalni esencidlni médium (MEM)
a ruzné jeho modifikace [13].

Typicky je pro omezeni koroze pouzivana vrstva syntetického nebo teleciho
hydroxylapatitu. PfestoZze je hydroxylapatit biokompatibilnim materidlem, je zde stale
mozZnost imunitni reakce, jelikoZ se jedna o latku, kterd ma piivod mimo télo. I pfesto maji
substituované hydroxylapatity (Ca-deficientni) velmi dobrou biokompatibilitu a pokud
optimalizujeme morfologii povrchu, pak mohou byt i bioaktivni [14]. Depozice kiehkého
hydroxylapatitu na velmi malé implantéty, u nichz se vyzaduje plasticka deformace v prubéhu
implantace, vSak neni z hlediska zachovani celistvosti ochranné vrstvy mozna. Proto je nutné
resit zpomaleni koroze takovychto implantath jinak.

Jako perspektivni se jevi vyuziti biodegradabilnich polymert pro povlaky téchto
implantat [15]. Lze tak omezit rychlost koroze a optimalizovat vydrz implantati s ohledem
na regenerativni schopnost riznych skupin pacienti (obecné v mladém véku probiha
regenerace rychleji). Tyto povlaky jsou zejména polymery a kopolymery, které v téle plné
degraduji a nezatézuji svou degradaci metabolismus. Je tieba feSit interakci polymeru s Mg

substratem, miru propousténi média a korozi substratu pted vlastnim rozpuSténim ochranné



vrstvy polymeru [16]. Je ovSem mozno dosahnout stavu, kdy je rychlost koroze nastavitelna
a s implantatem lIze pii jeho aplikaci pracovat bez obav z poSkozeni ochranné vrstvy.

Vlastni prace je motivovana vyzkumem v oblasti pokrocilého tvareni hoiciku a jeho
slitin. Byla vyvinuta metoda pfipravy tenkého Mg dratu pomoci piimé extruze. Pfima extruze
je jedna z nejjednodussich tvarecich technik, nicméné konstrukce tvareci formy muze byt
velmi komplikovana, pokud vyzadujeme vytvotfeni dratu v jediném kroku (¢lanek A) [17].
Tato metoda produkuje silnou tvareci texturu, ktera je spojena s vyjimecnou plasticitou
v ohybu u takto vyrobenych drati. Obecné je pro vyrobu dratt vyuZzivano tazeni za studena,
které v ptipadé hotc¢iku produkuje material s vlastnostmi, které jsou Casto nedostate¢né pro
biomedicinské aplikace. Jednd se zejména 0 poruseni nosného prufezu dratd pii velkych
opakovanych plastickych deformacich, které jsou pii zavadéni téchto implantath
nevyhnutelné.

Pro vyvoj implantdtu musi materidl projit narocnym procesem obsahujicim jak zakladni
vyzkum a charakterizaci materidlu s nim spojenou, tak testy, které predchazi klinickému
vyuziti. Vyjma tradi¢nich mechanickych testli, jako je statickd zkouSka jednoosym tahem, je
typické pouziti skenovaciho elektronového mikroskopu (SEM) a ptfidruzenych technik, jako
jsou Fokusovany iontovy svazek (FIB) a Energiové disperzni spektroskopie (EDS), zejména
pro charakterizaci degradace hydroxylapatitu a jinych koroznich produkti [18].

Vyvoj nového implantitu je narocny a zdlouhavy proces, ktery zahrnuje mnoho
technologickych problémi. Vyzaduje Sirokou, multidisciplindrni S§kéalu charakterizacnich
technik. Dals§i nutnou podminkou pro feSeni této problematiky je ustanoveni mezioborové
spoluprace napti¢ fyzikou, chemii, metalurgii, aplikovanou mechanikou, biomechanikou,
biologii a medicinou. Obecnym cilem diserta¢ni prace je ziskat zakladni poznatky nezbytné
pro uspéSny vyvoj tenkych Mg dratd pro vyuziti v bioaplikacich a navéazat U¢innou
a ptinosnou védeckou spolupraci napii¢ vefejnymi vyzkumnymi institucemi v CR pfi feseni
této problematiky.

Disertacni prace je predkladana ve formé komentovaného souboru publikaci k danému
tématu. Piestoze vlastni publikace nesou ucelenou informaci samy o sobé&, v této praci jsou
jejich vysledky dodatecné komentovany v kontextu vyvoje konkrétnich Mg implantath.
K tomuto ucelu slouzi formulace dil¢ich cilti disertani prace, jejichz struktura prezentuje
a doplnuje vysledky komentovanych publikaci v logickém sledu. Také jsou uvedeny dalsi,
dosud nepublikované vysledky a pozndmky, poskytujici poklady pro planovéni dalsich
experimentt. S ohledem na spolupracujici instituce, nejsou v této praci pouzity nepublikované

obrazky a zaveéry, kde neexistuji jejich alternativy pro budouci publikaci.
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1.1 Cile disertacni prace

Hlavni cil této disertacni prace lze shrnout jako:

Zapocit vyvoj tenkého dratu z Mg nebo jeho slitin, uréeného pro biomedicinské aplikace.

Dil¢i cile této diserta¢ni prace 1ze formulovat nasledovné:

Cil 1:

Cil 2:

Cil 3:

Cil 4:

Cil 5:

Cil 6:

Cil 7:

Cil 8:

Cil 9:

Material

Nalézt materidl na bazi Mg vhodny pro biodegradabilni aplikace ve formé tenkych
drata. Urcit optimalni chemické slozeni dratu.

Vyroba drati

Navrhnout zptisob vyroby tohoto dratu pomoci ptimé extruze. Diskutovat vyhody
a nevyhody pouzité technologie. Upozornit na piekazky.

Zakladni charakterizace

Ur¢it mechanické vlastnosti dratu v zavislosti na parametrech extruze. Charakterizovat
zpuisob poruseni drati pii tahovych zkouskach. Provést zékladni fraktografickou
analyzu. Diskutovat vliv parametru extruze na finalni drat.

Mikrostruktura a textura

Popsat mikrostrukturu dratt. Diskutovat dosazenou plasticitu v ohybu vyslednych
dratd v souvislosti s jejich texturou. Popsat mechanismy plastické deformace.

Povrchova tprava drata a vyroba lanek

Diskutovat moZnosti zpomaleni koroze v pocatecnich fazich degradace. Popsat kvalitu
povrchu po extruzi a moznosti jejiho zlepSeni. Provést experimenty s vyuzitim
biodegradabilnich polymerd jako nastroje pro omezeni rychlosti koroze. Diskutovat
vyhody a nevyhody zvoleného pfistupu. Provést vyrobu lanek z potazenych dratu.

Koroze v umélych roztocich

Pro rizna sloZeni dratl provést korozni testy v MEM. Diskutovat zmény pH a tbytek
hmotnosti dratd. Provést kontrolni testy v PBS a demineralizované vod¢. Popsat
a charakterizovat korozni produkty na povrchu dratu pomoci SEM, EDS, Ramanovy
spektroskopie a dal$ich technik.

Uvodni in vitro a in vivo testy

Popsat koncepci testti in vitro a in vivo. Urcit cytotoxicitu a bioaktivitu nékterych
drath pomoci in vitro testi. Provést Uvodni invivo testy na adekvatnich zvifecich
modelech. Koncipovat dalsi testovani.

Spoluprace a organizace vyzkumu

Navazat Gcinnou védeckou spolupraci napfi¢ vefejnymi vyzkumnymi institucemi
v CR, vztahujici se k tomuto konkrétnimu tématu. Popsat role jednotlivych pracovist’.

Sméry dalSiho vyzkumu

Navrhnout a diskutovat moznost vyuziti vyvinutych Mg dratt. Upozornit na piipadné
problémy a omezeni, kterd je tieba brat v Uvahu. Nastinit mozné navazujici projekty.
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1.2 Seznam komentovanych publikaci

Diserta¢ni prace ma formu komentovaného souboru nésledujicich 6 ¢lanka:

Clanek A:

Clanek B;

Clanek C:

Clanek D:

Clanek E:

Clanek F:

JAGER, A., S. HABR a K. TESAR. Twinning-detwinning assisted reversible
plasticity in thin magnesium wires prepared by one-step direct extrusion.
Materials & Design. 2016, 110, 895-902. ISSN 0264-1275.

TESAR, K., K. BALIK, Z. SUCHARDA a A. JAGER. Direct extrusion of thin
Mg wires for biomedical applications. Transactions of Nonferrous Metals Society
of China. 2020, 30(2), 373-381. ISSN 1003-6326.

TESAR, K. a K.BALIK. Nucleation of corrosion products on H, bubbles:
A problem for biodegradable magnesium implants?. Materials Today. 2020, 35,
195-196. ISSN 1369-7021.

NEMEC, M., A. JAGER, K. TESAR a V. GARTNEROVA. Influence of alloying
element Zn on the microstructural, mechanical and corrosion properties of binary
Mg-Zn alloys after severe plastic deformation. Materials Characterization. 2017,
134, 69-75. ISSN 1044-5803.

TESAR, K., H. SOMEKAWA a A. SINGH. Development of texture and grain
size during extrusion of ZA63 alloy containing stable quasicrystalline i-phase and
its effect on tensile and compression strength. Journal of Alloys and Compounds.
2020, 849, 156340. ISSN 0925-8388.

TESAR, K., H. SOMEKAWA a A.SINGH. Achieving yield symmetry in an
extruded Mg-Zn-Y alloy by more effective dispersion of quasicrystalline i-phase.
Metallurgical and Materials Transactions A. 2021, 52, 2185-2194. ISSN 1543-
1940.
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1.3 Prehled souboru ¢lanki

Zvolené publikace jsou fazeny ptfedevsim s ohledem na jejich vyznam pro vyvoj drata
pro implantaty. Clanek A poskytuje prvni vysledky piipravy Mg dratdi a charakterizuje drat
Z komer¢né Cistého Mg ptipraveny pii 300 °C. Duraz je kladen na korelaci mikrostruktury
dratd a jejich mechanickych vlastnosti. Clanek B shrnuje poznatky ziskané dpravou
extruznich parametrii a diskutuje pouzity material z hlediska Cistoty. Také se vénuje uvaze
0 mozném vyuziti drati. Clanek C upozoriiuje na zajimavy jev pii korozi v umélém télnim
roztoku, kdy rozhrani médium-plynny H; slouzi jako misto pro nukleaci koroznich produktu.
Clanek D se vénuje Mg-Zn binarnim slitindm. Na zakladé ziskanych poznatki byl pro vyrobu
dratd jako optimalni vybran material Mg-0,4Zn. Clanky E a F se vénuji extruzi Mg slitin,
jejichz spole¢nym znakem je obsah kvazikrystalické ikosahedrélni i-faze. Pivodni motivaci
pro tento vyzkum realizovany v ramci staze v japonské Tsukub¢, bylo vyuzit i-fazi pro ziskani
materialu potencidln¢ vyuzitelného pro vyrobu dratli. Nasledné se zaméfeni vyzkumu
modifikovalo na snahu o porozuméni vlivu pfimé extruze za tepla na mikrostrukturu, texturu,
disperzi kvazikrystalickych ¢astic a mechanické vlastnosti Mg-Al-Zn slitiny (¢lanek E).
Nasledn¢ byla zkoumana slitina, ktera jiz neobsahovala t&€lu velmi neptiznivy hlinik (¢lanek
F). Ptestoze bylo v pritb¢hu staZze od dalsi snahy vyuzit kvazikrystalickou fazi pro zlepSeni
Mg drath upusténo, byly nadéle intenzivné feSeny vlivy pfimé extruze. Bylo nalezeno
mnoZstvi analogii s vysledky ¢lanku A. Reseni ¢lankl E a F bylo v tomto ohledu kli¢ové pro
pochopeni vSech procest, které je nutné fesit pii dalsim zlepSovani vyroby dratd a hledani

stale vyhodnéjsiho sloZeni vychoziho materialu.

Clének A:

Tento ¢lanek byl zaméfen na popis mikromechanismu plastické deformace tenkych
(9250 um) Mg dratt. Draty byly pfipraveny piimou extruzi za tepla pti 300 °C s extruznim
pomérem 1:576. Takto velky extruzni pomér zajistil velmi silnou texturu dratu a umoznil
efektivné pfipravit tenky Mg drat v jednom kroku. Jiz prvni vyrobeny drat prokazal pfi ru¢ni
manipulaci neo¢ekavanou plasticitu v ohybu. Oproti bézné vyuzivanym Mg dratim snasel bez
zjevnych probléml opakovany ohyb. Mimo tradi¢nich zkouSek mechanickych vlastnosti, jako
je zkouska tahem a méfeni mikrotvrdosti, byly provedeny experimenty s vyuzitim metody
SEM-EBSD (difrakce ve zpétné odrazenych elektronech v SEM) pro zobrazeni
mikrostrukturnich zmén po ohybu drati. Z téchto experimentli bylo zjisténo, ze opakovany

ohyb Ize dosahnout diky reverzibilnimu {1012} dvojcaténi, které je dominantnim
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mechanismem plastické deformace v ohybu diky silné extruzni textufe dratd a vhodné
velikosti zrn. Bylo také zjisténo, Ze pii jednoosém tahu nejsou podminky pro dvojcaténi
vhodné a material se deformuje pomoci disloka¢nich mechanismi. Vysledky tohoto ¢lanku
ukazaly, ze z hlediska mechanickych vlastnosti by bylo mozné vyuzit tenky drat i z ¢istého
Mg. Také byl ukazan pozitivni vliv silné tvareci textury tam, kde je kvuli nizkému obsahu

legujicich prvkl dvojcaténi pti ohybu energeticky vyhodné.

Clanek B:

Pro zhodnoceni vhodnosti zmény extruznich parametrti je tfeba znat jejich vliv na
vysledné vlastnosti tenkého Mg dratu. Clanek B rozsifuje mechanickou charakterizaci
z ¢lanku A o dalsi tvafeci teploty pouzité pii piipravé sledovaného materialu. Také je zde
zkouman efekt rychlosti posuvu pratlaéniku a rychlosti deformace pii tahové zkouSce na
vysledné hodnoty mechanickych vlastnosti. Diraz je kladen na opakovatelnost vysledkd,
nebot’ méfeni mechanickych vlastnosti tenkych drati mize mit mnoha uskali. Dale je zde
struéné diskutovan charakter lomi pro draty pfipravené za riznych teplot. Ve vétSing lomil
jsou identifikovany castice, které lom iniciovaly. Pomoci energiové disperzni spektrometrie
(EDS) bylo ur¢eno slozZeni téchto ¢astic jako MgO pochazejici pravdépodobné z nedostate¢né
Cistoty atmosféry pii vyrobé Mg ingotu. Déle je diskutovano mozné vyuziti dratti a moznost
splétani drati do lanek. Také je zde uveden pfedpoklad vyuZziti drath u déti, kde i draty

z ¢istého Mg mohou odolavat hodnotam fyziologického zatizeni hrudni kosti.

Cléanek C:

Clanek C ma formu editorialu v prestiznim &asopisu Materials Today. Z tohoto diivodu
prosel pouze omezenym recenznim fizenim na urovni redakce daného Casopisu. Piestoze se
jedné o publikaci, jejiz zavery jsou z vySe zminéného divodu prezentovany velice obecné,
poskytuje prvni nahled do problematiky koroznich produktd na tenkych Mg dratech. Zabyva
se predevsim tvorbou vodiku jako plynné slozky koroze Mg v télnim prostfedi. Na rozhrani
plyn-té€lni médium vznikaji korozni produkty, které bublinu plynu postupné uzaviraji. To ma
za nasledek vytvoreni oblasti nepiistupné pro bunky. Tyto oblasti mohou mit nezadouci efekt
na proces hojeni a na vysledne mechanické vlastnosti regenerované kosti. Je ov§em nutné
zvazit dynamické prostiedi lidského téla, kde lze realné predpokladat, Ze bubliny H, budou

méng stabilni. Dalsi efekt, ktery je u zivych modelu tieba zkoumat, je proces resorpce.
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Clanek D:

Clanek je zaméfen na korozni a mechanické vlastnosti slitin Mg-6Zn a Mg-12Zn pied
a po intenzivni plastické deformaci metodou ECAP-BP. Pro potieby dratt se jedna o pomérné
velkou koncentraci Zn, nicmén¢ bylo provedeno detailni vyhodnoceni koncentrace Zn
v matrici a byl diskutovan vyskyt castic, jako jsou MgZn,. Také byl popsan gradient
koncentrace Zn v jejich okoli. Clanek demonstruje negativni vliv vy3si koncentrace Zn na
korozni vlastnosti, coZ je efekt, ktery nastava aZ od uréité koncentrace Zn v Mg. Clanek dale
ukazuje, Ze intenzivni plastickd deformace a mala velikost zrn muzou mit v nékterych
piipadech také negativni vliv na korozni odolnost Mg slitin. Z hlediska vyroby drati je nutné
téchto poznatkll vyuzit, nebot’ Zn je velice vhodnym legujicim prvkem z hlediska bioaplikaci

a zlepSeni mechanickych vlastnosti Mg slitin.

Clanek E:

Clanek je zaméfen na extruzi slitiny ZA63 (Mg-6Zn-3Al), zejména na vyvoj
mikrostruktury a textury béhem dvou extruznich procest. Je diskutovana vyraznd schopnost
¢astic kvazikrystalické i-faze omezovat pohyb hranic zrn. Diky vyuziti i-faze je dosazeno
stejné hodnoty meze kluzu pro deformaci tahem i tlakem. Daéle je prokazano, ze i-faze je
Vv této slitin€, neobsahujici kovy vzacnych zemin, stabilni za pokojové teploty, coz je
z hlediska jejiho dalsiho vyuziti velmi perspektivni. Také jsou diskutovany oblasti paralelni
K extruznimu sméru, kde je lokalné nizsi koncentrace i-faze. V téchto oblastech je nasledné

primérna velikost zrn vyrazné vyssi. Také bylo pro tuto slitinu dosaZeno tplné rekrystalizace.

Cléanek F:

Tento ¢lanek se vénuje slitiné ZW82 (Mg-8Zn-2Y), kterd je z hlediska biokompatibility
vyrazné¢ vhodné€j$i nez slitina ZA63. Hlavnim zaméfenim ¢lanku je dosazeni plné
rekrystalizace a rovnomérné disperze kvazikrystalické i-faze. To je provedeno dvéma kroky
ptimé extruze za tepla. Pozornost je vénovana vyvoji textury v ramci jednotlivych extruznich
procest. Distribuce velikosti ¢astic i-faze je podrobné popsana a diskutovana diky analyze
obrazu. Vysledky mechanickych vlastnosti a mikrostruktury jsou dany do souvislosti
z dalSimi pracemi, které vyuZivaly pouze jednoho kroku piimé extruze a kde nebylo mozné
dosahnout plné rekrystalizace. Dulezitym vysledkem je dosaZzeni symetrie meze kluzu v tahu
a tlaku i pro velikost zrn ptfesahujici 1 um. Dvoj€aténi, potlatené disperzi kvazikrystalické i-
faze, je identifikovano jako hlavni divod pro rozdilnou mez kluzu v tahu a tlaku u slitin, které

nejsou plné rekrystalizované.
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1.4 Podil kandidata na jednotlivych publikacich
Clanek A:

Kandidat navrhl experimenty s vyuzitim EBSD techniky, ptipravil vzorky a zpracoval
EBSD data. Také provedl a vyhodnotil tahové zkousky, diskutoval mikrostrukturu a texturu
drati a vytvoftil ¢ast ilustraci. S. Habr navrhl a vyrobil extruzni formu a provedl vlastni
tvafeni. A.Jager navrhl zpisob vyroby tenkych drati pfimou extruzi, diskutoval varianty

dvojcaténi, sepsal vysledny text ¢lanku a organizoval smétovani vyzkumu.
Clanek B:

Kandidat navrhl experimenty, sepsal text ¢lanku, vytvofil ilustrace, zpracoval data
z méfeni, provedl cast tahovych zkouSek, popsal mikrostrukturu dratd a organizoval
sméfovani vyzkumu. K. Balik spolu s kandidatem diskutoval mozné vyuziti dratd pro
bioaplikace. Z. Sucharda asistoval s experimenty a diskuzi vysledka. A. Jager navrhl extruzni

proces, diskutoval zmény parametrti extruze a koordinoval méfeni.
Clanek C:

Kandidat navrhl experiment, sepsal text publikace, popsal a diskutoval jeji vysledky

a nastinil dals$i pokra¢ovani této problematiky. K. Balik pfispél k diskuzi vysledkd.
Clének D:

Kandidat provedl a zpracoval data casti mechanickych zkouSek a ptispél k diskuzi
vysledki ¢lanku. V. Gértnerova navrhla a koordinovala vSechna méfeni, vyhodnocovala data
¢asti mechanickych zkouSek, poskytovala odborné vedeni pii pfipravé a provadeéni
experimentll a vyhodnocovani vysledki, vedla sepisovani publikace a diskuze vysledku.
M. Némec provedl experimenty mikrostrukturni analyzy, navrhl a provedl korozni
experimenty, vyhodnocoval naméfend data a sepisoval publikaci. A. Jiager navrhl sloZeni
a zpusob vyroby slitin, navrhl zpiisoby extruze a extruzni procesy, provedl ¢ast mechanickych

zkousek a poskytl odborné zkusenosti pfi diskuzi vysledkt ¢lanku.
Clanek E:

Kandidat ptipravil vzorky, provedl experimenty v souvislosti s mikrostrukturou
a texturou a analyzoval vystupy ze SEM. Déle diskutoval vysledky metody EBSD, analyzoval
zastoupeni i-faze a zpracoval nékteré ilustrace. Také sepsal Givodni navrh textu publikace.
H. Somekawa navrhl a uskute¢nil proces tvareni a provedl mechanické zkousky. A. Singh

provedl mikrostrukturni analyzu, Zzihani, sepsal finalni text publikace a koordinoval vyzkum.
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Clanek F;

Kandidat ptipravil vzorky, provedl experimenty v souvislosti s mikrostrukturou
atexturou a analyzoval vystupy ze SEM a konfokalniho mikroskopu. Déle diskutoval
vysledky z metody EBSD, provedl analyzu obrazu a zpracoval nékteré ilustrace. Také sepsal
avodni navrh textu publikace. H. Somekawa navrhl a uskute¢nil proces tvafeni a provedl
mechanické zkousky. A. Singh provedl mikrostrukturni analyzu, diskutoval mechanickeé

vlastnosti, sepsal finalni text publikace a koordinoval vyzkum.
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2 Vysledky prace

2.1 Material

V této kapitole se budeme zabyvat volbou materialu pro tenké draty z Mg. Prvni
variantou, ktera je z hlediska biokompatibility koroznich produktti vhodna, je vyuziti ¢istého
Mg (¢lanek A, ¢lanek B, ¢lanek C). Dale je zndmo, Ze i mirné legovani muze mit za nasledek
velmi vyraznou zménu koroznich vlastnosti hot¢iku [19]. Schématicky piehled vlivu
koncentrace jednotlivych legujicich prvki na rychlost koroze je zndzornén na Obr. 1. Jedna se
o0 jednoduchy test v 3% roztoku NaCl, ktery reflektuje pouze zékladni charakter koroze Mg ve

slanych roztocich, tedy v prosttedi omezené podobném télnimu roztoku [19].
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Obr. 1: Zavislost rychlosti koroze na koncentraci ptimésového prvku pro binarni slitiny Mg
Vv 3% vodném roztoku NaCl, ptevzato z [19].

Z Obr. 1 je patrné, ze nejvice korozi podporuji ptimési Fe, Ni a Co, jejichz vyskyt je tedy
nutné v Mg co nejvice eliminovat. Nejvétsi problém piedstavuje Fe, které je typickou
necistotou v hotc¢ikovych slitindch z divodu pouzivani ocelovych obrabécich nastroji
a dalsich technologickych prvkt [19]. Kvili velmi malé rozpustnosti zeleza v Mg
(~0,001 hm.%) se tvoii faze, které s okolnim materialem tvofi mikrogalvanicke ¢lanky, kde
Fe je katodou. Fe tak zpusobuje dulkovou korozi, ktera je nepfijatelna, pfedev§im pro
implantaty s malymi rozméry [19].

Na trovni Cistoty materialu existuji dvé zakladni moznosti feSeni tohoto problému.
Raznymi metodami lIze snizit obsah Fe v Mg pod cca 50 az 150 ppm, kdy se jiz nezadouci

faze nevytvaii. Cisténi Mg je oviem pomérné nakladné. Druhou moZnosti je vyuzit prvky
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(napf. Mn) vytvarejici se Zelezem intermetalické faze. Pro typicky systém slitin Mg-Al
potlacuje energeticky vyhodnéjsi tvorba AlMnFe intermetalik lokélni korozi na minimum,
nebot’ ve slitiné nasledné neni k dispozici Zelezo na tvorbu Mg-Fe fazi [20]. Z hlediska
aplikaci pro tenké Mg draty by bylo zajimavé prozkoumat vyuziti stopového mnozstvi Mn,
které ma schopnost korozi Mg vyrazné omezit [21]. Dosahnout rovnomérné koncentrace Mn
v Mg je vSak pomérné slozité, nebot’” Mn ma vysokou teplotu tani. Pfestoze se Mn v Mg
slitinach pro bioaplikace pouziva, existuji studie, které naznacuji ur¢ité potencialni problémy
[22,23]. Z diivodu zaméfeni této disertaéni prace na vyvoj implantatd, uréenych mimo jiné
pro velmi mladé déti, je tak vhodné omezit koncentraci prvka jako jsou Al a Mn na minimum.
Zejména Vv ptipadé Al, ktery je Casto vyuZivany pro zasadni zlepSeni vlastnosti Mg slitin,
existuje cela fada studii, které jeho bezpecnost pti dlouhodobé expozici zpochybiiuji [24]. Pro
biodegradabilni aplikace je nutné volit takoveé legujici prvky, které jsou nejen
biokompatibilni, ale také biodegradabilni. A idealné ty, které jsou v téle ptirozené a existuji
procesy jejich vyluovani.

Pro jednotlivé piimé&si obecné existuje urcita mezni koncentrace, nad kterou se korozni
rychlost v riznych médiich vyrazné zvysi [21]. Tuto hodnotu pro danou slitinu a dané
médium Ize nazvat toleran¢ni limit. Z grafu uvedeného na obr. 2 je napt. ziejmé, Ze toleran¢ni

limit pro Fe v ¢istém Mg v 3% roztoku NaCl je cca 170 ppm [25].
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Obr. 2: Zavislost rychlosti koroze na koncentraci Fe pro binarni slitiny Mg v 3% vodnéem
roztoku NaCl, pievzato z [25].

Pro bioaplikace Cist¢ého Mg je ovSem nutné uvazovat efekt korozniho média a mozna

lokalni maxima koncentrace v ramci celého implantatu. Z toho hlediska by bylo vhodné
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dosahnout hodnot spise pod ~50 ppm Fe. Také je nutné fesit, jaky vliv maji na toleranéni limit
Fe dalsi prvky. Naptiklad slitina AZ91 (Mg-9Zn-1Al, hm.%) ma oproti ¢istému Mg toleran¢ni
limit Fe jen 20 ppm [25]. Kvili tomu, ze v dané studii i v mnoha dal$ich bylo uvedeno, ze Zn
toleranéni limit Fe zvySuje, 1ze toto sniZeni toleran¢niho limitu Fe obecné ptisoudit vlivu Al.
Z tohoto divodu byla slitina ZA63, ktera se jinak vyznacuje velmi dobrymi mechanickymi
vlastnostmi (¢lanek E), shledana nevhodnou pro dalsi vyvoj tenkych Mg drati pro
bioaplikace.

Vyse uvedena skute¢nost znacné¢ omezuje dostupny vybér prvki pro vyvoj nové slitiny.
Z dobie prozkoumanych prvki, které zarovenn vyrazn€ neomezuji tvafitelnost slitiny, se jako
idedlni kandidat jevi Zn, ktery v malych koncentracich omezuje korozni rychlost [26].
Intenzivni plasticka deformace a optimalizace hranic zrn Mg-Zn slitin jsou efektivnim
nastrojem, jak ovlivnit jejich korozni odolnost (¢lanek D). Zn pomérné efektivné vylepsuje
mechanické vlastnosti Mg slitin [26]. Po zihani pii 320 °C a nésledném zakaleni se ve
slitindch vyskytuji rizné intermetalické faze a gradienty koncentraci, které jsou podrobné
popsany v préaci [27].

Dal$im moznym materidlem vyuzitelnym Vv bioaplikacich je slitina ZW82 a jiné slitiny
vyuzivajici kombinace Zn s malym mnozstvim kovu vzacnych zemin, jako je Y. V soucasné
dobé je predmétem vyzkumu, zda je Y vhodné pro bioaplikace, ¢i nikoli. Ptitomnost
kvazikrystalické i-faze MgsZngY (¢lanek F) miZe znamenat zlepSeni koroznich vlastnosti,
pokud bude dosazeno dostatecné jemné disperze Castic i-faze. Samotné Castice prokazuji
velkou odolnost vuci korozi [28]. Vyhodou také je gradient koncentrace Zn v jejich okoli,
ktery bude korozni odolnost slitiny také ovliviiovat, a fakt, ze vétSina Y je vazana v Casticich
i-faze [nepublikované vysledky]. Z hlediska biodegradabilnich implantati ovSem nastava
problém, pokud velmi odolné Castice i-faze zustanou po korozi volné v télnim prostiedi [28].
Je otazkou, zda by takové castice v t€lnim prostiedi Skodily, ¢i nikoli. Z téchto diivoda bylo
od slitin obsahujici zminénou kvazikrystalickou fazi MgsZngY prozatim upusténo, nicméné
zUstavuji atraktivni tématikou pro dalsi vyzkum biodegradabilnich slitin.

Vyuziti bindrni slitiny pro vychozi experimenty piina$i vyhody z divodu jednodussi
charakterizace jevi, které se béhem vyvoje mohou vyskytnout.

Pro vyrobu drati byly pouzity nasledujici materialy: komercné ¢isty Mg (CP Mg), ultra-
Cisty Mg, slitina Mg-0,2Zn, slitina Mg-0,4Zn a slitina Mg-1Zn (hm. %). Piehled slozeni
pouzitych materialt je uveden v Tab. 1. Pouziti ultra-¢istého (,,6N*) Mg bylo motivovano
vyzkumem, zda lokalni korozi dratd skute¢né zptisobuje chemické slozeni, piedevsim vyskyt

Castic s obsahem Fe. Jedna se o0 finan¢n¢ nakladny material (k 5.9.2016: 2300 K¢&/g), piicemz
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pfi vyuziti soucasné technologie vyroby dratu lze z 1 g materialu vyrobit ptiblizn¢ 10 m drétu
s pramérem 250 pm. Slitiny obsahujici 0,4 % a 1 % Zn byly vytvofeny s pouzitim komeréné
Cistého Mg.

Prvek (hm. %) Zn Cu Al Si Fe Mg

ultra-Cisty Mg 0.00007 | 0.000005 | 0.000005 | 0.000005 | 0.000005 zbytek

komeréné Cisty Mg <<0,1 <0,0067 <0,045 <0,044 <0.0041

(extrapolace) (0,04) (0,006) (0,004) | (0,005) | (0,003) zbytek
Mg-0,2Zn 0,228 <0.0067 <0.045 <0.044 | <0.0041 zbytek
Mg-0,4Zn komeréné Cisty Mg + 0,4 hm.% Zn

Mg-1Zn komeréné Cisty Mg + 1 hm.% Zn

Tab. 1: Chemické sloZeni vstupnich materiali pro vyrobu tenkych Mg dratu.

Maximalni koncentrace Zn je limitovana maximalni teplotou pii tvafeni, kterou jsme
schopni konstantné udrzovat (~310 °C), maximalnim zatizenim extruzni formy a takeé
pozadavkem, aby pii tvafeni byl Zn plné v tuhém roztoku. Z fazového diagramu binarniho
systétmu Mg-Zn je ziejmé, Ze velka rozpustnost Zn v Mg za zvySené teploty bude pfinosem
[29]. V piipadé drati o velmi malém praméru je vhodné, aby v Mg nebyly piitomné zadné
faze a aby k ptipadné precipitaci dochazelo az pfi ochlazeni vlivem vystupu dratu z tvafeci
formy. Lze tak 1épe dosahnout uniformni mikrostruktury dratu, véetné distribuce Zn.

Pro stanoveni chemického sloZeni materialt byla v ptipadé ultra-¢istétho Mg vyuZita
analyza dodavatele, v ostatnich p¥ipadech metoda optické emisni spektroskopie s doutnavym
vybojem (GDOES, c¢lanek B). Pokud je k dispozici dostatek certifikovanych referencnich
materiald, jednd se o velmi dobrou metodu ke zjiSténi koncentraci legujicich prvka
objemovych vzorkd. Nevyhodou je nemoznost piimého méfeni chemického slozeni dratu,
nebot’ v nami vyuzivané konfiguraci vyzaduje rovnou plochu o rozmérech alespon 7x7 mm?.
Zjevnou limitaci poctu standardii pro metodu GDOES je Vv soucasnosti absence standardu
s nizkymi koncentracemi Zn. Proto v Tab. 1 uvadime koncentraci Zn < 0,1 hm. %, piestoze
skute¢na koncentrace bude niz8i. Hodnota 0,04 hm.% je dosaZena extrapolaci kalibra¢nich dat
a je tieba ji brat s rezervou. V Tab. 1 jsou extrapolované hodnoty psany v zavorce (Clanek A).
Slitiny Mg-0,4Zn a Mg-1Zn nebyly zatim detailné charakterizovany z hlediska koncentrace
Zn, nebot’ zatim neni rozhodnuto o finalni procedufe tavby a nasledné homogenizace Zn.
Slitiny byly taveny ve vakuové indukéni peci Balzers VSG 02 v ochranné atmosféte Ar a v ni
nasledné byly i pozvolna ochlazovany. Vyrazné ovlivnéni koncentrace necistot tavbou se

neptedpoklada. Tento piedpoklad bude v budoucnu ovéfovan. Prvotni experimenty S vyrobou
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a charakterizaci drata probihaly na Mg-Zn slitinach pfimo po odliti, bez homogenizaé¢niho
7ihani. Casové omezena homogenizace v jistém smyslu probihd pii ochlazovéani v peci i pred
vlastni extruzi, kdy je vzorek umistén do vyhtaté extruzni formy. Z dtivodu dobré rozpustnosti
Zn v Mg (¢lanek D) a z hlediska malého rozptylu mechanickych vlastnosti Mg-0,4Zn drata
[nepublikované vysledky] lze pifedpokladat, Ze homogeniza¢ni Zihani odlitych ingot bude mit
jen maly efekt na findlni homogenitu Mg-0,4Zn drati. Rovnéz tento predpoklad bude tieba

V budoucnu ovéfit, predevsim z hlediska existence dendritické mikrostruktury v ingotech.

_100 pm_ 50 um
Obr. 3 Mikrostruktura ingotu komeréné Cistého Mg, a) zobrazeni zrn, b) uspofadané malé
Castice MgO, velka MgO castice v pravém hornim rohu, c) detail skupiny ¢astic (¢lanek B).
Mikrostruktura piivodniho ingotu Mg, ktery byl nésledné vyuzit i pro slitiny Mg-0,4Zn
a Mg-1Zn, je uvedena na Obr. 3 (¢lanek B). Obr. 3a zobrazuje typickou mikrostrukturu Mg
ingotu po odliti se zrny o velikosti v fadu milimetri. Na Obr. 3b,c jsou znazornény Castice,
které byly identifikovany jako MgO (¢lanek B). Bylo zjisténo, ze mohou ve findlnim dratu
iniciovat lom (¢lanek B). V tomto ohledu by bylo vyuziti ultra-Cist¢ého Mg vyhodné. Pro ultra-
Cisty Mg se vyskyt téchto c¢astic, spojenych s nedokonalou masivni produkci Mg ingotil,
nepiedpoklada. Kruhové uspofadani mensich castic (Obr. 3b) bylo typické pro cely ingot
s piibliznou &etnosti 6,6 uspofadani na 1 mm? vybrusu. Jedn se pouze o hodnotu vyplyvajici
Z poctu téchto usporadani Castic délené celkovou plochou snimkl pii malém zvétseni. Pokud
bychom chtéli diskutovat skute¢nou 3D distribuci, bylo by nutné analyzovat velké mnozstvi
takovych snimku a vyuzit stereologie.
Ingoty Mg, Mg-0,4Zn a Mg-1Zn byly mimo jiné charakterizovany v ramci bakalaiské
prace A.JanCové, ktera se na feSeni této problematiky podili [30]. Snimky zobrazujici
mikrostrukturu ingoti Mg-0,4Zn a Mg-1Zn jsou uvedeny na Obr. 4, detailni informace

0 téchto experimentech a podrobnéjsi diskuse dosazenych vysledki jsou uvedeny v praci [30].
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Na Obr. 4a lze vidét detail mista na fezu valcového Mg-0,4Zn ingotu o pruméru 8 mm,
leziciho mimo stfedovou dendritickou oblast. Jsou zde zfejma velka zrna. Bylo zjisténo, ze
pritomnost jinych fazi je minimalni a jejich velikost zidkakdy ptekracuje 5 um. Na Obr. 4b je
znazornéna stfedova oblast ingotu po naleptani obsahujici typickd dendritick&d zrna bez
zietelnych fazi. Na Obr. 4¢ je znazornéna stiedova oblast Mg-1Zn ingotu o praméru 8 mm.
Lze vidét tenké tmavé faze, jejichz morfologie je spjata s hranicemi zrn (Obr. 4d). Pokud
bereme v Uvahu fazovy diagram Mg-Zn je pravdépodobné, Ze se jedna o fazi Mgz Zn,s nebo
Mgi13Zn;, nebo MgZn, v zavislosti na tom, kterou interpretaci Mg-Zn fazového diagramu
Ctenaf preferuje [27]. To naznacuje i podobnost s ilustracemi v praci, ktera diskutuje omezeni
taznosti a tvorbu trhlin v souvislosti s touto fazi [31]. Z tohoto dtivodu je tieba ingoty Mg-1Zn
homogenizovat pro dosazeni rovnomérné koncentrace Zn, kdy stav se Zn pouze v tuhém
roztoku je dle binarniho fazového diagramu dosazitelny. Pfesto je pro ptimou extruzi s velky

redukénim pomérem vhodnéjsi vyuzit slitinu Mg-0,4Zn, kde se problémy s vyznamné&j$im

vyskytem faze Mg,1Zn,s a prilis velké zpevnéni diky Zn nepiedpokladaji.

Obr. 4 Mikrostruktura ingotu slitin Mg-Zn. a) Mg-0,4Zn po Struers OP-S, b) Mg-0,4Zn
leptano, ¢) Mg-1Zn po Struers OP-S, d) Mg-1Zn leptano.
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2.2 Vyroba drati

Existuje nékolik postupt, kterymi je mozné tenky Mg drat vyrobit. Nejéastéji
pouzivanou metodou je tazeni za studena, ktera je schopna vytvafet draty z rtuznych slitin,
ovSem je vhodné drat mezi jednotlivymi kroky tazeni zihat [32]. Dale se vyuziva tazeni za
tepla [33] nebo kombinace tazeni za tepla a za studena, ¢imz lze zefektivnit cely tvafeci
proces [34]. Vyhodné je téz pouziti kombinace ruznych tvarecich metod jako je extruze
a tazeni [35] nebo Ghlové kanalové protlacovani (ECAP) a taZzeni [36]. V soucasné dobé se
také intenzivné pracuje na dalsich alternativnich metodach vyroby drati [37-39].

V této préci se budeme zabyvat pfedev§im piimou extruzi za tepla. Na rozdil od fady
jinych materialt lze v piipadé Mg vyuzit velky extruzni pomér 1:576, diky kterému jsme
schopni pripravit vysledny drat s primérem 250 pm Vv jednom kroku (¢lanek A, ¢lanek B).
Jednd se 0 jednoduchou technologii, kterd zajistuje typickou extruzni texturu a nevyZzaduje
dalsi upravy dratu, jako je nasledné zihani. Schéma procesu piimé extruze je zndzornéno na
Obr. 5a. Z Obr. 5b je zfejma dobré plasticita vysledného dratu pti geometricky slozité

deformaci.

230°C-310°C
LU |||
VAL | ]

\ 1
\ O\

v -smér extruze

Obr. 5 a) Schéma tvareci formy pro vyrobu drati metodou piimé extruze za tepla, b) uzel na

tenkém drétu z komercné ¢istého Mg.

Design tvafeci formy tvofi vnéjsi forma s vyhfivanim s vymeénitelnou vlozkou
obsahujici vlastni extruzni kanal. Tak Ize vyrobit a nahradit konkrétni vlozku v ptipadé¢, kdy
je poskozena. K poskozeni kandlu vlozky dochazelo opakované ve fazi, kdy nebylo znamé
vhodné slozeni drath a bylo experimentovano s vice slitinami. Naptiklad mikrolegovani Y,

Casto vyuzivané pro vyznamné zlepSeni mechanickych vlastnosti Mg slitin, omezilo
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tvafitelnost slitiny natolik, Ze nebylo mozné 250 um drat vyrobit v zadné dostupné kombinaci
tvarecich parametri. Pro Cisty Mg lze opakovatelné vyrabét i draty s primérem 150 pm.
Z hlediska dalsi vyuzitelnosti byly ovSem jako idedlni zvoleny draty s primérem 250 pm,
piredevSim pro vhodné dvojcaténi (Clanek A). DalSim rozhodovacim kritériem byla také
pramérna velikost ¢astic MgO, které draty s vétsim primérem ovliviuji méné (Elanek B).
Pokusy byly provedeny také svyrobou dratu s pramérem 50 pm, opét v jednom kroku
S pocateénim pramérem Mg ty¢e 6 mm. Piestoze byly vyrobeny segmenty dratu s délkou 5 az
10 cm, semi-kontinudlni vyroby dratu (celistvy drat pii spotiebovani vSeho materialu
vlozeného do formy) nebylo mozné dosahnout. Preruseni dratu bylo doprovazeno zvukovymi
a zfidka 1 svételnymi projevy, naznacujici lokalni zapaleni Mg dratu ve vystupnim kanalu.
Principialné je to mozné diky odlehéeni formy v misté vystupu dratu, kdy nedochazi k tak
prudkému poklesu teploty jako o né€kolik milimetra dal, avSak je jiz umoznén piistup
vzduchu. Zapalna teplota ¢istého Mg je 595 az 642 °C v zavislosti na tloustce MgO na
povrchu Mg [40]. Nicméné, je znamo, Ze teplota zapaleni je zavisla jak na tlaku okolni
atmosféry, tak na slozeni slitiny [41]. Pro velky redukéni pomér, pomérné velkou rychlost
vystupu Mg dratu z extruzni formy a pii velkych tlacich v extruzni formé je pravdépodobné,
7e méfena teplota formy nedosahuje teploty dratu (ovlivnéné tfenim a jinymi efekty). Také je
pravdépodobné, ze z extruzni formy vychazi Cisty kov a zapaleni neni omezeno piitomnosti
vrstvy oxidl. Z tohoto divodu bylo od experimenti s vyrobou 50 pm prozatim upusténo,
ptestoze je jejich vyroba z ¢istého Mg Upravou extruzni formy dosazitelna.

V soucasném stavu je pouzité experimentdlni zafizeni funkcni, avSak naro¢né na
sestaveni (vysokotlaky lis s pomalym posuvem je vyuzivan 1 pro dalSi cinnosti).
Problematické je také feSeni tepelné izolace pfi vy$sich provoznich teplotach.

Pii spravném sesazeni formy je vyroba dratu velice efektivni. Kvuli tomu, Ze se nejedné
o0 kontinuélni vyrobni proces, je mozné vyrobit souvisly drat s maximalni délkou pouze
v fadech desitek metri. Pro uvazovanou aplikaci to ov§em neni zasadni piekazkou. Na Obr. 6
je znazornén vyvoj polohy a sily pii jedné vyrobni sekvenci dratu. Byl zaznamenan prubéh
péti vzorkli z komercné Cistého Mg. Sila potiebna pro protlaceni klesa s rostouci teplotou
protlacovéani. Jednd se o ¢ast drath vyuzitych ke studiu procesnich parametri (¢lanek B).
Forma byla vyhtata na 310 °C a s ¢asem postupné chladla az na 260 °C. Rychlost posuvu
prutla¢niku byla pro vSechny vzorky v této sekvenci ~ 0,2 mm/s. Typicky vzorek pro
protlaovani ma v soucasnosti pramér 6 mm a délku 18 az 22 mm. Pratla¢nik se pohybuje az
do urovné, kdy extruzni kanal ptechazi v zak¥ivenou oblast. Material v této polokulové oblasti

(Obr. 5) ziistava a je vytlaéen s pomoci dal§iho vzorku. Pokud je vyroba dratu bez komplikaci
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(segmentace dratu i v ramci prvni ¢asti vzorku), je drat z tohoto objemu materialu jasné
oddélen. Tento fakt lze také pozorovat v zaznamu sily na pratlaénik na Obr. 6. Vyrobni
cyklus za¢ina protlatenim nékolika metrti dratu z predchoziho vzorku a nasledné dlouhého
dratu z vétsiny vzorku nasledujiciho. V nékterych piipadech dochazi pro tuto Gvodni Cast
materidlu ke zvySeni sily na pritlacnik, jako v ptipadé vzorku extrudovaného pii 300 °C na
Obr. 6. To mize byt zpluisobeno necistotou ve vystupnim kanale. Je ziejmé, ze se rozptyl
hodnot zatizeni zvySuje s klesajici teplotou. Prestoze vysledky mechanickych zkouSek
ukazuji, ze nizsi teplota produkuje mechanicky lepsi draty (¢lanek B), z hlediska efektivity
vyrobniho procesu je vhodné vyuzit spise vyssich teplot (>290 °C). Limit zatiZeni prutlaéniku
pro minimalni riziko poskozeni Vv soudasnosti vyuzivané extruzni formy byl stanoven na
55 kN. Dale bylo zkouméano protlacovani slitin Mg-Zn. V ramci bakalaiské prace [30] bylo
zjisténo, ze zatizeni na pratlaénik pii 300 °C ve Spickéch dosahuje pro komeréné Cisty Mg,
Mg-0,4Zn a Mg-1Zn po tadé¢ hodnot < 23 kN, < 40 kN a > 58 kN. Piestoze byly v rdmci
experimentl ¢asti Mg-1Zn drati vyrobeny, bylo od jejich dalsi produkce ustoupeno z divodu
technologickych limitd extruzni formy. Odlisnd hodnota maximalniho zatiZeni pro komer¢né
Cisty Mg v praci [30] oproti Obr. 6 je zpisobena mensim opotiebenim extruzniho kanalu

pouzitého pro praci [30].
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Obr. 6: Ptiklad zaznamu polohy a sily pfi protlacovani, teplota postupné zleva klesa
z 310 °C na 260 °C. Zaznam sily zdola omezen pro vylou¢eni dat nesouvisejicich piimo
s extruzi dratu. Technologické prestavky nejsou v zaznamu znazornény.
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2.3 Zakladni charakterizace

2.3.1 Tahové zkousky

Mechanické vlastnosti Mg drath se rtizni dle pouzitych legujicich prvk a parametri
jejich vyroby. V soucasné dobé jiz neni problém dosahnout dostate¢né pevnosti slitin pro
biomedicinské aplikace [40,41]. Vyrazného zvySeni pevnosti lze dosahnout legovanim Mg
biodegradabilnimi prvky vzacnych zemin (tj. napf. Y, Gd) [42,43]. Problémem téchto piimési
je doposud velmi omezena znalost jejich vlivu na lidsky organismus pii dlouhodobych
expozicich a mira jejich ukladani v téle pti plném rozpusténi biodegradabilniho implantatu.
Existuji studie, které prokazuji, ze vlivem prvkl vzacnych zemin dochédzi k jednoznacné
negativnim efektim [44]. V prvni fazi ovéfovani konceptu vyrobni technologie jsme tedy se
zaméftili na Cisty Mg.

Piehled vysledku tahovych zkousek provadénych na dratech z komercné Cistého Mg je
uveden v piilozeném c¢lanku B. Obecné lze tvrdit, ze z ¢isttho Mg je mozné vhodnou
technikou vyrobit drat, ktery ma v 1ékatské praxi velmi slibnou perspektivu uplatnéni. P¥ehled
mechanickych vlastnosti tenkych drati z Mg slitin 1ze najit napf. v [30] nebo [40]. Zasadnim
predpokladem spolehlivého méfeni mechanickych vlastnosti materialu takto tenkych drati je
dostupnost vhodného experimentalni vybaveni. Piedevsim je tfeba mit k dispozici siloméry
s dostatecnou citlivosti. Dal$im problémem, ktery je nutné fesit, je vhodné upnuti testovanych
dratd. Z divodu nizké meze kluzu Mg a malych rozméri vzorkd dochazi obc¢as pfi upinani
vzorku k mirné plastické deformaci, kvuli které dojde pii zkouSce k pietrzeni dratu v misté
upnuti, coz je pro tuto zkousku nevhodné. Musi byt vyuzity celisti a upinaci zatizeni
adaptované pro tento typ zkuSebnich téles. Vyhodou je, Ze poskozeni pii upindni mé za
nasledek nizs§i hodnotu mechanickych vlastnosti a nedojde tedy k jejich nadhodnoceni.

Kvili nadhodnému vyskytu technologickych defekti je tieba v souladu se
statistickou teorii nejslabsiho ¢lanku vzit v uvahu vliv délky méfeného vzorku dratu.
V ¢lanku A byl napt. prokdzan vliv délky zkuSebniho vzorku na celkové prodlouzeni do
lomu. Pomoci testovani zkuSebnich vzorkt s riznou délkou (30 mm, 200 mm, 300 mm) byl
navrzen koeficient umoznujici piepocet vysledkta tahovych zkousek na pevnostni
charakteristiky odpovidajici dratu velké délky. Jedna se pouze o orienta¢ni metodiku, ktera
vSak poskytuje spolehlivy konzervativni odhad taznosti materidlu drati vétSich délek, nez
jaké budou finalné pouzivany v klinické praxi.

Vhodnéj$im pfistupem by bylo vyuziti analyzy spolehlivosti pro urceni

pravdépodobnosti poruseni dratu konkrétni délky. Ptiklad pouziti tohoto pfistupu je uveden
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Vv [45]. Dany postup vsak vyzaduje pomérné velké mnozstvi vzorku. Jelikoz existuje Siroka
Skala extruznich parametrti, které je tieba testovat, byl tento pfistup vyhodnocen jako pfilis
casové narocny. Prehled vystupl z tahovych zkousek (Clanek B) je graficky znazornén na
Obr. 7. Pro ptehlednost byla v tomto grafu vyuzita jen data pro rychlost pritla¢niku 0,2 mm/s.
Kompletni mnozinu vysledkti 1ze nalézt v tabulce 2 v ¢lanku B. Predevsim je ziejmé, ze mez
kluzu a taznost klesaji se zvySujici se teplotou extruze. Maximum skute¢ného napéti vykazuje
pouze mirny sestupny trend. Pfi interpretaci téchto vysledku je tfeba vzit v Uvahu mozZnou
nehomogenitu vstupniho ingotu, kterd mize zpusobit mirné lokalni zmény materialovych
zatizeni formy (Obr. 6).

Pro porovnani lze uvest, Ze napi. v piipadé slitiny Mg-0,8Ca bylo dosazeno meze
pevnosti 235 MPa a taznosti 9,4 % [40]. Ve stejné praci bylo pro tazeny drat o praméru
274 um ze slitiny ZEK100 (Mg-1Zn-0,5RE-0,5Zr, RE = kovy vzacnych zemin) dosazeno
meze pevnosti 458 MPa a taznosti 10,6 %. Pokud uvazujeme pfimou extruzi, pak stejni autofi
publikovali studii, ve které pfipravovali draty s primérem 500 pum [46]. Pro obé vyse zminéné
slitiny se nepodafilo dosahnout taznosti piesahujici 2 %, pro slitiny AL36 (Mg-6Li-3Al)
a AX30 (Mg-3Al-0,8Ca) vsak ano.
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Obr. 7: Grafické znazornéni vysledka tahovych zkousSek pro rychlost prutlacniku
0,2mm/s a razné teploty extruze (tabulka 2, ¢lanek B).
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Slozeni pouzité slitiny a technologie vyroby drath ma tedy zésadni vliv na jejich
vyuzitelnost v praxi. Uvaha o pozadovanych mechanickych vlastnostech materialu drati pro
fixaci sterna a moznostech jejich dosazeni je pfedmétem casti ¢lanku B. V piipadé drati
urcenych pro fixaci sterna u malych déti by se pozadovanych vlastnosti doséhlo i1 v piipadé
pouziti komeréné cist¢tho Mg. Dalsimi faktory, které je tfeba z hlediska aplikace dratt
v klinické praxi brat v avahu, jsou téZ rychlost koroze a degradace mechanickych vlastnosti
materialu kvuli dlouhodobému a dynamickému puisobeni prostiedi téla pacienta.

Déle byly zkoumany slitiny Mg-0,4Zn a Mg-1Zn. Jelikoz nebylo mozné dosahnout
bezproblémové vyroby Mg-1Zn dratd, bylo vyhodnoceno jen nékolik vzorka s délkou 50 mm.
Naméfené pevnostni charakteristiky jsou shrnuty v Tab. 2. Hodnoty pro slitinu Mg-1Zn
vypovidaji o velké nehomogenité dratt. Pro srovnani jsou v této tabulce uvedeny i hodnoty
pro Cisty Mg z ¢lanku B. Porovnani hodnot taZznosti je tfeba brat srezervou, nebot byl
v daném pfipadé¢ pouzit jiny piistroj a jiné experimentdlni uspofadani nez v pfipadé
experimentu, jejichz vysledky jsou uvedeny v ¢lanku B. Materidly Mg-0,4Zn a Mg-1Zn byly
testovany za shodnych podminek. Prokazalo se, ze drat ze slitiny Mg-0,4Zn mtze mit vyrazné
lepsi vlastnosti nez drat vyrobeny z komercné ¢isteho Mg. V zavislosti na vyrobni sekvenci se
u nékterych z téchto drata projevila ostra mez kluzu. Pokud se neprojevila, dosahuje smluvni
mez kluzu Mg-0,4Zn cca 200 az 220 MPa, coz piedstavuje dvojnasobek meze kluzu ¢istého
Mg. Studium pfi¢in naznacené¢ho zvySeni meze kluzu pomoci transmisni elektronove
mikroskopie (TEM) budou pfedmétem dal§iho vyzkumu. Lze ocekavat souvislost s rychlym
ochlazenim dratu z oblasti fazového diagramu, kde je Zn plné rozpustén v Mg. Toto
ochlazeni, ke kterému dochazi v dusledku velké vystupni rychlosti dratu z extruzni formy,
muze mit za nasledek tvorbu velmi malych fazi, které mohou efektivné blokovat pohyb
dislokaci. Lze vtomto ohledu lze ocekavat analogii s poznatky a vysledky uvedenymi

v ¢lanku D a préci [27].

material smluvni mez kluzu maximum skute¢ného taZnost
(MPa) napéti (MPa) (%)
komercéné Cisty Mg 101 +4 208+ 3 10,1+0,8
Mg-0,4Zn 216 + 1 263 +2 159+ 3,6
Mg-1Zn 176 + 18 233+ 12 116+23

Tab. 2: Srovnani mechanickych vlastnosti Mg a Mg-Zn dratt ptipravenych pii teploté 300 °C.
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Tyto vysledky se staly motivaci pro dalsi vyzkum drata ze slitiny Mg-0,4Zn. Diky
malému obsahu Zn lze tento materidl bez vétsich problému tvaret. Nejvétsi vyhodou je
razantni zvySeni meze kluzu, coz zajisti tvarovou stalost implantatt v prvnich fazich po
implantaci, kdy je nutné, aby draty piendsely veSkeré zatizeni. Velmi ptiznivou skutecnosti je,
ze ke zvySeni pevnosti nedochazi na UKor sniZeni taznosti (viz Tab. 2). Jednd se vSak
0 vysledky piedbéznych testt, které musi byt dale jesté ovéfeny. Z hlediska testovani drati je
problematické piesné urcit jejich prumér. V budoucnu tak budeme pro srovnani drata
vyrobenych riznymi technologiemi pouzivat pfedev§im maximalni dosazenou silu. Vysledky
tahovych zkousek tak budeme vztahovat k technologii vyrobniho procesu (Cisténi, leptani,
potahovani, splétani lanek) a nikoli jen k materiadlovym vlastnostem.

2.3.2 Fraktografie

V ramci ¢lanku B byly zkoumany lomové plochy dratti z komeréné ¢istého Mg. Byly
struéné diskutovany zmény v charakteru lomové plochy pro teploty extruze 230 °C a 300 °C.
Pozornost byla zaméfena zejména na vyskyt a identifikaci Castic na lomové plose ve vazbé
na neéistoty v Mg ingotu (Obr. 3). Na Obr. 8 jsou zobrazeny lomové plochy drata vyrobenych
Z komer¢né Cistého Mg pii riznych teplotach extruze. Vyskyt kiehkych castic je zfejmy na
vSech zobrazenych lomovych plochach. Pomoci metody SEM-EDS bylo urceno, Ze jde

0 castice MgO.

Obr. 8: Lomové plochy 250 pum dratu z komeréné ¢istého Mg po tahovych zkouskach pii
20 °C, pro teploty extruze 230 °C, 270 °C a 300 °C. Detaily zobrazuji ¢astice MgO.
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Nebyla pozorovana korelace mezi teplotou extruze a mnozstvim c¢astic MgO na lomové
plose. Ke vzniku téchto ¢astic dochazi kvuli nedokonalé ¢istoté ochranné atmosféry pii tavbe,
v disledku vlhkosti nebo diky vyuziti recyklovaného Mg [47]. Piestoze MgO castice nemusi
vzdy lom iniciovat, sniZuji uzitny nosny prufez dratd. Je zfejmé, ze by bylo vhodné vyuzivat
Mg ktery takové Castice neobsahuje. Jednou z moznosti, jak tomuto piedejit, je vyuziti ultra-
Cisttho Mg, ktery je ovSem nakladny. Vyhodnéjsi moznosti tedy bude najit takového
dodavatele komercné Cistého Mg, ktery je schopny dodat Mg s minimalnim obsahem téchto
Castic. Na Obr. 8 je také patrna nedokonald geometrie povrchu dratt, na kterém jsou viditelné
pomérné hluboké ryhy zplsobené opotiebenim extruzniho kandlu. Dany problém se jiz

Vv posledni dobé¢ podatilo u drati vyrobenych ze slitiny Mg-0,4Zn minimalizovat.
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2.4 Mikrostruktura a textura

Z hlediska vlastnosti drati je velmi dalezita mikrostruktura materialu, ze kterého jsou
vyrobeny. Predevs$im vysledna velikost zrn ovlivituje dosazitelné mechanické vlastnosti [48].
K vyrob¢ drati se pouziva extruze za tepla, kdy pii pomérné vysokych teplotach dochazi
k dynamické rekrystalizaci materialu. Studiu zavislosti velikosti zrn na teploté extruze byl
vénovan ¢lanek B (komer¢né Cisty Mg) a bakalaiska prace [30] (slitiny Mg-0,4Zn a Mg-1Zn).
Vysledky téchto zkousek jsou shrnuty v Tab. 3. Je tfeba zminit, Ze ve vysledné velikosti zrn
jsou zapocitany stereologickeé efekty. Vice informaci lze nalézt v normé ASTM E112-10 [49]
nebo v préci [50] a piislusnych zdrojich. Pro ¢lanek A byla pouzita star$i hodnota koeficientu,

nez doporucuje norma [49]. Vyslednd velikost zrn byla tedy pro srovnani v Tab. 3

pfepocitana.

material / teplota extruze velikost zrn (um) | reference zdroj dat, rok vyroby

komercné Cisty Mg/ 300°C 13+2 clanek A SEM-EBSD, 2015
komercné Cisty Mg/ 300°C 14 ¢lanek B SEM, lepténo, 2015
komercné Cisty Mg/ 300°C 17 [30] SEM, lepténo, 2015
komercné Cisty Mg/ 300°C 25 [30] SEM, leptano, 2018
ultra-¢isty Mg / 300 °C 12 ¢lanek B SEM, leptano, 2017
komeréné Cisty Mg / 260°C 11 ¢lanek B SEM, lepténo, 2015
komer¢né Cisty Mg / 260°C 15 [30] SEM, leptano, 2015
komer¢né Cisty Mg/ 230°C 7 ¢lanek B SEM, leptano, 2015
komercné Cisty Mg/ 230°C 9 [30] SEM, leptano, 2015
Mg-0,4Zn / 300°C 7 [30] SEM, leptano, 2018
Mg-1Zn/300°C 6 [30] SEM, leptano, 2018

Tab. 3: Srovnani velikosti zrn Mg a Mg-Zn drat. Rozdilné hodnoty pro shodny materiél
a parametry ukazuji na rozdily mezi draty z jinych vyrobnich sekvenci.

Je zifejmé, ze wvsouladu s Halovym-Petchovym zékonem zvySeni pevnostnich
charakteristik (Obr. 7, Tab. 2) odpovida sniZeni velikosti zrn. U drati extrudovanych pii
300 °C je patrna zména velikosti zrna komeréné ¢istého Mg mezi rokem vyroby 2015 a 2018.
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To miize byt zplsobeno rozdilnou c¢istotou vstupniho materidlu (stejny ingot, jind oblast
odbéru), vyssi skute¢nou teplotou extruze (upravené experimentalni usporadani, lepsi izolace)
nebo piipadné i urcitou zménou manipulace s dratem béhem vyroby. Tyto problémy budou
aktualni v ptipad¢, ze bude nutné produkovat velka mnozstvi dratu pro finalni aplikaci. Oproti
tomu neni patrny vyznamny rozdil ve velikosti zrn mezi ultra-Cistym Mg a komeréné ¢istym
Mg. Z Tab. 3 lze také vyvodit, ze vyuzitim slitiny Mg-0,4Zn jsme pro extruzi pii 300 °C
schopni dosédhnout velikosti zrn srovnatelné s komeréné Cistym Mg extrudovanym za nizké
teploty (230 °C). Pokud uvazime vyssi mez kluzu pro Mg-0,4Zn a jeji dobrou tvatitelnost pii
300 °C, je zfejmé, ze legovani je celkoveé efektivnéj$i nez snizovani teploty extruze. Dale
Tab. 3 ukazuje, Ze vyuziti slitiny Mg-1Zn nepfinasi dal$i vyrazné zmenSeni velikosti zrn
a neni tedy z hlediska mikrostruktury a mechanickych vlastnosti efektivni.

Na Obr. 9 je znazornén prifez dratem z ultra-Cist¢ého Mg extrudovaného pii 300 °C.
Z Obr. 9a je ziejmé, Ze prumér dratu je cca 241 um, prestoze pivodni primér extruzniho
kanalu byl 250 um. Podobného efektu je dosahovano pro vétsinu Mg drata a jednéd se
pravdépodobné 0 dusledek opotiebeni extruzniho kanalu a deformace extruzni formy. Na
Obr. 9 jsou rovnéZ patrné jiz diive diskutované podélné ryhy (viz Obr. 8). Na obvodu dratu
lze pozorovat deforma¢ni dvojéata vznikajici béhem extruze dratu kvali manipulaci s dratem
nebo béhem metalografické pripravy (¢lanek A). Pro zviditelnéni velikosti zrn bylo na
Obr. 9b vyuzito polarizovaného svétla (¢lanek B). Vysledna velikost zrn pro drét z ultra-
Cistého Mg je 12 um, coz odpovida vysledkim pro komeréné Cisty Mg. Diky tomu lze realné
pfedpokladat, ze mechanické vlastnosti ultra Cisttho Mg a komercné cist¢tho Mg nebudou

prilis lisit. Pouziti velmi drahého ultra ¢istého Mg tak 1ze omezit na korozni testy.

Obr. 9: Prufez dratu z ultra-Cistého Mg extrudovaného pti 300 °C. Svételna mikroskopie,
a) svétlé pole, b) polarizované svétlo.
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Dal8im dilezitym faktorem pii zkoumani extrudovaného materialu je jeho textura. Silna
textura muze u materialti s hexagonalni tésné uspoiadanou miizkou vést k vyrazné anizotropii
mechanickych vlastnosti [51]. Pokud chceme tvafenou Mg slitinu vyuZzivat ke konstrukénim
ucelim, je vyhodné anizotropii mechanickych vlastnosti minimalizovat. Velmi tenké Mg
draty jsou v tomto ohledu vyjimeéné, protoze mame jen velice omezené moznosti, jak texturu
ovlivnit. V Mg slitinach se jedna pfedevsim o anizotropii meze kluzu, kterd lze redukovat
napiiklad pomoci vhodné disperze kvazikrystalickych c¢astic obsahujicich kovy vzacnych
zemin (Clanek F) i kvazikrystalickych c¢astic bez téchto nakladnych pifimési (¢lanek E).
Zjednodu$ené lze tvrdit, Ze symetrie (shodné velikosti) meze kluzu v tahu/tlaku je dosazeno
omezenim dvojcaténi, které je v ptipadé Mg a jeho slitin dtlezitym mechanismem plastické
deformace. Dvojcaténi je definovano jako vytvofeni oblasti krystalové mtiZe (dvojcete), ktera
je vuci puvodni krystalové miizi orientovadna tak, ze je z geometrického hlediska zrcadlena
konkrétni rovinou nebo vytvorena rotaci o 180° kolem obecné osy [52]. Pro materialy, jejichz
krystalova miizka ma nizkou symetrii, je dvojcaténi Casto vyhodné, nebot’ neexistuje dost
nezavislych, energeticky vyhodnych skluzovych systémi pro realizaci plastické deformace
[52].

ZA63 ZW82 Mg drat
¢lanek E ¢lanek F clanek A
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Obr. 10: Extruzni (0001) textury pro slitiny ZA63, ZW82 a drat z komer¢né Cistého Mg.
A2 je smér extruze. Extruzni pomér je uveden nad poélovymi obrazci. Pro ZA63 a ZWS2 se
jedna o extruzi ve dvou krocich, s celkovym extruznim pomérem ~1:156.
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Na Obr. 10 jsou znazornény extruzni (0001) textury pro slitiny ZA63, ZW82 a pro drat
z komercéné Cistého Mg. Lze vidét, Ze normaly k (0001) rovinam jsou natoceny piedevsim
kolmo ke sméru extruze (A2). Intenzita textury hraje dilezitou roli v jejim vlivu na
anizotropii mechanickych vlastnosti. Pro slitiny ZA63 a ZW82 bylo dosazeno symetrie meze
Kluzu v tahu/tlaku, ptredev§im diky nizké intenzité textury a disperzi Ccastic i-faze
(Clanek E, ¢lanek F). To vsak neni pro tenky Mg drat dosazitelné, nebot’ udrzujeme obsah fazi
na minimu a intenzita textury je kvali velkému extruznimu poméru vysoka (Obr. 10).
Z pohledu textury je vétSinou uvazovana anizotropie tah/tlak ve sméru extruze. Tento fakt
neni ovsem pro tenké draty tak dulezity, nebot’ se vyznamné tlakové zatéZovani ve sméru
extruze nepredpoklada. Pro tenké draty jsou dtlezité mechanismy plastické deformace pfi
ohybu a v tahu ve sméru extruze.
ktera jej definuje, jako {1012}. Také je mozné toto dvojéaténi oznacit pomoci misorientace
vuci puvodni (rodicovské) krystalové miizi, ze které se dvojce vytvofilo. Tahova dvojcata
v Mg Ize v notaci osa-Uhel psat jako 86° (1120) [53]. V piipadé Mg je tento typ dvojcaténi
pii pokojové teploté energeticky druhy nejvyhodnéjsi mechanismus plastické deformace,
hned po skluzu po bazélnich (0001) rovindch. To obecné plati pfedev§im pro piipad idealni
geometrické orientace krystalové miize vii¢i sméru namahani [54]. V polykrystalu tedy budou
existovat zrna, pro kterd bude dvojcaténi vyhodné a zrna, pro kterd bude vyhodngjsi jiny
skluzovy systém. Jelikoz kritické skluzové napéti aktivace jednotlivych skluzovych systému
je zavislé na teploté, je i aktivita dvojcaténi siln¢ zavisla na teploté. Kvuli faktu, ze dvojcaténi
vytvaii v materidlu plo$né poruchy je ziejmé, Ze velmi ovliviiuje mechanické vlastnosti
materialu. Je tedy mozné pomoci dvojcaténi material ovlivnit cilené, ¢i dosédhnout textury
materialu takové, aby vhodné dvojcaténi umoznovala [55]. Dalsim fenoménem, ktery je pro
Mg typicky, je reverzibilita dvojcaténi. V urcitych, krystalograficky vhodné orientovanych,
ptipadech byl v Mg a Mg slitinach v disledku zmény zatizeni pozorovan navrat dvojcete do
puvodni orientace [56].

Pro draty z komerc¢né Cistého Mg pfipravené pomoci piimé extruze je patrné, ze drat
vydrzi opakovany ohyb a lze na ném bez problému vazat uzle (Obr. 5b). To je dualezity
ptedpoklad pro vyuziti v implantologii. Vysvétlenim této, pro tenky Mg drét nepftilis typické
vlastnosti, je vySe zminéné reverzibilni dvojéaténi (¢lanek A). Diky metodé SEM-EBSD je
mozné ur€it mikrostrukturu a texturu dratt z komercné ¢istétho Mg. Vyhodou této metody je

uplna informace o orientaci méfeného materidlu s velmi malym krokem. Pomoci dal$iho
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zpracovani dat Ize zvolit takovou reprezentaci vysledki, ktera nazorné demonstruje {10?2}
dvojcaténi, vyskytujici se na kompresni strané dratu pfi ohybu (¢lanek A). Na Obr. 11 je
vyuzito faktu, ze se {1012} dvojcata vyznacuji nato¢enim krystalové miize o 86° a toho, ze se
ohybem dréatu vytvaii poly textury ve sméru ED (Obr. 11). Cervené oblasti na Obr. 11 Ize tedy
pfisuzovat tahovym dvojéatim vzniklym kvuli ohybu dratu. Orientace sméru (0001) vSech
zrn v rovném dratu (Obr. 11a) jsou v souladu s texturou nato¢eny kolmo ke sméru extruze.
Ohyb dratu, jeho narovnani a nasledny ohyb do druhého sméru jsou zobrazeny na Obr. 11b-d.
Prestoze lze pozorovat akumulaci deformace a zjemnéni zrn v disledku reverzibility
dvojcaténi (Obr. 11c,d), je tento mechanismus vyhodny z hlediska plasticity tenkych Mg drata

pti ohybu. Podrobné analyza této problematiky je uvedena v ¢lanku A.

rovny drat | | b) % I ED || <0001>

ED_L<0001>

[—tooum_|

Obr. 11: EBSD mapy zobrazujici odklon (0001) osy od sméru extruze (ED). a) rovny
drat, b) ohyb kolem ty¢e @3 mm, c¢) ohyb kolem ty¢e @3 mm a nasledné narovnani, d) ohyb
kolem ty€e 3 mm a nésledny ohyb do opacného sméru (clanek A).

Déle byly ptedbézné charakterizovany draty pfipravené extruznim kandlem o praméru
50 pum. Z technologickych divoda je dosazeny pramér dratu vyssi. Pro vyrobu téchto drati
nebyl nalezen jednozna¢né reprodukovatelny postup vyroby. Z hlediska mikrostruktury je
patrné, ze velikost zrn je vyznamna vzhledem k priméru dratu. Také jsou zde patrna dvojcata
a gradienty deformace, které ovSem mohou pochazet z ptipravy vzorku. Piestoze je
principialné mozné takto tenké draty vyrobit a charakterizovat, doposud pro né nebylo

nalezeno uplatnéni.

Obr. 12: EBSD IPF mapa ~50 pm dratu z komeréné ¢istého Mg.
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2.5 Povrchova uprava drata a vyroba lanek

[nepublikované vysledky]

Pokud je cilem tenké draty vyrobené z Mg nebo slitin typu Mg-Zn vyuzit pro
biodegradabilni aplikace, pti kterych dochazi k pfenosu mechanickych zatizeni, je tfeba Fesit
zhorSeni mechanickych vlastnosti v disledku degradace dratu. Idealni pribéh postupné
degradace Vv ptipadé pouziti Mg implantatu je znazornén na Obr. 13. Klesajici mechanickou
pevnost implantatu postupné nahrazuje prispévek hojici se kosti. V pocateCnich fazich
degradace je tfeba rychlému poklesu pevnostnich charakteristik implantatu zabranit [10].
Vzhledem k tomu, Ze pouzité materialy maji pomérné nizkou korozni odolnost a ze dany
technologicky postup vyroby neumoziuje dosahnout vyraznych mikrostrukturnich
a chemickych gradientd, je vhodné pro zvySeni ochrany drath proti korozi pouzit jejich

povrchovou upravu.
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Obr. 13: Schématické znazornéni idealni degradace biodegradabilniho implantatu,
prevzato z [10].

Pro Mg slitiny existuje Sirokd Skala povrchovych uprav, které zlepSuji korozni odolnost,
bioaktivitu a které je mozné upravit na miru konkrétni aplikaci [11]. Vyznamna ¢ast téchto
Uprav, jako je napiiklad vytvoieni vrstvy hydroxylapatitu [57], je vSak pro tenké draty
nevhodna. Kiehké povrchové vrstvy nevydrzi intenzivni ohyb, ke kterému dochazi pti vazani
drath. Proto je tfeba vyuzit pro tyto Géely vhodné biodegradabilni polymery, které jsou
schopné velké ohybové deformace dratt snést. Podrobny piehled soucasné vyuzivanych
polymerti poskytuje prace [58]. V ramci prvnich experimentti byl vyuzit polymer Kyseliny
mlééné (PLA) v levotocivé varianté (PLLA — poly-L-lactide), ktery vykazuje velmi dobrou

biokompatibilitu a je pro biodegradabilni aplikace Casto vyuZzivany. Poskytuje ovSem jen
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omezené mechanické vlastnosti z davodu nizké krystalinity [16] a je velmi kiehky. Z toho
dtivodu byl pro potahovani drati zvolen komeréné dostupny polymer se zdravotni certifikaci,
kopolymer L-laktidu a e-kaprolaktonu v molarnim poméru 70/30. Vyuzitim PLLA/PCL
kopolymeru lze dosdhnout velmi dobrych mechanickych vlastnosti [59], které lze dale
zlepSovat pomoci dalSich Uprav [60]. Dalsi vyhodou vyuziti biodegradabilnich polymera pro
zpomaleni korozni rychlosti je moznost navazani 1é¢iv v polymerni vrstveé. Zejména se jedna
o antibiotika, kterd mohou vyrazné zlepsit pfijeti implantatu organismem [61].

Pii dosazeni velkych ohybt béhem fixace hrudni kosti je nutné, aby polymerni vrstva
ohyb vydrzela bez vyrazného poskozeni. Uvodni experimenty ukazuji, Ze to je pro
PLLA/PCL mozné. Tyto vrstvy byly ptipravovany pokryvanim dratu PLLA/PCL z roztoku
chloroformu a acetonu. Této problematice se spolu s popisem metod potahovani a ocisténi
dratu pfed vlastnim nanesenim polymerni vrstvy podrobné vénuje prace [62].

Vysledny primér drati (~250 pm) nedosahuje tloustky v soucasnosti vyuzivanych drati
pro medidlni sternotomii (¢lanek B). Pokud chceme zachovat vhodné vlastnosti tenkych Mg
drat, je vhodné tyto draty splétat do lanek [40]. Jako idedlni se jevi vyuziti 7 dratd
v konfiguraci centrélniho dratu a 6 okolnich v hexagonalnim uspotadani. Protoze je splétani
dratt, které nejsou produkovany kontinualné, pomérné technologicky naro¢né, postaci pro
prvotni experimenty stoc¢eni dratli pomoci definovaného poctu otaéek pomoci ru¢ni vrtacky.
Je tak moZné produkovat lanka geometricky podobnd, ktera ovSem nedosahnou maxima
mechanickych vlastnosti, kterych by bylo mozné pouZitim optimalniho postupu splétani dratt

dosdhnout.

Obr. 14: Chyby pokryvu drati pti naneseni PLLA/PCL kopolymeru z roztoku. a) Proménliva
tloustka polymeru pii pouziti kapilary o priméru 600 pum, b) nerovnomérné naneseni
polymeru, ptevzato z [62].

38



Na Obr. 14 a Obr. 15 jsou ziejmé nékteré dil¢i nedostatky stavajici technologie splétani
lanka a potahovani dratd. Sto¢ené Mg lanko pouZzivané pro soucasné experimenty lze vidét na
Obr. 15. Jednotlivé draty lanka jsou pokryty ~10 um PLLA/PCL kopolymeru. Na Obr. 14 Lze
vidét typické chyby potahovani (proménna geometrie), které jsou diskutovany v praci [62].
Tyto chyby jsou dale umocnény jednoduchou technologii stoceni lanka (Obr. 15). V souc¢asné
fazi vyvoje neni nezbytné naznacené technologické problémy fesit. Pokud takto vyrobené
lanko obstoji v dalsim testovani (korozni testy, mechanické zkousky, in Vvitro a in vivo testy),
pak Ize nakladnym zlepSenim technologie vyroby snizit rozptyl hodnot a vysledny produkt
vylepsit. Pokud bude z hlediska dalSich testli dostate¢ny i tento nedokonaly produkt, budeme
se s finalnim vyrobkem vzdy pohybovat na bezpecné strané odhadu rizik, coz je v ramci
uvazované¢ho vyuziti lanek velkou vyhodou. Z hlediska potahovéni je vhodnégjs$i potahovat
jednotlivé draty a jiz potazené je splétat do lanek. Tento postup je vyhodny zejména z toho

dtvodu, Ze je mozné dosahnout tenkych vrstev polymeru.

Obr. 15: Sto¢ené lanko z Mg-0,4Zn dratd pokrytych PLLA/PCL kopolymerem.

V ramci piedbéznych pokust probihd potahovani drati manualné a neni tak mozné
zajistit presnou kontrolu technologickych parametrti, jako je napt. rychlost posuvu dratu
audrzeni dratu presné v ose. Bylo vSak prokazano, ze peClivym postupem lze opakované
dosahnout tenké (~10 pm) vrstvy kopolymeru PLLA/PCL. V soucasné dobé na Ustavu
struktury a mechaniky hornin AV CR, v.v.i. probiha v ramci projektu Technologické agentury
CR vyvoj zafizeni pro potahovani drati. Diky aplikaci vysledkil tohoto projektu bude mozné

vSechny podstatné technologické parametry potahovani fidit.
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2.6 Koroze v umélych roztocich

[nepublikované vysledky]

Korozni testy jsou nedilnou soucasti vyvoje biodegradabilnich implantatd, nebot’ je
zapotiebi porozumét moznym koroznim produktim, jejich nukleaci a vzdjemné interakci
pfedtim, nez se piistoupi k ndkladnym invitro a invivo testim. Existuje Siroka Skala
moznych roztoku, které lze pro tyto testy pouzit. Z&kladnim roztokem je fyziologicky roztok
(tj. vodny roztok NaCl), ktery je vSak vhodny pouze pro nejzakladné&j$i charakterizaci
objemovych vzorku, napiiklad pro ur¢eni efektu intenzivni plastické deformace na korozni
vlastnosti (¢lanek D). Dal§i moznosti jsou pufry, obecné pouzivané pro stabilizaci pH.
Fosfatovy pufr (PBS - Phosphate Buffered Saline) je sice z hlediska vyzkumu degradace
nevhodny, nicméné¢ muze byt vyuzit jako médium bohaté na fosfor. DalSim krokem
k simulaci realného fyziologického prostiedi je Hankiv solny roztok (HBSS - Hanks’
balanced salt solution), ktery ptidava dal$i chloridové anionty a vapenaté kationty kvili
obsahu CaCl,. Pravé absence vapenatych kationtti predstavuje nejvétsi rozdil PBS oproti
prostfedi lidského organismu. HBSS také obsahuje organickou glukézu a MgCl,.6H,0.
Varianta bez MgCl,.6H,0 a glukézy byva oznacovana jako simulovany télni roztok (SBF -
simulated body fluid). Piehled slozeni vySe zminénych roztokd lze nalézt v praci [63].
Ve zminéné praci lze také nalézt reakci Cistétho Mg na ponofeni do téchto roztoku. Korozni
experimenty realizované ve téchto roztocich vsak adekvatné nesimuluji korozni procesy, ke
kterym dochazi ve skute¢ném télnim prostiedi. Omezeni pouziti SBF a podobnych roztok
pro testy biokompatibility jsou diskutovany v [64].

Pro ucely koroznich a in vitro testt Mg a jeho slitin se jako nejvyhodnéjsi ukazuje
vyuziti minimalniho esencidlniho média a jeho modifikaci (DMEM, aMEM, EMEM). MEM
oproti SBF obsahuje Sirokou skalu organickych latek, jako jsou napiiklad aminokyseliny.
Piehled nejdulezitéjSich slozek téchto roztoki je uveden v praci [65]. Korozni proces Mg
v MEM je velmi komplikovany. V zavislosti na geometrii povrchu a parametrech korozniho
testu mohou probihat rizné chemické reakce. Nejvice pozornosti je vénovano vzniku
Mg(OH),, MgO a ruznych fosfatd vapniku, vcéetné hydroxylapatitu. Piehled fady moznych
reakci je patrny z Obr. 16, piejatého ze souhrnné prace [65]. SBF (a jeho varianty) by
v kombinaci s pufrem ve formé CO,/HCO3 mélo byt vyuzivano piedev§im pro korozni testy
za Ucelem méfeni rychlosti koroze [65]. Z hlediska koroznich testd za uUcelem zjisténi
biokompatibility a interakce s bunikami je doporu¢eno vyuziti MEM (a jeho modifikaci) za

pridani FBS (fetalni bovinni sérum). Toto je vyhodne i pro velmi malé implantaty, kdy mize
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nukleace a morfologie jednotlivych slouéenin vyrazné ovlivnit integritu implantatu. V praci
[66] je zdiraznéna nezbytnost vyuziti MEM+FBS pro in vitro testy, coz je dano podobnosti

s krevni plazmou a adsorpci proteini a precipitaci nerozpustné vrstvy soli na povrchu

implantatu.
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Obr. 16: Schématicky ptehled reakci pii koroznich a in vitro testech [65].
Vzhledem ke slozitému charakteru koroze Mg slitin je pomérné naro¢né identifikovat
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jednotlivé korozni produkty. Jejich morfologie zavisi na fadé faktorti a neni tak jednoduché
nalézt jednozna¢nou vazbu mezi jejich morfologii a chemickym sloZenim. Pro tyto ucely je
vhodné vyuzit metody SEM-EDS, ktera je schopna uréit pomér Ca/P, jehoz znalost mize
ptispét ke specifikaci daného korozniho produktu a piedevsim k odliseni fosfati Ca od
Mg(OH),. Nejtypictéjsi povrchovou morfologii vznikajici pii korozi Mg slitin je vrstva, ktera
ma deskovity charakter s trhlinami. V tomto ohledu se muze jednat jak o Mg(OH),, tak
0 néktery z fosfati vapniku ¢i uhlic¢itana [67].

Z diavodu nedostate¢né piesnosti metody EDS pii zjisStovani absolutnich koncentraci je
vhodnéjsi vyuzivat pro odhad varianty fosfatu vapniku vyse zminény pomér Ca/P. Sira skala
charakterizaCnich technik vcetné rentgenové fotoelektronové spektroskopie (XPS - X-ray
photoelectron spectroscopy) byla vyuzita v [68]. V této praci je uveden piehled morfologii
vrstev Vv zavislosti na jejich Ca/P poméru. Je zde uvedeno, ze Ca/P ~ 1,00 odpovida
amorfnimu fosfatu vapenatému, ktery je jednim z inicidlnich stadii nukleace, Ca/P ~ 1,50
odpovida fosfore¢nanu vapenatému Caz(PO4), a Ca/P ~ 1,33 odpovidd CagH2(POs)ssH.0
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(fosforeénanu oktavapenatému). Hydroxylapatit Cas(PO4)sOH ma Ca/P pomér 1,67, ktery
v§ak muze byt predevsim kvuli substituci Mg, Na a jinych prvki za Ca i nizsi [69]. Vznikaji
tak substituované hydroxylapatity, které jsou popsany v praci [70]. Pokud EDS nedostacuje,
je vyhodné pouzit Ramanovu nebo infraéervenou spektrometrii [71]. Z téchto dvou technik je
pro studium tenkych Mg drati vhodnéj$i Ramanova spektroskopie, nebot’ lze ziskat data
z velmi malych oblasti [72] a jeji pouziti neni omezeno piipadnou pfitomnosti vody [73].
Vzhledem k vyuziti slozit¢tho média (eMEM/DMEM) je velmi obtizné slozeni koroznich
produktd kvantifikovat. Detailni popis koroznich médii, jejich efektd na korozi Mg
a dalezitych chemickych reakci je uveden v praci [74].

Obr. 17: Korozni testy, a) ultra-¢isty Mg drat v aMEM, b) Mg-0,4Zn lanko v DMEM, c) Mg-
0,4Zn lanko pokryté PLLA/PCL po 1 tydnu v DMEM, pro tahové zkousky.

Korozni testy jsou provadény na Ustavu struktury a mechaniky hornin AV CR, v.v.i.
Prevazné pouzivané médium pro korozni testy je aMEM ¢i DMEM, vzdy s pfidanim FBS
a antibiotik (penicilin a streptomycin). Pro testy v aMEM byl vyuzit inkubator se vzduchem,
pro dalsi testy v DMEM byl jiz vyuzivan inkubator s atmosférou s obsahem 5% CO,, coz
kvali néslednému obsahu HCO3 vroztoku reguluje pH a poskytuje dalsi priblizeni
skuteénému télnimu prostedi [75]. Korozni testy rovnych segmentii dratu byly realizovany

v oMEM (Obr. 17a), findlni Mg-0,4Zn lanka potazena PLA/PCL byla testovana v DMEM.
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2.6.1 Jednotlive draty
Demineralizovana voda

Castym produktem koroze je hydroxid hofecnaty. Pro ucely popsani morfologie ¢astic
Mg(OH), vznikajiciho ve vodé byl odleptany ultra-¢isty Mg za pokojoveé teploty ponotfen do
demineralizované vody a po urCitych Casovych intervalech byl zkouman pomoci SEM.
Nekolik pofizenych snimkul je zobrazeno na Obr. 18. Mista s vyrazné&jsi nukleaci Mg(OH),
pravdépodobné souvisi s lokalné vyssi koncentraci pfimési, pfitomnosti intermetalickych
¢astic ¢i necCistot na povrchu. Nukleace rovnéz probiha pfednostné na nerovném povrchu. Je
ziejmé, ze dochazi ke vzniku lokalizovanych utvard Mg(OH),. Pti vétsim zvétSeni je patrny
deskovity charakter ¢astic hydroxidu. V piihodné orientaci téchto desek, kdy rust krystalu
neni omezen okolim, vznikaji krystaly s hexagonalni symetrii [76]. To reflektuje hexagonalni

strukturu Mg(OH)s, s prostorovou grupou P3m1 (No. 164).

[+ roany R
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Obr. 18: Mikromorfologie povrchu drata z ultra-¢istého Mg o praméru 250 um vystavenych
4 hodiny, resp. 2 dny u¢inkiim demineralizované vody.
Fosfatovy pufr (PBS)

Dalsim médiem, které se pii studiu vlivu prostiedi na Mg slitiny pouziva, je fosfatovy
pufr. Jedna se o roztok s obsahem chloridii NaCl, KCl a fosfati KH,PO4a Na;HPO,. Piestoze
toto médium neni pro simulaci redlnych télnich roztoka pfili§ vhodné, nebot’ neobsahuje
n&které velmi dilezité komponenty, jako napt. Ca" [74,77], existuji prace, které pro korozni
zkousky Mg toto médium vyuzivaji [78]. V ramci naSeho vyzkumu bylo zjisténo, ze tenké Mg
draty degraduji v PBS velice rychle a ztraceji integritu v rdmci prvnich 4 hodin. Stejny zavér
plati i pro neodleptané draty z ultra-¢istétho Mg. Absence dilezitych anorganickych slozek
tvoticich zakladni stavbu fosfatt vapniku a uhli¢itant zptisobuje rychlou lokalni korozi také
kvili pfitomnosti chloridd v roztoku. Vyslednd morfologie koroznich produkti je unikatni,
vyznamné odlisna od morfologie c¢astic koroznich produkti vznikajicich v miniméalnich

esencialnich médiich (aMEM a DMEM).
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H, bubliny 2 hodiny

Obr. 19: Korozni produkty a bubliny vodiku vznikajici na povrchu dratu
o praméru 250 um z ultra-¢istého Mg v PBS.

PBS je médium, kde pii korozi Mg vznika kvili velmi rychlé degradaci velké mnozstvi
H,, ktery je pozorovatelny na povrchu Mg drati v podobé velkych bublin (Obr. 19). Rozhrani
H, s PBS slouzi jako nuklea¢ni misto pro tvorbu koroznich produktli o jiném slozeni, nez je
typické sloZeni korozni vrstvy na Mg dratech. V tomto ohledu Ize hledat analogie s podobnym
chovanim pfi korozi v aMEM (¢lanek C), kde ovSem nedochazi k tak vyznamné tvorbé Ho.
Na Obr. 19 lIze vidét vyvoj koroze v ramci prvnich dvou dnt. V prvni hodiné dochazi
prednostné ke korozi na mistech obsahujici neéistoty ¢i defekty. Kvuli redepozici v okoli
Castic se vytvari oblast s drobnymi precipitaty. Pfesto na povrchu dratu existuji oblasti, kde
vznika souvisla korozni vrstva bez vyraznych defekti. Po dvou hodinach oblasti s precipitaty
zvétSuji kvili pokraCujici redepozici materialu a kviali zvétSeni povrchu vystaveného

koroznimu médiu. Kvuli vyznamné a rychlé tvorbé H, jsou tyto oblasti porézni a geometricky
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slozité. Tvorba takovychto oblasti pokracuje béhem celého procesu koroze drati. Po ¢tyfech
hodinach zaéina pievladat dalsi mechanismus koroze v PBS, kterym je oddélovani svrchni
vrstvy koroznich produkta podél celého dratu. Odd€lovani desek je pravdépodobné
zpusobeno vodikem, ktery se uvoliiuje z nové odhaleného povrchu a deformuje tak korozni
produkty, Kkteré jsou v hydratovaném stavu dobfe ohebné. Delsi ¢asy koroze jsou
charakteristick¢ velkymi tloustkami desek v oblastech bez defektli a necistot a kompletni
degradaci celého prufezu dratu v oblastech, kde v prvnich hodinach dochazelo k redepozici
materidlu a nerovhomérné korozi. Z vysledkii vyplyva, ze PBS je pro tenké Mg draty
nevhodné médium, které nepfinasi zadné vyuzitelné informace kromé vyznamnosti zdroju

Ca* a CO5%/HCO;5 v koroznim médiu.

Testy Mg drati v aMEM

V prvni fazi byly testovany tenké draty z komer¢né Eistého a ultra-¢istého Mg v aMEM
s pfidanim FBS a antibiotik. Byl pouzit inkubator s normalni atmosférou. Zakladni ptehled
vlivu obsahu neéistot pii korozi voaMEM je uveden v grafu na Obr. 20. Je patrné, ze
komercné Cisty Mg je pro potieby implantati nevhodny, nebot” velice rychle ztraci celistvost.
V prvnich 4 hodindch jiZ vétSina vzorkll nebyla kompaktni. Pokud komercné cisty Mg
srovname s ultra-¢istym Mg, je patrny vyrazny rozdil, kdy ultra-¢isty, Mg neztraci celistvost
(v€tSina vzorkd) ani po 15 dnech v aMEM pii 37 °C. V piipadech, kdy k poSkozeni dratu
korozi doslo, bylo toto poSkozeni siln¢ lokalniho charakteru. Je tedy pravdépodobné, Ze tato
degradace je zpisobena piitomnosti ¢astice MgO (Elanek B), fazi obsahujici Fe nebo jiné
necistoty, ¢i mechanickym poSkozenim dratu b&hem procesu vyroby. Vlastni obsah
puvodniho ¢istého Mg po 15 dnech degradace mtze byt minimalni (viz dale). Dulezité je, ze
korozni produkty zachovavaji ptivodni tvar dratu a jsou v hydratovaném stavu schopny snést
manipulaci. Rozdil v korozi mezi komeréné Cistym Mg a ultra-Cistym Mg je S nejvetsi
pravdépodobnosti zplsoben necistotami obsazenymi V komercné Cistém Mg, kvili nimz tak
dochézi ksegmentaci dratu [77]. ZvétSeni povrchu vystaveného médiu nasledné vede
k dalsimu urychleni koroze, pfedevsim kvuli efektu redepozice necistot (pifevazné Fe) na

povrch dratu [78].
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Obr. 20: Zména hmotnosti tenkych drati z ¢istého Mg a pH média pii korozi v DMEM.
Pierusovana Cara znaci ztratu celistvosti dratu, kdy tuha slozka pro dalsi analyzu byla ziskana
lyofilizaci.

Daéle je na Obr. 20 zobrazena zavislost pH média na dobé& zkousky. Dle pfedpokladu se
pH zvySuje s pokracujici korozi Mg. Tyto piedbézné testy byly provadény v aMEM bez
lokélni stabilizace pH pomoci systému CO,/HCOj3’, tedy v inkubatoru bez 5% CO, atmosféry.
Efekt tohoto pufru je diskutovan v praci [74]. Prestoze jde o znaény narist pH, ktery sleduje
trend rozpousténi a segmentace dratl, predbézné vysledky dalSich testli naznacuji, ze se

nejedend o z&sadni problém z hlediska biokompatibility téchto dratu.
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Obr. 21: SEM snimky nejvice zachovalych oblasti dratt pti korozi v aMEM.

Ptehled morfologie koroznich produkti komeréné cisttho Mg a slitiny Mg-0,2Zn
v oMEM a slitiny Mg-0,4Zn v DMEM je uveden a diskutovan v préci [74], kter4 tuto kapitolu

(24

dopliuje a rozsifuje. Zde se tedy zaméfime na rozdily mezi ultra-Cistym Mg a komercné
Cistym Mg v aMEM (Obr. 21).

Pokud srovname chovani drati vaMEM po 1 h a 4 h, Ize nahlédnout, ze mensi obsah
necistot pro ultra-Cisty Mg lokalizaci koroze omezuje. Nicméné lze vidét, Ze i pro ultra-Cisty
Mg existuji oblasti, kde dochazi klokalni tvorbé velkych H, bublin spolu s tvorbou
charakteristickych tenkych ttvarti. Po dvou mésicich se charakter oblasti drati, které jesté

zustaly celistvé (vétSina ultra-Cistého Mg), pfili§ nelisi. Z tohoto pohledu lze vyvodit, ze
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oblasti komer¢né Cistého Mg bez vyrazného vlivu necistot jsou schopny korodovat uniformné.
Jako nejvétsi problém komercné Cistého Mg se tedy jevi lokalizované necistoty. Také kvali
faktu, Ze lokalizovana koroze je pozorovana i na ultra-Cistém Mg, je tieba hledat slitiny Mg,
které lokalizaci koroze omezi. Vyuziti ultra-Cist¢ého Mg tedy neni ani ekonomicky vyhodné,
ani neposkytuje ochranu vici lokdlnimu poskozeni dratd, kterd by negativni ekonomickou

stranku vyvazila.

Zakladni morfologie p¥i korozi tenkych Mg dratia

Koroze Mg drati bez ohledu na chemické sloZeni koroznich produkti probihd dvéma
zakladnimi mechanismy. Jedna se o rast souvislé vrstvy koroznich produkti v ramci celého
dratu, kdy vznikaji typické morfologie desek, které se po ¢ase odlupuji (Obr. 21) a o tvorbu
tenkych utvari na rozhrani H, S MEM, které rostou a stavaji se mistem pro dalsi tvorbu
koroznich produktil. Pro ilustraci té&chto koroznich produktéi byl mimo jiné vyuzit i Ga®
fokusovany iontovy svazek v SEM. Typické deskovité utvary jsou znazornény na Obr. 22. Je
tteba mit na paméti, ze trhliny ve vrstvé mohly vzniknout rychlym vysuSenim pfi vloZeni
vzorku do vakua (naprasovacka/SEM). Pro ochranu povrchu a lepsi kontrast a vodivost byla

ve vétsing piipadl na vrstvu koroznich produktu nanesena tenka vrstva Pt (Obr. 22b,d).
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Obr. 22: Korozni produkty deskovitého tvaru na Mg dratech po korozi v aMEM. a) oblast pro
FIB fez na snimku b), b) desky koroznich produktt s Pt na povrchu a v trhling, c) detail vrstvy

odprasované pod uhlem, d) porézni vrstva s dutinou kvali generaci H.

Korozni vrstva muze byt bud’ kompaktni (Obr. 22 b, c) nebo porézni (Obr. 22 d).
Analogické snimky lze pro Mg-0,4Zn draty nalézt v praci [74]. Zajimavym faktem na
Obr. 22¢ je odlisné odprasovani jednotlivych oblasti vrstvy v piipadech, kdy odprasovani
probiha pod Ghlem. V budoucim vyzkumu bude upiesnéno, zda se je tato morfologie spojena
s mikrostrukturou vrstvy koroznich produktt. Z hlediska degradace drati jsou dulezit&jsi
oblasti, kde dochazi k lokalizované korozi. Detailni porovnani jednotlivych materialti drata je
v soucasné dobé¢ stale vyhodnocovano, nicméné kvalitativné probihd na vSech dratech bez

povrchové ochranné vrstvy lokalni koroze analogicky. Na Obr. 23 je patrna morfologie
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koroznich produktd na povrchu dratii, kde je pravdépodobné vyssi koncentrace necistot nebo
se zde vyskytuje jina faze.

Obr. 23a dokumentuje morfologii koroznich produktd, typickou pro vSechny zkoumané
materialy drata, vystavenych u¢inkim MEM. Oblast lokalni koroze se vyznauje utvary
vznikajicimi na rozhrani plyn-médium. Detail oblasti, kde je nukleace koroznich utvart
urychlena kvuli redepozici, je zobrazena na Obr. 23b. Obdobny korozni mechanismus je
popsan v praci [81]. Pro komer¢né Cisty Mg v oMEM se podafilo zachytit prvni stadia
nukleace na vétSich bublinach H, (Obr. 23c). V piipadé, Ze bublina plynu se v porovnani
s rychlosti koroze zvétSuje jen velmi pomalu, dochazi postupné k jejimu Uplnému uzavirani.
Vznika tak ohranieny utvar, ktery je po dal$im ristu vrstvy koroznich produktt pro bunky
neprostupny. Piestoze se predpoklada, Ze in vivo bude tento problém omezen kvuli pohybu
okolnich tkani, které neumozni tak vyraznou tvorbu lokalné stabilnich bublin, je tieba s timto
efektem pocitat a co nejvice jej omezit. Pro implantaty s pomérné velkymi rozméry byly tyto
uzaviené kapsy vznikajici kvili produkci H; pozorovany in vivo napiiklad v préci [82].
Pokud se béhem nukleace koroznich produkt objem plynu zvétsuje rychlosti srovnatelnou se
rastem koroznich produktii, dochdzi k uzavirani pouze €asti bubliny, kterd se pak zvétSuje
pouze ve sméru, ve kterém neni omezena koroznimi produkty. To je zndzornéno na
Obr. 23e (podrobnéji viz ¢lanek C). Pokud probihd generace plynu rychle, vyskytuji se na
povrchu miskovité nebo deskové Utvary, které zhruba kopiruji tvar velkych bublin H,
(Obr 21, vpravo dole). Na Obr. 23e je zobrazen kulovy Utvar sjiz kompaktni vrstvou

koroznich produktii, na Obr. 23f je detail nukleace dalsi vrstvy.
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Obr. 23: Korozni produkty pfi lokalni korozi a interakce s Hy. a) lokalni koroze a redepozici
indukovana nukleace v okoli b), detail oblasti redepozice, ¢) prvni vrstva nukleace na rozhrani
aMEM/H,, d) trubicové utvary pii stfedné rychlé generaci Hp, €) korozni produkty kopirujici

rozhrani plyn-médium, f) detail po¢atku nukleace dalsich vrstev.

Chemické slozeni koroznich produkti

Je pomémné slozité chemicky presné charakterizovat korozni produkty vznikajici ve
slozitych médiich jako je tMEM a DMEM (piesné sloZeni téchto roztokd je uvedeno v [74]).
V ramci dizertaéni prace jsme pro tyto ucely vyuzili predev§im metodu EDS v SEM
a nasledné Ramanovu spektroskopii. Ukazalo se vSak, Ze pouziti uvedenych metod pro tplnou
chemickou charakterizaci slozitych koroznich produkti na tenkych Mg dratech neni piilis
vhodné [74]. Z hlediska charakterizace by teoreticky bylo mozné vyuzit rentgenovou difrakei,
nicméné standardni difraktometry principidln¢ takto lokalizované korozni produkty na
tenkych dratech métit nemohou. Bylo by mozné ptipravit ploché vzorky s velkym povrchem,
na nichz bychom mohli ziskat informace o celkovém zastoupeni koroznich produkti. Spojit
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vysledky rentgenové strukturni analyzy s konkrétni morfologii koroznich produkt vSak bude
komplikované. Z tohoto ohledu by bylo zajimavé vyuzit synchrotronu jako zdroje zafeni
a provést na dratech komplexnéjsi analyzu. Piehled metodik pro vyuziti synchrotronu pro
studium biodegradabilnich implantat je uveden v praci [83]. Z ptedbéznych vysledkl ovsem
vyplyva, ze pii korozi v MEM se na povrchu dratt vyskytuje velka skala koroznich produkti,
které mize byt velmi slozité od sebe odlisit [74]. Dalsi technikou, ktera by byla pro tento typ
analyz vhodna je XPS (fotoelektronova spektroskopie) s vysokym rozliSenim, ktera umoziuje
pomoci dekonvoluce identifikovat jednotlivé fosfaty, uhli¢itany a hydroxidy [84]. Pokud se
podaii ptipravit vzorky vhodné pro tato méfeni, bude tato technika vyuzita v budoucim
vyzkumu. Diky tomu, Ze pomoci fokusovaného iontového svazku lze s koroznimi produkty
relativné dobte pracovat (Obr. 22), je pravdépodobné, ze budou piipraveny vzorky pro riizné
techniky transmisni elektronové mikroskopie (TEM).

Ilustrace ¢asti vysledkd prace [74] je znazornéna na Obr. 24. Jedna se o méfeni SEM-
EDS na koroznich produktech vznikajicich na Mg-0,4Zn dratech v DMEM s vyuzitim
inkubatoru s CO, atmosférou. Na Obr. 24 a, b jsou na SEM snimku znazornény dv¢ oblasti na
povrchu dratu po 10 min v DMEM a jejich EDS spektra. V daném ptipadé byl vzorek pokryt
tenkou vrstvou C s definovanou tloustkou pomoci systému Leica EM ACEG600. V naslednych
EDS analyzach byla tato vrstva C automaticky odectena. Je tieba také uvaZovat moznou
kontaminaci povrchu vzorku v SEM. Vzorek vystaveny uc¢inkim DMEM po dobu 4 hod (viz
Obr. 24 c) touto vrstvou pokryt nebyl.

Mg Counts
261K Prvek Hm. % AL %

Na 0,70 0,51
Mg 25,07 | 1741

065 | 038
1004 | 518

70 minut v DMEM |

Obr. 24: Ptiklad EDS analyzy z prace [74]. a) Povrch Mg-0,4Zn dratu po 10 minutach
v DMEM s CO; atmosférou, b) zarodek lokalni koroze se stejnymi podminkami, ¢) povrch
Mg-0,4Zn dratu po 4 hodinach v DMEM s CO, atmosférou.

52



Vysledky uvedené na Obr. 24 zobrazuji, ze jiz po 10 min lze detekovat ur¢ité mnozstvi
Ca a P (Obr. 24a), naznacujici tvorbu fosfata jiz v prvnich fazich koroze slitiny Mg-0,4Zn
v DMEM. Pievazujicimi koroznimi produkty jsou vsak pravdépodobné Mg(OH), ¢i MgO
[74]. Vysledky orienta¢ni analyzy prvniho zarodku lokalni koroze jsou uvedeny na Obr. 24b.
Piestoze Ize kvili slozité geometrii povrchu zarodku pochybovat o spolehlivosti stanoveni
koncentrace C pomoci EDS softwaru, zvySena koncentrace C byla na podobnych uUtvarech
pozorovana i pro vzorky bez napraSovani C a pro vzorky naprasované Au. Prozatimni
neovétené vysledky vykazuji vyssi koncentraci C i pro malé Utvary na povrchu H; bublin na
Obr. 23c. V tomto piipadé, na pocatku nukleace pii lokalizované korozi, se s nejvétsi
pravdépodobnosti jedna o CaCOs3, coz naznacuji i vysledky prace [77]. Obr. 24c zobrazuje
EDS analyzu typického povrchu Mg-0,4Zn dratu po 4 hod v DMEM. V porovnani
s povrchem dratu po 10 min v DMEM (Obr. 24a) je ziejmy vyrazny narast obsahu Ca a P.
Pokud budeme sledovat pomér Ca/P, ktery by instrumentalné nemél byt ovlivnén tak vyrazng,
je ztejmé, Ze dle tohoto poméru nelze fosfat Ca piimo identifikovat [74]. Pomér Ca/P ~ 0,61
je pro libovolny fosfat Ca piili§ nizky. Z divodu komplexnosti DMEM a 5% CO, atmosféry
v inkubatoru se pravdépodobné jedna o fosfaty, ve kterych dochézi k substituci funkénich
skupin. V praci [70] je podrobné popsan mechanismus substituce pro hydroxylapatit, kdy
Mg?* a Zn®* mohou ve velké mife nahrazovat Ca®* v hydroxylapatitu Ca;o(PO4)s(OH),. Také
mize dochazet k substituci uhliitani CO4” a dalsich slozek vyskytujicich se v DMEM [70].
Kvuli pomérné malé tloust'ce vrstev koroznich produkta (~1,3 pum po 4h, Mg-0,4Zn drat
v DMEM, [74]) je obsah Mg zjistény pomoci EDS ovlivnén materialem dratu. Nelze tak ani
vyuzit pomér (CatMg)/P, ktery by jinak mohl byt zajimavym ukazatelem. Hlavnim piinosem
SEM-EDS je tedy potvrzeni, ze se na povrchu dratu vytvaii slozité korozni produkty,
obsahujici fosfaty a uhli¢itany. Deskovité korozni Gtvary pokryvajici vétSinu povrchu dratd
tedy nejsou ani v prvnich fazich koroze pouze Mg(OH),, Ca(OH); ¢i jejich kombinace.

Technikou umoznujici prokazat pritomnost nekterych sloucenin je Ramanova
spektroskopie. S vyuzitim mikroRamanovy spektroskopie je mozné piiblizné korelovat SEM-
EDS vysledky utvari pozorovanych v SEM se ziskanymi spektry. Na Obr. 25 jsou
znazornéna spektra ziskana z nepokrytych Mg-0,2Zn dratd po korozi v aMEM, kde na
horizontdlni ose je vynesen Ramaniv posuv Avg. Ve svételném mikroskopu bylo mozné na
povrchu dratd pozorovat svétlé a tmavé oblasti, které se svymi spektry piili§ nelisily.
Ramanova spektroskopie je v prvnim pfibliZeni schopna identifikovat zejména COs* skupinu

na pozici Avyp=1097 cm™. Tato skupina je pozorovatelnd v tém&k viech Ramanovych
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spektrech a to pfesto, Ze se v piipadé aMEM jednalo 0 inkubator bez CO, atmosféry. Dalsi
vyraznou skupinou, naznaGujici p¥itomnost substituovanych fosfati vapniku, je PO4> na
pozici Avg=963 cm™. Ve své&tlé oblasti Ize po 168h v aMEM (viz Obr. 25¢) pozorovat
i siroky pik OH  skupiny v rozmezi 3100 az 3650 cm™. Detailngjsi diskuze k prvotnim
vysledktum ziskanym pomoci Ramanovy spektroskopie je uvedena v praci [74].
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Obr. 25 Ramanova spektra koroznich produktti na Mg-0,2Zn dratu ponofeném v
a-MEM: (a) a (b) 24 h, (c) a (d) 168 h, ptevzato z [74]

2.6.2 Mg-0,4Zn lanka

Na zakladé vyhodnoceni vysledkti mechanickych zkousek jednotlivych drati, tvafeni
a koroznich testl byl pro vyrobu lanek zvolen drat ze slitiny Mg-0,4Zn pokryty kopolymerem
PLLA/PCL. Pro finalni vyuziti pro fixaci sterna je nej¢astéji vyuzivan drat s primérem vétSim
nez 700 um (¢lanek B). Chceme-li zachovat co nejlepsi ohybové vlastnosti (Clanek A), je
splétani lanek z tencich dratd vhodny postup. V piipadé lokalni koroze jednoho z drata
nedojde diky rozhrani mezi jednotlivymi draty k poruseni celého nosného prifezu lanka, coz
pfispéje k zajiSténi spolehlivé funkénosti implantitu. Dal§im piinosem pokryti drath
polymerem je jeho vyuziti jako nosice 1é¢iv v medicinské praxi. Piiklad lanka spleteného
z drati je znazornén na Obr. 15. Jedna se o pomérné slozity systém, pii jehoz degradaci bude
probihat Siroka Skala ¢asto protichtidnych procest.

Postupna degradace lanek spletenych z pokrytych Mg-0,4Zn dratt v dasledku pisobeni

DMEM je znazornéna na Obr. 26. Na povrchu lanek Ize pozorovat svétlejsi a tmavsi korozni
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produkty. Svétlé oblasti mohou mit vy$si podil dutin kvili malym H, bublindm [74] nebo
mohou mit vy$§i obsah slozek obsahujici OH™ skupinu, jak naznacuje Obr. 25¢. Velmi
dobrym zjisténim je, ze piestoze dochazi k postupnému nahrazovani Mg (viz lom na Obr. 26),
celkova geometrie lanka zistava v prubéhu jednoho mésice podobna, coz svéd¢i o relativné
pomalé degradaci. Je pravdépodobné, ze v prostiedi zivého organismu bude dochazet
K resorpci koroznich produktt, a tedy i k odlisné rychlosti zmén tvaru a funkce implantatu.
Pozitivni je, ze silanka i po jednom mésici v DMEM zachovala ohebnost a §lo s nimi bez
problému manipulovat. Vznikajici korozni produkty jsou tedy v hydratovaném stavu vhodné
pro ptenos zatizeni. Toto zjisténi ponékud rozptylilo prvotni obavy, které navozoval kiehky
vzhled lomovych ploch nékterych koroznich produkti v SEM. To je S nejvétsi

pravdépodobnosti zpisobeno vysusenim vzorkid béhem piipravy a umisténim vzorki do

vakua naprasovacky ¢i komory elektronového mikroskopu.

pokryté lanko 4 dny v DMEM

—  100.00pm

4 dny v DMEM

1 mésic v DMEM

# o O g

Obr. 26: 3D svételna mikroskopie Mg-0,4Zn lanek pokrytych kopolymerem PLLA/PCL pii
degradaci v DMEM, inkubator s 5% CO, atmosférou.
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Z hlediska posuzovani realné moznosti svazovani hrudni kosti danym implantatem je
nutné alespon orienta¢né experimentalné ovéfit miru degradace mechanickych vlastnosti
lanek. Prestoze by z hlediska pienositelnosti vysledki bylo vhodnéjsi pouzit testy na Zivych
zvitecich modelech, z hlediska etiky prace s pokusnymi zvifaty je bezpodmine¢né nutné
provést dostateény pocet zkouSek v simulovanych télnich roztocich. Je vSak tieba vzit
v uvahu, ze v redlném prostiedi zivého téla mohou byt vysledky horsi i lepsi, nez vysledky
dosazené Vv prosttedi simulovaném.

Na Obr. 27a je znazornéno upnuti lanka do trhaciho stroje. Jako upinaci piipravek byly
do plochych celisti umistény vlozky z mékkého dieva s drazkou. Jedna se o jednoduché
feSeni, které v ramci predbéznych testii vykazovalo nejmensi tendenci lanka poSkodit. Nebylo
pozorovano vyrazné vytahovani lanek z elisti. Na Obr. 27b,c jsou znazornéna pietrZzena
lanka, vystavend po dobu 96 hod, resp. 1 mésice degrada¢nim ucinkim DMEM. Lze

pozorovat, ze povrch nékterych dréta je pln€ nahrazen koroznimi produkty, zatimco jiné jsou

stale v kovovém stavu.

Obr. 27: Tahové zkousky lanek spletenych z Mg-0,4Zn drati pokrytych kopolymerem
PLLA/PCL po degradaci v DMEM, inkubator s 5% CO, atmosférou: a) upnuti lanka v
celistech, b) porusené lanko po 96 hod v DMEM, c) porusené lanko po 1 mésici v DMEM.

Hlavnimi dtvody tohoto jevu mohou byt i) vyssi koncentrace piimési nebo nizsi
koncentrace necistot v urcité ¢asti ingotu, ii) lepsi kvalita povrchu, kdy koroze nahrazenych
drath byla urychlena necistotami, iii) lepsi kvalita pokryvu na konkrétnim dratu. Prestoze je

Vv planu podrobnéjsi studium, je pravdépodobné, Ze tento rozptyl koroznich vlastnosti nebude
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V ramci pouzitého materialu mozné spolehlivé eliminovat. Z tohoto ohledu je velmi vyhodné
splétani vice drati do lanka, nebot’ se tak vysledné mechanické vlastnosti zpriméruji a rozptyl
hodnot se snizi. Protoze se zda, Ze je urcita ¢ast dratt koroznimi produkty nahrazena jiz po
96 hodinach v DMEM, je nutné zkoumat, zda jsou tyto draty schopné pienaSet pozadované
tahové zatizeni.

Na Obr. 28 jsou graficky znazornény vysledky tvodnich testi zaméfenych na ovéfeni
miry degradace mechanickych vlastnosti lanek spletenych z pokrytych Mg-0,4Zn dratd.
Namétené vysledky byly porovnany s vysledky naméfenymi v piedchozich experimentech na
lancich spletenych z nepokrytych dratd o délce 100 mm. Dosazené vysledky by v dal$i fazi
vyzkumu mély byt doplnény testy lanek spletenych z pokrytych dratd, ktera nebyla vystavena
uc¢inkim DMEM. Pro zobrazeni dat byly vybrany kfivky s hodnotou maxima sily nejblize
pruméru zobrazenému na Obr. 28 vpravo. Data jsou reprezentovana kiivkami zavislosti sila-
deformace. Vzhledem k problémim souvisejicim s experimentalnim vyvojem téchto lanek
ajejich slozité struktufe neni vhodné vyuzit plochu prifezu pro piepocet Sily na napéti.
DosaZend maximalni sila vypovida jak o vlastnostech materidlu, tak o geometrii lanka, kvalité

stoCeni a pokryvu a Ize diky ni ptimo odhadovat vyuzitelnost lanek v praxi.

70t F(N) 704 Frnax (N)

& nepokryté Mg-0,4Zn lanko ~ —— 60 %
pokryté Mg-0,4Zn lanko:

50 4 dny v DMEM = 50

1tyden vDMEM —

———— 2 tydny v DMEM 40 + ---------------- * ........... } +

4 tyd DMEM =
yany v 30

40
30
20 20

10

0
0 2 4 6 8 10 ALLO (%) t=0 4dny 1 tyden 2 tydny 4 tydny

Obr. 28: Vlevo: Tahové kiivky (sila-deformace) pro lanka vyrobena z nepokrytych Mg-0,4Zn
dratd délky 100 mm a pro lanka délky 40 mm vyrobend z pokrytych drati, jejichz stfedni ¢ast

byla degradovana v DMEM. Vpravo: Zavislost maximalni dosaZené sily na dobé degradace.

Pro nepokryté lanko bylo dosazeno maximalni sily 644+3 N. Orienta¢ni pfepocet na napéti
Ize v tomto ptipadé provést, nebot’ nedochdzi k tak vyrazné zméné geometrie lanka jako
u degradovanych lanek z dratd s polymernim pokryvem. Pokud plochu prafezu lanka,
spleten¢ho ze 7 dratl, uvazujeme jako sedmindsobek primérné plochy jednoho dratu
0 prumé&ru 230 pum, dostdvame smluvni mez kluzu 208 MPa a maximum skute¢ného napéti

229 MPa. Tyto hodnoty jsou o néco niz§i nez hodnoty naméfené na jednotlivych dratech — viz
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Tab.2 (smluvni mez kluzu 2161 MPa, maximalni napéti 263+2 MPa). Z hlediska
technologie vyroby lanek a moznosti jejich uplatnéni v praxi vSak lze zavér, ze jejich
mechanické vlastnosti jsou zhruba srovnatelné s mechanickymi vlastnostmi vychozich dratd,
povazovat za velmi perspektivni. Z grafii uvedenych na Obr. 28 je ziejmé, ze polymerni
vrstva zasadn¢ méni linearni oblast deformace lanek. Mez kluzu pokrytych degradovanych
lanek v této fazi, kdy neni k dispozici dostate¢né velky soubor dat, zatim nelze ur¢it.

Na vSech kiivkach je patrné, Ze po dosazeni maximalni sily dojde K poruseni dratu na
okraji lanka, které je kvuli geometrii stoeni a lokalnim defektiim uspofadani lanek nejvice
zatézovano. Nasleduje celkovy pokles sily souvisejici se zmensSenim celkového nosného
prafezu. Velmi pozitivnim faktem je, Ze po geometrickém pieuspotradani lanka po poruseni
prvniho dratu dochazi ve vétSing piipadu dale ke zpeviiovani, kdy draty, které nebyly dosud
z geometrickych divodi namahany limitn€, za¢nou pienaset vétsi zatizeni. Obdobny jev
nastava po kazdém poruseni dratd. V zavéru tahové zkousky sila v nékterych ptipadech
neklesa az k nule, coz je zpusobeno vyraznym natahovanim polymeru pokryti, ktery udrzuje
hodnotu sily mezi 1 a 3 N. V téchto ptipadech byly testy po ¢ase pieruseny. Velmi dulezitym
zavérem je, ze i draty které byly z ¢asti jiz nahrazeny koroznimi produkty (Obr. 26, Obr. 27)
stale pienasi pomérné vysoké sily (Obr. 28). Zda jsou hydratované korozni produkty schopné
po geometrické redistribuci zpeviiovat bude predmétem dal§iho vyzkumu.

Piekvapivym zjisténim je spise jen pozvolny pokles maximalni sily s dobou degradace
v DMEM. Lanka po 4 dnech dosahovala Fpax = 3925 N a po 1 mésici Fnax = 3414 N. Oproti
predpokladiim se tak zda, ze pii statické korozi v simulovaném prostiedi lidského téla dochézi
k velmi rychlé pocateéni degradaci mechanickych vlastnosti, kterd se vSak nasledné
stabilizuje. To je vsouladu svysledky prace [74]. Jednou z otazek zlstava, zda vétSinu
pfenosu zatizeni realizuji draty, které lokalné nekorodovaly a zistaly z vétsi ¢asti v kovovém
stavu. Pro jednotlivé nepotazené Mg-0,4Zn draty byla naméfena maximalni sila
Fmax = 10,5£0,1 N (viz Tab. 2). Pfestoze jsou mechanické vlastnosti lanka dany zejména
zbylymi draty v kovovém stavu, piispévek koroznich produktii ke zpevnéni muize byt
nezanedbatelny. Dulezité je také, ze K prvnim porusenim dratd dochdzi i pro dlouho
exponovana lanka az po vice jak 2% deformace. Dosazené vysledky naznacuji, ze
i v piipadé, Ze by nebylo technicky mozné zlepsit vyrobu lanek tak, aby vSechny draty
korodovaly uniformné, jsou rozptyly hodnot mechanickych vlastnosti dostate¢né¢ malé pro
vyuziti tohoto produktu v praxi. Vtomto ohledu jsou tyto vysledky velice slibné

a ospravedliiuji planovani dalSich experimentl v€etné vyuziti zivych zvifecich modelt.
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2.7 Uvodni in vitro a in vivo testy

[nepublikované vysledky]

V této kapitole budou struéné uvedeny zakladni informace o prvnich in vitro a in vivo
testech, jejichz vysledky se nyni zpracovavaji. Data byla ziskdna v rdmci kolaborace fady
pracovist’ a piiprava ¢lanka shrnujicich dosazené vysledky dosud probiha. Z tohoto divodu
nejsou Vv této dizertacni praci uvedeny zadné detailni informace, ale pouze Gvodni komentaf

k predbéznym vysledkim.

2.7.1 Invitro testy na Mg a Mg-0,2Zn dratech

V réamci spoluprace s Mgr. Elenou Filovou, Ph.D. z Fyziologického Gstavu AV CR, V.V.i.
byly provedeny in vitro testy s vyuzitim bunéénych kultur MG63 (lidsky kostni osteosarkom).
Cilem bylo zejména zjistit vliv pfitomnosti dratu na pteziti bun€k a ptipadné rozdily mezi
dratem z ultra-Cistétho Mg a ze slitiny Mg-0,2Zn. Na Obr. 29 je zobrazen stav dratd po
2 dnech v kultufe MG63 v DMEM s ptidavkem 10 % FBS. Tento drat byl po 4 dnech jiz
z velké casti rozpustén. Drat ze slitiny Mg-0,2Zn se rozpoustél vyrazné pomaleji (Obr. 29
vpravo), coz je v souladu s poznatky ziskanymi vradmci koroznich testd v simulovanych

roztocich.

ultra-Gisty Mg - 2 dn

~
—

Obr. 29: In vitro testy s nepokrytymi draty z ultra-¢istého Mg a Mg-0,2Zn.

Uplné rozpusténi dratu z ultra-Gistého Mg poskytuje moznost sledovat piipadnou
cytotoxicitu zplsobenou rychlym uvolnénim velkého mnozstvi Mg do pomérné malého
objemu média. Testy byly provadény s draty délky 2 az 30 mm v miskach s obsahem 6 ml
DMEM+FBS po dobu az 6 dnu. Vradmci podrobného vyhodnoceni nebyly prokazany
statisticky vyznamné rozdily (p < 0,05) v poctu bunék mezi vzorky s draty vSech délek po
6 dnech degradace a kontrolnimi vzorky.
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Ze zjisténych vysledkl vyplyva, ze ani vyrazné zvyseni pH v dasledku rozpousténi Mg
po dostate¢né¢ dlouhé dobé vyraznym zplsobem negativné neovliviluje stav bungk.
Konfluence po Sesti dnech bylo dosazeno u vSech vzorku. Piedbézné vysledky také ukazuiji,
ze po 3 dnech byly pozorovany vyssi pocty MG63 pro slitinu Mg-0,2Zn nez pro ultra-Cisty
Mg. Spise nez ptipadné cytotoxicité¢ v disledku rozpousténi ultra-Cist¢tho Mg to lze pficist
pomalejsi degradaci Mg-0,2Zn a nizsi tvorbé Hy bublin. V ramci vyvoje bylo na zékladé
mechanickych a koroznich testti rozhodnuto, Ze ideadlnim materialem pro vyrobu dratu bude
Mg-0,4Zn, kde Zn muze byt stale plné v tuhém roztoku i za pokojové teploty [85]. Otazkou
tedy je, zda Ize poznatky o nulové cytotoxicité dratl extrapolovat z Mg-0,2Zn na slitinu Mg-
0,4Zn. Vzhledem k tomu, jsou k dispozici vysledky testd slitiny Mg-6Zn na mnohem vétSich
implantatech [26], neni bezpodmine¢né nutné in vitro testy dratd ze slitiny Mg-0,4Zn
provadét, predevsim diky faktu, ze Mg i Zn jsou prvky bézné se v téle vyskytujici se. Prace
[86] poskytuje podrobné srovnani koroznich rychlosti Mg implantata in vivo a in vitro. Pokud
je zvoleno vhodné médium, obecné 1ze odhadnout, ze rychlost koroze in vivo bude 1 az 3x
niz8i nez in vitro. Z tohoto ohledu se po prvotni verifikaci nulové ¢i nizké cytotoxicity vyplati
ptejit k zivym zvifecim modelim.

2.7.2 Invivo testy Mg-0,4Zn na femuru potkani

Uvodni invivo testy byly provadény ve spolupraci s Ing. Pavlem Kleinem, Ph.D.
v Biomedicinském centru Lékaiské fakulty UK v Plzni. Plny popis podminek a procesu
implantace bude kdispozici v budoucich publikacich. Projekt ,,Ovéreni bezpecnosti
a ucinnosti horcikového dratku na modelu potkana s experimentalné indukovanym kostnim
defektem* byl schvalen pfislusnymi institucemi (ID MSMT-20084/2019-3).

Pro prvotni analyzu G¢inku Mg dratu na hojeni kosti byl jako vhodny model zvolen
femur potkana. Pfi implantaci byly vyuzity jednotlivé draty (ultra-Cisty Mg, Mg-0,4Zn
a pokryty Mg-0,4Zn) ve tvaru spony do seSivacky (Obr. 30a). Pro implantaci byly do kosti
vyvrtany dva otvory, do nichz byl drat zapustén. V nekterych ptipadech byla pod ¢asti dratu
na povrchu vyfrézovana drazka, ktera simulovala povrchovy defekt na kosti. Vlozeni dratu do
kosti lze vidét na Obr. 30b, femur po explantaci po uplynuti 1 mésice na Obr. 30c. Na
Obr. 30d je znazornéna 3D rekonstrukce pofizené pomoci rentgenové mikrotomografie
(UCT). Na povrchu je patrny zbytek Mg-0,4Zn dratu, ktery nepiiléha pfesné na povrch kosti.
To je dano geometrii experimentu, ktery tak umoziuje na jednom pokusném zvifeti sledovat
jak mista s vyraznym poSkozenim a piimym kontaktem dratu s kosti (otvory), tak i mista
s poskozenim Kkosti v blizkosti dratu bez pfimého kontaktu implantdtu s kosti. Obr. 30e
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zobrazuje oblast s dratem pomoci 3D svételné mikroskopie. Uréita ¢ast dratd mohla byt pti
explantaci nebo nasledné manipulaci poskozena, nebot’ byla béhem hojeni zakomponovéana do
okolni tkan¢. Tyto problémy budou feSeny v dalSich etapach tohoto experimentalniho
programu. Doposud nebylo analyzovano dostate¢né mnozstvi vzorkl, aby bylo mozné
vyvodit reprezentativni zavéry o rychlosti degradace Mg a Mg-0,4Zn dratia. V prvni fazi
testovani materialt a procesu implantace a explantace bylo vyuzito tfi pokusnych zvitat — pro
kazdy typ dratu jedno. Na zaklad¢ vysledku téchto a dalSich experimenti byla navrzena dalsi
etapa testd in vivo, ve které bylo vyuzito dalSich 8 pokusnych zvifat, u kterych byl pouzit drat
ze slitiny Mg-0,4Zn, pfi¢emz 4 z nich byly pokryty kopolymerem PLLA/PCL a 4 pokryty
nebyly. Doba mezi implantaci a explantaci byla pro vSechna pokusna zvifata 1 mésic.
V soucasné dob¢é probiha vyhodnoceni téchto dat. Hlavni pozornost je zamétena na efekt

polymerniho pokryvu na okolni tkan a na ové&fovani, zda okoli implantatu nevykazuje

patologické zmény.

Obr. 30: In vivo testy s Mg-0,4Zn draty, a) model umisténi implantatu b) implantace dratu,
c) stav po explantaci, d) uCT casti kosti s dratem, e) povrch kosti.

V ramci spoluprace s1.LF UK a VFN byly vzorky po explantaci fixovany,
dehydratovany, nasnimany pomoci rentgenové mikrotomografie a zality. Ze zalitych vzorka
byly nésledné ptipraveny vybrusy o tloustce 60 um, které¢ byly barveny po dobu péti minut
pomoci 1% roztoku toluidinové modii v 30% ethanolu pii 60° C. Nasledn¢, po omyti
destilovanou vodou a diferenciaci v 96% ethanolu, byly barveny 12 minut v 0,2% roztoku
toluidinové modti v PBS (pH = 9.1) pii 60 °C.

Na Obr. 31 jsou pro ilustraci shrnuty vysledky charakterizace oblasti vstupu pokrytého
Mg-0,4Zn dratu do kosti. Na Obr. 31a je ¢ast femuru s piibliznym vyznafenim mista pro

vybrus a UCT tez, ktery je uveden na Obr. 31b a 31c. Obr. 31d pak poskytuje detail otvoru
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s patrnou kostni novotvorbou a zbytky kovu v oblastech, kde drdt zasahoval do dienové
dutiny. Ve vétSin¢ piipad si po jednom mésici kovovy drat nezachoval integritu
a v nékterych piipadech se dokonce plné rozpustil. Z prvotnich vysledki pCT vyplyva, ze
kostni novotvorba je pozorovatelna spise v ptipadé pokrytych Mg drata, zatimco zhojeni
defektu je vyraznéjsi v piipadé dratd nepokrytych. Material dratu nemél prokazatelné
negativni vliv na zhojeni defektd. Vice zavérGi bude mozné uvést po histopatologickém
vyhodnoceni, které je v soucasnosti provadéno. V tomto ohledu budou vysledky tohoto
vyzkumu porovnany s vysledky prace [87], kterd& zkoumda invivo degradaci a kostni

novotvorbu na stejném zvifecim modelu pro vétsi Mg implantaty.

Obr. 31: Rez kosti potkana v oblasti vyvrtaného otvoru po 1 mésici, Mg-0,4Zn drét pokryty
PLLA/PCL, a) 3D mikroskopie kosti b) mikrotomograficky fez, c) vybrus v pfiblizné stejném
misté, d) detail otvoru a okoli s vyraznou kostni novotvorbou.
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2.7.3 Invivo testy na sternu prasat

V soucasné dobé jsou provadény testy na sternu prasat vramci spoluprace
s MVDr. Stefanem Juhasem, Ph.D. a jeho spolupracovniky z Ustavu Zivocisné fyziologie
a genetiky AV CR, v. v. i. PiestoZe nelze doposud vyvodit objektivni zavéry, jiz dvé prasata
bez problémil ptezila fixaci sterna po dobu jednoho mésice a nyni probihaji navazujici testy
na dalSich tfech prasatech s del$i expozici. Pro fixaci sterna byl vyuzit prototyp pifipravku pro
svazovani hrudni kosti, na kterém se v soucasné dobé intenzivné pracuje a je piedmétem
transferu technologii (Obr. 32). Na Obr. 33 a Obr. 34 jsou pak s ohledem na transfer
technologii bez dalSich komentéaii znazornéna fixace sterna prasete pomoci téchto prototypt

a postup explantace a nasledné analyzy.

Obr. 32: Prototyp biodegradabilniho lanka na bazi tenkych Mg drati potazenych
polymerem. To je urceno pro svazovani hrudni kosti po invazivnich operacich srdce,

predevsim u déti. Na vyvoji se podili FIFI CVUT v Praze, USMH AV CR a FZU AV CR.

Obr. 33: Fixace sterna prasete pomoci Mg-Zn lanek. Delsi konce lanek slouzi pro vice

lokaci pro histopatologické vySetteni okolni tkané.
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Obr. 34: Vyjmuti celé oblasti sterna po 1 mésici od implantace. Sipky ukazuji pozice

jednotlivych lanek.
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2.8 Spoluprace a organizace vyzkumu

Vyznamnou soucasti aktivit realizovanych v ramci této dizertacni prace bylo vytvoieni
funkéni pracovni skupiny z pracovnikd nékolika instituci. Diky této spolupraci lze provadét
narocny mezioborovy vyzkum a vyvoj zaméfeny na vyzkum a vyvoj tenkych Mg-Zn dratt
pro bioaplikace v Kklinické praxi. Naro¢nost této problematiky spociva v jeji komplexnosti,
nebot’ je v jejim ramci tfeba vzit v uvahu fadu riiznorodych aspekti. Organizace a planovani
aktivit v této oblasti vyZzaduje alespon zakladni znalost vSech procest, které jsou pro vyvoj
a vyuziti Mg-Zn lanek pro fixaci hrudni kosti tfeba. Na Obr. 35 jsou zobrazena loga instituci,

které se na tomto vyzkumu a vyvoji podileji.

<) A Fyailain/ustay Ustav struktury
e i Akademie véd o mechaniky hornin
Boiart : AVCR, v
el iacinice s Ceské republiky
PRAZE

e
RN - S . . i
VSEOBECNA FAKULTNI s , 2 o q] Ustav Zivocisné fyziologie FYZIOLOGICKY STAV 2V R
+ BIOMEDICINSKE a genetiky AV CR, v. v. i.
Q)

NEMOCNICE V PRAZE CENTRUM

Obr. 35: Loga instituci podilejicich se na vyzkumu tenkych Mg-Zn drata pro bioaplikace.

V nésledujici ¢asti textu budou stru¢né¢ uvedeny ukoly jednotlivych pracovist jak
v minulosti, tak v rimci piedpokladané budouci spoluprace. V piipad€ prvnich tii instituci se
jedna o piivodce myslenky vyuziti tenkych Mg drati pro bioaplikace. Lze tak piedpokladat,
ze se spolecné budou také spolecné podilet na pfipadné komercializaci tohoto produktu,
pokud bude v delsim ¢asovém horizontu ovéfeno, ze je bezpecny, piinosny a z ekonomického
hlediska opodstatnény.

Fakulta jaderna a fyzikalng inZenyrska, CVUT v Praze
(katedra materialii)

Na katedie materialit FJFI CVUT v Praze se provadi mechanické zkousky, predeviim
instrumentované zkousky tvrdosti, a mikroskopickd pozorovani pomoci laserového
skenovaciho mikroskopu LEXT OLS5000. Katedra disponuje velkym mnozstvim pfistroju,
které jsou a budou pro vyzkum tenkych Mg drati vyuzivany. V budoucnosti zde budou
provadény unavové zkousky a piipadnd fraktografickd analyza. Katedra materialli také
poskytuje zazemi pro organizaci vyzkumu na ostatnich pracovistich a skoli studenty. Lze
piedpokladat, ze budou navazany spoluprace se studenty vSech stupna studia. Pro ukoly
spojené s vyvojem Mg implantatii, na FJFI CVUT v Praze a FEL CVUT v Praze jsou vypsany

studentské prace na témata spojena s timto vyzkumem.
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Fyzikalni ustav AV CR, v. v. i.
(oddeéleni dielektrik, oddéleni materidlové analyzy)

Na Fyzikalnim tstavu AV CR byla vyvinuta a probiha vyroba drati pomoci metody
pfimé extruze, véetné odlévani slitin a jejich chemické charakterizace. Také je zde vyuzivana
metoda EBSD a Ga* fokusovany iontovy svazek v SEM. Mimo podrobné analyzy vstupnich
materiald a vyslednych Mg a Mg-Zn drata je také vyuzivana mikroRamanova spektroskopie
pro analyzu koroznich produktid. V budoucnosti lze ptredpoklddat wvyuziti transmisni
elektronoveé mikroskopie pro analyzu Mg-0,4Zn drath v zavislosti na parametrech extruze.
Také je planovano zlepseni extruzni formy a zvyseni efektivity vyroby dratt.

Ustav struktury a mechaniky hornin AV CR, v. v. i.
(oddeleni kompozitnich a uhlikovych materidalit)

Hlavni ¢innosti provadéné na Ustavu struktury a mechaniky hornin AV CR jsou korozni
testy v simulovanych télnich médiich a potahovani dratu biodegradabilnimi kopolymery.
V ramci dil¢iho projektu GAMA2 Technologické agentury Ceské republiky je vyvijeno
zafizeni, které umozni pfesné nastaveni a kontrolu parametrti potahovani. Také se zde vyuziva
Siroké $kaly charakteriza¢nich technik jako je 3D svételna mikroskopie a SEM. Probihaji zde
také schiize k feSeni vyvoje implantatl a koordinuje se zde dalsi postup.

Vseobecna fakultni nemocnice v Praze a 1. 1ékai'ska fakulta Univerzity Karlovy
(Gstav patologie, stomatologicka klinika 1. LF UK a VFN)

Vramci VEN v Praze a 1. LF UK probiha pfiprava vzorkd ziskanych z pokusi na
zvifatech, jejich nasledné zkoumani pomoci UCT a histopatologicka vyhodnoceni.
Biomedicinské centrum Lékaiské fakulty UK v Plzni
(laborator preklinickych studii, laborator bunécné regenerativni mediciny)

Biomedicinské centrum LF UK v Plzni zajistuje in vivo testy na malych zvifecich
modelech a poskytuje svou expertizu pro vyhodnoceni procesu implantace na potkanech.
Ustav Zivo&isné fyziologie a genetiky AV CR, V. V. i.

(laborator bunécné regenerace a plasticity)

Na Ustavu zivocisné fyziologie a genetiky AV CR jsou realizovany invivo testy
simulujici podminky finalni aplikace vyvinutych implantati. Na miniprasatech zde budou
provadény fixace hrudni kosti po medialni sternotomii pomoci potazenych Mg-0,4Zn lanek.
Fyziologicky Ustav AV CR, v. v. i.

(oddeleni biomaterialii a tkanového inzZenyrstvi)

Fyziologicky tstav AV CR zaji§tuje in vitro testy na bun&énych kulturach.
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2.9 Sméry dalSiho vyzkumu

Ukolem této kapitoly je seznamit Gtenafe s planovanymi budoucimi experimenty
a ukony, z nichz nékteré jsou jiz v pfipravé a jiné se pohybuji prozatim v Cisté teoretické
roviné. Je mozné, ze nckteré ztéchto struéné navrhovanych projekti nebudou nikdy
Z hlediska své narocnosti ¢i z Casovych duvodii provedeny. Cilem této prace je ovSem
i vyvolat odbornou diskuzi na toto téma a ptipadné navazat nové spoluprace, které jsou vzdy

vitany.

Vyvoj pienositelné extruzni formy

Jak jiZ bylo diskutovéano v kapitole 2.2, probihéd vyroba dratd na Fyzikalnim tGstavu AV
CR s vyuzitim experimentalniho lisu s maximalnim dosazitelnym zatizenim ~300 kN. Tento
lis disponuje dostatecné pomalym posuvem, je mozné zaznamenavat pusobici sily a je na ném
mozné provadét extruzi za tepla. Tento lis je nicméné vyuzivan i k dalSim experimentiim,
predevsim pro uhlové kanalové protlaGovani se stejnym prifezem [51]. Kvuli tomu je nutné
pted kazdym protlacovanim dratu formu znovu sestavit. Existuji plany na vyvoj ptenositelné,
lépe tepelné izolované formy. Kvili tomu, Ze se sila potfebna pro protlaceni Mg-0,4Zn dréatu
0 praméru 250 pm pii 300 °C je mensi nez 40 kN, bylo by mozné pro tyto ucely vyuzit bézné
dostupna zatizeni pro tahové/tlakové zkousky, ktera maji Casto horni limit zatizeni 100 KN.
Pokud se vyhfivani formy realizuje topnymi patronami spolu s kontrolnimi termoclanky
pfimo v téle formy a zajisti se dostatena tepelna izolace od zbytku trhaciho stroje, jednalo by
se 0 elegantni feSeni, které by bylo pomérné jednoduSe prenositelné. Vyroba dratii by se tak

realizovala na pfistrojich, kterych je na spolupracujicich institucich relativné mnoho.

Optimalizace procesu potahovani tenkych drati biodegradabilnimi kopolymery

Uvodni Gvahy a vysledky ktomuto projektu poskytla ve svém vyzkumném dkolu
Bc. Anezka JanCova [62]. V souvislosti s dokonfenim zafizeni pro potahovani drati na
Ustavu struktury a mechaniky hornin AV CR, v.v.i. by bylo vhodné najit takové parametry
potahovani (Sitka kapilary, viskozita polymeru, rychlost posuvu, orientace posuvu), které
budou z hlediska kvality vysledné povrchové vrstvy idealni. Dale bude tieba vyiesit, jak
dosédhnout pozadované tloustky polymerni vrstvy a ovéfit, jak bude tloustka vrstvy
ovlivitovat degradaci in vivo. V tomto ohledu bude také nutné testovat mechanické vlastnosti
pokrytych drati a zajistit, aby polymerni vrstva vydrzela manipulaci s lanky pfi implantaci.
Také je teba identifikovat nejCastéjsi defekty, které se pii pokryvani vyskytuji, vyhodnotit

jejich vliv na funk¢énost implantatu a ptipadné je eliminovat.
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Funkcionalizace polymernich pokryvi

Paralelné s hledanim optimalnich parametri pokryvani dratd, bude vhodné fesit zpusoby
dalsiho wvyuziti polymerni vrstvy. Nebezpecnou komplikaci pii medialni sternotomii
a nasledné fixaci hrudni kosti je infekce. Prace [88] uvadi pritomnost Staphylococcus aureus
nebo Staphylococcus epidermidis v ran¢ jako vazné riziko spojené s medialni sternotomii
u déti. V tomto ohledu by bylo velmi vyhodné do biodegradabilnich polymernich pokryvi
pridavat antibiotika. Bylo by tak mozné docilit postupného uvolnovani l1éciva, které by navic
bylo aplikovano lokalné. Lze navazat na praci [61], kterda moznost realizace tohoto piistupu
jiz potvrdila pro vétsi implantaty. Také je vhodné fesit smacivost a propustnost polymeru pro
vodu [15], coz miZe ovlivnit korozni rychlost kovové ¢asti lanek a ovlivnit vhodnost povrchu

polymeru pro rtst bunék.

Vliv metody sterilizace na vlastnosti polymerniho pokryvu

Bézné vyuzivané steriliza¢ni metody, jako jsou sterilizace vlhkym teplem (vodni parou),
horkym vzduchem nebo formaldehydem, jsou ze své podstaty pro Mg-Zn lanka potaZena
kopolymerem PLLA/PCL nevhodné. Pro vyuziti implantatd v praxi je tfeba nalézt metodu
sterilizace, ktera je nejvhodnéjsi. Je otazkou, zda sterilizace pomoci UV zafeni poskozuje
polymer a zda radiacni sterilizace gama zafenim vlastnosti polymernich pokryvl skutecné
ovliviiuje tak vyrazné, jak je uvedeno v préaci [89]. Dalsi moznosti je sterilizace pomoci
etylenoxidu nebo sterilizaci urychlenymi elektrony, ktera je alternativou k metodé vyuzivajici
gama zafeni. Diky tomu, Ze je tfeba zkoumat vliv metody sterilizace na tenkou vrstvu
PLLA/PCL a jeji soudrznost s Mg podkladem, nabizi se pro tyto ucely vyuzit
mikro/nanoindentoru na katedfe materiali FJFTI CVUT v Praze. P¥i vrypovych zkouskach Ize
zméfit silu, pfi které dojde k odtrzeni polymerni vrstvy od Mg podkladu. Prvotni zkouSky na
nesterilizovaném polymeru jsou zobrazeny na Obr. 36.

Tyto vrstvy PLLA/PCL na vylesténém Mg byly pfipraveny metodou spin coating. Na
Obr. 36a je zobrazeno né€kolik vrypt na tenké (~1 pum) vrstvé polymeru, kdy pfi zhruba stejné
sile dochazi k odtrzeni polymerni vrstvy od substratu. Pomoci laserového skenovaciho
konfokalniho mikroskopu Ize detailné analyzovat morfologii povrchu Mg substratu
a vysledného poskozeni polymeru (Obr. 36b). Pro lepsi zobrazeni lze vyuzit i polarizované
svétlo a diferencidlni interferencni kontrast. Jak 1ze vidét na Obr. 36¢ u tlustSich vrstev

(~10 pm) pti dosud pouzitych urovnich sily k odtrzeni nedochazelo.
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Obr. 36: Prvni vrypové zkousky PLLA/PCL na Mg. a) tenka vrstva polymeru b) 3D

rekonstrukce ¢asti povrchu pomoci skenovaciho laserového mikroskopu, ¢) vryp na silné

vrstvé polymeru s vyuzitim polarizovaného svétla a diferencidlniho interferencniho kontrastu.

Bylo by tak teoreticky mozné na rovnych vzorcich s polymerni vrstvou rizné tloustky
porovnat ruzné metody sterilizace z hlediska odolnosti polymerni vrstvy. Dilezitym
parametrem by také byla drsnost podkladu, kter4 by byla dana do souvislosti s kvalitou

povrchu drati pfed nandSenim polymeru.

Unavové zkou$Ky lanek a koroze pod napétim

Na katedfe materidla FJFI CVUT v Praze bylo vyvinuto zatizeni pro testovani $ifeni
trhliny na malych vzorcich, které pomoci magnetli vyuziva rezonance jak pro vybuzeni
vychylek, tak pro vlastni méfeni rastu tinavové trhliny [90]. Toto zafizeni by bylo mozné
adaptovat pro testovani Mg-0,4Zn lanek. Pokud by se toto podafilo, bylo by nasledné mozné
z principu bezkontaktniho buzeni vychylek upravit aparaturu tak, aby umoziovala testovani
v DMEM+FBS. S vyuzitim CO, inkubatoru a pumpy by bylo mozné dosahnout testovani
v proudicim mediu, které by se blizilo podminkdm v télnim prostfedi. Pti pouziti 3D tisku
hrudni kosti a spolupréce s 1ékafi by nasledné bylo mozné simulovat zatéZzovani hrudni kosti
po sternotomii pii dychéani a kasli, jak pro miniprasata, tak pro détské pacienty. Jiz existuji
studie, které by mohly poskytnout vstupni hodnoty zatézovani hrudni kosti pro tyto
experimenty [91]. V tomto ohledu neni ovSem soucasné¢ vyuzivané zafizeni, zaloZzené na
rezonan¢nim principu, nejvhodnéjsi. Daleko vyhodnégjsi alternativou by bylo vyuzit linearniho
elektromagnetického aktuatoru, ktery je v ramci bakalaiské a nasledné diplomové prace na
FJFI a FEL CVUT v Praze vsoucasnosti vyvijen. V piipadé dostupnosti finan¢nich
prosttedki by zcela nejvyhodnéjsi feSeni bylo vyuziti dynamického mechanického
analyzatoru (DMA), jako je napiiklad zafizeni ElectroForce DMA 3200.

69



Studie proveditelnosti konceptu

Jiz nyni jsou k dispozici prvni vysledky invivo a mechanickych zkousek Mg-0,4Zn
lanek po vystaveni médiu. V praci [91] je uvedeno, Ze doposud vyuzivany odhad
maximalniho zatizeni hrudni kosti u dosp€lych (180-400 N) miize byt vyrazné nadhodnocen
kvali testovani ex vivo (rigor mortis) a s aplikaci zatizeni jen na nékolika malo mistech.
Podrobné in vivo experimenty na prasatech v préci [91] prokazaly, ze pro prasata ve vdhovém
rozmezi 49 az 68 kg dosahlo maximalni zatizeni pfi velmi silném kasli pouze 44+71 N. BéZzna
zatizeni byla fadové nizsi. Diky tomu, ze jediné lanko po 1 mésici degradace v DMEM vydrzi
spolehlivé zatizeni vétsi nez 30 N a diky faktu, ze je pro fixaci sterna vyuzivano pievazné
6 lanek, lze jejich vyuziti povazovat za perspektivni a pfistoupit k dal$im testim.
Z mechanického hlediska se v prvnim ptiblizeni zda, ze lanka spletena z dratt vyrobenych ze
slitiny Mg-0,4Zn mohou byt pro fixaci hrudni kosti u déti pouzitelna. Vice o tomto napovi

dynamické zkousky v koroznich mediich a in vivo testy.
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3 Shrnuti a zaveér

Tato prace shrnuje vysledky dosavadniho Usili o vyvoj implantatd na bazi hoiciku
pouzitelnych pro fixaci hrudni kosti po medialni sternotomii pfevazné u détskych pacientd.
Préce je koncipovana jako soubor ¢lanki doplnény sjednocujicim komentafem, ktery je
nasledné rozsifen o stru¢ny piehled novych, dosud nepublikovanych poznatkt a vysledkd.
Hlavnim ukolem prace je na piikladu vyvoje konkrétniho implantatu demonstrovat postup
praci a béhem toho generovat vystupy zakladniho vyzkumu.

Byly provedeny experimenty se slitinami obsahujici kvazikrystalickou i-fazi, pfedevsim
s ohledem na jejich vyslednou texturu a moznost pomoci metody piimé extruze ovliviiovat
rozlozeni castic i-faze ve slitiné. Bylo zjiSténo, ze Cdistota vstupniho materidlu pro
biodegradabilni implantéty je v piipadé Mg velmi dulezita, nebot’ i malé mnozZstvi Fe mize
vést k silné lokalni korozi. V Mg ingotech byl oxid MgO identifikovan jako neéistota, ktera
mize zpusobovat potize pii vyrobé tenkych Mg dratt. V ramci prace byly metodou piimé
extruze s velkym redukénim pomérem vyrobeny 250 um draty z Mg, Mg-0,2Zn a Mg-0,4Zn.
Pro tyto materidly byly nasledné stanoveny jejich zakladni mechanické a strukturni
charakteristiky. V ¢istétm Mg byl identifikovan mechanismus reverzibilniho dvojcaténi,
zajistujici velmi dobrou plasticitu dratd v ohybu. Byl zkouman vliv Zn na mechanické
a korozni vlastnosti Mg-Zn slitin. Slitina Mg-0,4Zn byla zvolena jako ideélni kompromis
mezi slozitosti vyroby dratd ajeho uzitnymi vlastnostmi. Bylo zjisténo, Ze vhodnym
materidlem pro pokryv dratlh omezujicim lokalni korozi a umoznujicim dalsi funkcionalizaci
implantatd je kopolymer PLLA/PCL. Pro zajisténi dostateénych mechanickych vlastnosti a co
nejvyssi bezpecnosti a spolehlivosti byl implantat pro fixaci sterna koncipovan jako lanko
stoCené ze sedmi Mg-0,4Zn dratd individualné pokrytych PLLA/PCL. Na jednotlivych
dratech i lankach byly provedeny mechanické zkousky a korozni testy v médiich simulujici
prostiedi lidského téla. Ve statickych koroznich podminkach byly identifikovany hlavni
korozni produkty a byl popsdn mechanismus pocate¢nich fazi koroze. Byla proké&zana
nukleace koroznich produktii na rozhrani vodik-médium. Na zakladé informaci uvedenych
v dostupnych literarnich pramenech lze piedpokladat, Ze dosazené vlastnosti vyvijenych lanek
by mohly byt pro zamyslenou aplikaci v klinické praxi adekvatni. Byly provedeny in vitro
testy pro zjisténi piipadné cytotoxicity. Prvotni in vivo testy neodhalily zadné zavazné

prekazky, které by nedovolovaly aplikaci téchto lanek pro fixaci hrudni kosti.

71



Vyvoj pokrytych Mg-0,4Zn lanek bude pokracovat a vysledky této prace budou vyuzity
Vv dal$im vyzkumu. V posledni ¢asti prace jsou naznac¢eny mozné budouci projekty navazujici
na dosud ziskané poznatky. Tyto projekty budou realizovany v ramci spoluprace fady
vyzkumnych organizaci, jejichz piehled je uveden. Pokud nenastanou zadné nenadalé zavazné
komplikace, 1ze realné ocekavat, ze vysledky této dizertaéni prace budou piinosné pro nemalé

mnozstvi détskych pacientl vyzadujicich fixaci sterna po mediélni sternotomii.
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The present study examines the micromechanisms of plastic deformation in magnesium wires with diameters of
250 pum, which were prepared by one-step direct extrusion with a high reduction ratio of 576:1 at a temperature
of 577 K. It is shown that small wire diameter combined with appropriate microstructure (grain size 14 4 2 um
and strong texture) can yield convenient mechanical properties even in pure Mg. Reversible bending plasticity is
achieved by abundant {1012} twinning-detwinning of selected variants in the compression zone and moderate
dislocation activity in the tensile zone of bended wires. The {1012} twinning during bending is facilitated by the
medium grain size and by the strong texture with the c-axis of grains roughly perpendicular to the extrusion di-
rection. Intense or repeated plastic bending of wires results in twinning-induced grain refinement in the com-
pression zone. Tensile tests conducted at room temperature and at strain rates of 10> and 10~ ' s~ ! reveal
maximum true stresses of 198 + 2 and 246 + 4 MPa and ductility values of 10 and 8%, respectively. In contrast
with bending, tensile deformation of wires almost exclusively includes dislocation mechanisms, and a minor con-
tribution of any twinning mode is observed.
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1. Introduction

Global technological development has created increasing demand
for new materials with special physical and chemical properties. The
well-known biocompatibility, recyclability and abundant natural re-
sources of Mg combined with very good specific strengths of Mg alloys
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have introduced viable alternatives for applications where other mate-
rials (typically Al based) still dominate [1]. Despite the numerous bene-
fits, one of the main obstacles often excluding Mg and its alloys from
many potential applications is the hexagonal close packed (hcp) struc-
ture that deteriorates formability during hot shaping and ductility of
components at ambient temperatures [2]. This is caused by an insuffi-
cient number of active deformation mechanisms available in Mg at am-
bient and even at elevated temperatures and often leads to cracking. A
lack of active slip systems at ambient temperatures gives rise to fre-
quent deformation twinning [3]. Twinning is a particularly important
feature in all hexagonal metals because it represents a basic mechanism
of their plastic deformation and is capable of partially accommodating
plastic strain. Well-established twinning modes in magnesium occur
on the following planes: {1011}, {1012}, {1013}, {10T1}—{1012},
{1012}—{1012} and {1013} —{1012} [3-5]. Among these, {1012} is
the most prominent twinning plane that reorients the magnesium lattice
around the (1120) rotation axis by an angle of ~86°. Due to the hexagonal

symmetry of magnesium, the {1012} twinning mode has six crystallo-
graphically equivalent variants with possible twinning planes and shear
directions of (1012)(1011], (0112)[0T11], (1102)[1701], (1012)[ 10T1],
(0712)[0171] and (1702)[T101].

Magnesium wires are becoming a promising candidate for the
emerging generation of bioabsorbable materials in medicine for sutures
[6], stents [7] and reinforcement of medical composites [8,9]. In contrast
with Fe, which has also been considered for bioabsorbable applications,
Mg degrades more uniformly [10]. However, several issues persist re-
garding Mg wires that must be addressed in order to meet the following
requirements for surgery and other applications: i) good mechanical
performance combining strength with ductility (i.e., toughness) [11],
ii) use of toxicity-free alloying to improve strength [12], iii) cost-
effective fabrication (ideally in one step) [6] and iv) appropriate degra-
dation rate in the aggressive environment of the human body [11,13].
Although degradation rate of pure magnesium in physiological environ-
ment of human body can be too high, this can be accomplished through
the surface treatments [ 14,15]. This study makes an attempt to push for-
ward issues outlined in points i), ii) and iii).

The aim of this paper is to point out the microstructural arrangement
of pure Mg wires that exhibits favourable mechanical performance. It is
shown that small wire diameter combined with appropriate micro-
structure (grain size 14 + 2 um and strong texture) yields very good
mechanical properties. Furthermore, such properties are attainable via
one-step direct extrusion even in pure Mg, which lacks classical
strengthening mechanisms achievable through alloying and grain size
reduction. The experiments presented in this article also emphasize
the importance of strong texture and ease of {1012} twinning in
obtaining properties characteristic of firm yet ductile materials.

2. Experimental part

Magnesium ingot with a purity of 99.9+4 % and an estimated grain
size of several millimetres was used in the present study as the initial
material. Chemical composition determined by glow discharge optical
emission spectrometer (GDOES) with certified Mg standards is given
in Table 1. A cylindrical billet of ~6 mm in diameter and ~17 mm in
length was machined from the cast ingot. Direct extrusion was conduct-
ed on a well-lubricated billet at a temperature of ~577 K and at a rela-
tively low ram speed of 0.2 mm/s to facilitate processing via a high
reduction ratio and to maintain reasonable loading of the plunger
(~1 GPa). The initial and exit diameters of the extrusion die were

Table 1
Chemical composition of Mg measured by GDOES with certified standards.

Element Mg Zn Cu Al Si Fe 0
Conc.wt.%  99.91 004 0006 0004 <0005 ~0.003 <0.02

6 mm and 0.25 mm, respectively, which correspond to a reduction
ratio of 576:1 and a total imposed plastic strain of ~6.36.

The microstructure was analysed by the electron backscatter diffrac-
tion (EBSD) technique. EBSD measurements were performed at 15 kV
using an FEI Quanta 3D FEG scanning electron microscope (SEM) fitted
with a TSL/EDAX Hikari camera. Sample preparation for microscopic
techniques consisted of grinding with progressively finer SiC papers
and mechanical polishing with diamond suspensions of particle sizes
of 3 and 1 pm. Final polishing was performed with a solution of colloidal
silica (Struers OP-S) followed by ion milling (PECS by Gatan). The per-
centage of the material that could be indexed by EBSD was >85%, and
the mapping step was selected to be 0.2 or 0.5 um depending on the fea-
ture size present in the microstructure. The grain size was calculated by
the linear intercept method in OIM TSL software and multiplied by the
geometrical coefficient of 1.7 to obtain equivalent spherical diameter.

As-extruded wires without any thermal treatment or surface modi-
fication were tested in tension at room temperature and at two strain
rates of 1072 and 10~ ' s~ on an Instron 5882 testing machine. The
gauge length of wires was 30 mm. At least three samples were tested,
and the results were averaged for each strain rate. Because the wires
lack classical bone-like shape which enables firm grip, tensile data
were corrected for possible pulling out of the wires from the jaws. A co-
efficient of correction was determined by measuring wires with differ-
ent gauge lengths. For example, the coefficient for a wire with 30 mm
gauge length was 0.61. Thus, as-measured value ~17% for the strain
rate 1072 s~ ! was reduced to ~10%. We are convinced that these
corrected values give more realistic ductility than as-measured values.
Apart from uniaxial tensile properties, multi-axial plasticity needed for
optimum performance in a working environment was also investigated
by bending the wires around a simple device with various radii
(24 mm). Standard three-point bending could not be performed due
to insufficient stiffness stability of the thin wires.

3. Results and discussion
3.1. As-extruded microstructure

Fig. 1a shows the inverse pole figure (IPF) map detailing the as-
extruded microstructure through the whole wire section. The micro-
structure consists of equiaxed and entirely recrystallized grains with a
mean size of 14 + 2 pum. Fig. 1b shows the grain size distribution in
as-extruded wire. Pole figures in Fig. 1c reveal a strong texture in
which the c-axis of grains tends to be perpendicular to the extrusion di-
rection (ED). This aligns basal planes mostly parallel with the ED
(ie., parallel with the longitudinal wire axis). Such texture is commonly
observed in extruded pure magnesium and in many Mg alloys [16,17].
Despite a completely recrystallized microstructure with equiaxed
grains, {1012} deformation twins are also observed (Fig. 1d). These
twins are largely located close to the perimeter, and twin boundary
traces (i.e., twin boundaries) tend to be aligned parallel to the longitudi-
nal axis of a wire (i.e., to the ED). Pole figures in Fig. 1c suggest that these
twin variants do not alter the typical as-extruded texture observed in
Mg because they cause rotation of the c-axis by 86° in the plane perpen-
dicular to the ED. Thus, the basal planes of these twins remain nearly
parallel with the ED as for the parent crystals.

Analysis reveals a simple rule for the preferential occurrence of
{1012} twin variants in the as-extruded microstructure. Because {1012}
twinning reorients the magnesium lattice around the (1120) axes, which
lie in a basal plane and correspond to the (a) vector of the hexagonal
close packed unit cell (Fig. 1e), the twinning preferentially occurs on
those {1012} planes in which the {a) vector is the most collinear with
the ED. If there are two (a) vectors with similar deviation from the ED
within a grain and both fulfil the criterion for minimum deviation (see
scheme in Fig. 1d), then either two “(a) related” {1012} twin variants
originate or only one variant is activated, but the twins are usually
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Fig. 1.a) Inverse pole figure (IPF) map of as-extruded wire; b) grain size distribution; c) (0002) and { 1010} direct pole figures; d) detail of the map in a) with aligned twins and a scheme of
preferred a rotation axis for twinning. The ED is vertical. e) Orientation of the two { 1012} twinning planes in the hcp unit cell and their intersections with the (a) vector that coincides with
the (1120) rotational axis.
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Fig. 2. {1012} twinning in a straight wire (SW) and during bending around various radii R (in mm) as indicated in the upper right. Colour scheme on the right depicts orientation of the c-
axis with respect to the ED (ED is vertical); original as-extruded orientation is in blue, and twinned orientation is in red. Scale bar in a) is valid for all micrographs. Corresponding (0002)

and {1070} direct pole figures below are calculated from OIM maps and show texture evolution during bending due to {1012} twinning.
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distorted and the twinning plane is often not parallel with the
observed twin boundary trace. This is in agreement with other authors,
e.g., [18,19], who observed that {1012} boundaries need not coincide
with the twinning plane even though twinning theory suggests that
twin boundary traces should be parallel with the plane of twinning to
possess minimum energy. We assume that these aligned twins originate
either in the extrusion process or during subsequent manipulation
(e.g., retrieving of a wire, sample preparation) because it is not technically
feasible to avoid partial bending, squeezing or slight tension of the thin
wires. For unambiguous identification and to distinguish from other
twin variants, these twins are designated hereafter as extrusion twins or
extrusion twin variants.

3.2. Bending of wires

From a practical standpoint, microstructure analysis during
plastic bending of a wire is an important issue because it provides feed-
back for possible weak points in many load bearing applications,
e.g., making knots. During bending, the stress state varies continuously
from compression on the inner side to tension on the outer side of a
bent wire. To elucidate the microstructure development, Fig. 2a-e
show a set of orientation imaging microscopy (OIM) maps measured
on the longitudinal sections of the as-extruded wires bent around vari-
ous radii R. In this representation, blue colour depicts orientation of the
c-axis perpendicular to the ED, while red colour denotes orientation
parallel to the ED due to {1012} twinning. We can see an increasing pro-
pensity of {1012} twinning with decreasing bending radius R, which re-
sults, after bending around sharp edges, in a completely reoriented
region on the compression zone of the wire (Fig. 2e). The propensity
of twinning combines two factors: increasing number and increasing
thickness of the {1012} twins. This results in mutual intersections and
coalescence of twins via twin growth. Two obvious features are system-
atically observed for {1012} twinning in the compression zone:
i) variants with {1012} twin boundary trace running ~45° to the ED
are preferred, which is consistent with the observations of Baird et al.
[20] who investigated bending in rolled Mg-3wt.%Al-1wt.%Zn alloy
sheets; and ii) these variants alter the texture.

A set of (0002) and {1010} direct pole figures (PFs) in Fig. 2a-e point
out the influence of the twinning process on the texture evolution dur-
ing bending. (0002) PFs show that the as-extruded orientation of the c-
axis, which is for all grains approximately perpendicular to the ED, is
gradually reoriented via {1012} twinning to be parallel with the ED.
The twin variants that arise during bending are hereafter labelled as
bending twins or bending twin variants. It is worth mentioning that
PFs in Figs. 1 and 2a slightly differ. Although both PFs depict the textures
for as-extruded wires, a slight difference can be caused by insufficient

<a> <a>

\Bgnding

twin varian
<a>

<a> <a>

statistics for texture calculations given by a limited area from which
EBSD measurements could be performed. Furthermore, we noted that
the position of the main maximum within horizontal bands in (0002)
PFs is changing along the wire length. This can be closely connected
with the microstructure of as-cast Mg before extrusion but influence
of other effects during extrusion cannot be ruled out as well.

Although analysis of twin variants activated under multi-directional
loading of bending is complex, there is general agreement that {1012}
twins follow the Schmid law provided they are not constrained by
other factors [26]. In this work, it is found that bending twin variants
preferentially occur on those {1012} planes in which the rotation
axis (a) =(1120) for twinning is non-parallel with the ED (Fig. 3a).

Examination of the grains containing both extrusion {1012} twin
variants and bending {1012} twin variants suggests that extrusion var-
iants are not significant obstacles for the growth and coalescence of the
bending variants. This is depicted in Fig. 3b for a wire with R =4, where
the density of bending twin variants is still acceptable for straightfor-
ward analysis. We can see that the bending twin variant (in blue) pen-
etrates and absorbs several extrusion twins (in pink).

Fig. 3c quantifies the microstructures in Fig. 2a-e and shows the in-
creasing area fraction of bending twin variants on the compression
zone of a wire with decreasing bending radii. In contrast, the area frac-
tion of extrusion twin variants on the tensile zone of a wire bent around
various radii remains practically unchanged in the same range of bend-
ing radii and corresponds to 8.9 4= 1.8%. Surprisingly, no twinning activ-
ity is detected on the tensile zone during bending, although some
authors reported twinning in three-point bending of relatively thick
magnesium sheets with similar orientation of the c-axis. A stress-state
on the tensile zone anticipates the formation of {1011} compression
twins, which are easily able to accommodate the bending strain during
c-axis compression [36]. However, McClelland et al. noted that the ten-
sile zone of bent magnesium alloy was rather prone to strongly
disfavoured {1012} twins, i.e., so-called geometrically necessary than
to the stress-state anticipated {1011} compression twins [23].

3.3. Reverse bending of wires

Fig. 4 represents a wire bent around a radius of 1.5 mm (a), which is
then straightened (b) and finally bent again around a radius of 1.5 mm
in the opposite direction (c). One can clearly see substantial detwinning
after straightening (b) and abundant {1012} twinning on the other side
of the wire after bending around a radius of 1.5 mm in the opposite di-
rection (c). Corresponding (0002) PFs point out textural changes caused
by reverse bending. While PF in Fig. 4a shows a strong intensity around
the ED, which is caused by bending twins, this maximum practically dis-
appears after wire straightening in Fig. 4b and the original texture is

Area fraction (%)

SW R=4 R=3 R=2 R=15R*0
Bending radius (mm)

Fig. 3. a) Scheme of rotational axes for {1012} twin variants preferred in the compression zone of a wire with respect to the ED; b) an example of extrusion twin variant penetrated by
bending twin variant for R = 4; c) increasing area fraction of {1012} twinning with decreasing bending radius R (SW denotes straight wire).
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ED || <0001>

ED 1L <0001>

Fig. 4. A wire bent around a radius of 1.5 mm (a), then straightened (SW) (b) and consequently bent again around a radius of 1.5 mm in the opposite direction (c). Colour schemes on the
right depict orientation of the c-axis with respect to the ED (ED is vertical); original as-extruded orientation is in blue, and twinned reorientation is in red. Scale bar in a) is valid for all
micrographs. Corresponding (0002) pole figures below are calculated from OIM maps and show texture evolution during bending due to {1012} twinning.

almost restored (see Fig. 2a). Slight residual maxima close to the ED in
Fig. 4b are connected with few twins on the right-hand side of the
map. These twins are likely formed during straightening, as the wire re-
quires slight negative bending to restore its original shape. Finally, after
reverse bending, a strong intensity around the ED appears again.

The microstructure evolution in Fig. 4 clearly depicts the {1012}
twinning-detwinning capability to accommodate plastic deformation
in a thin Mg wire. These twins exclusively develop on the compression
zone of a wire. It is well known that {1012} twinning causes c-axis ex-
tension [24]. Due to the texture, the compression zone of a wire during
bending actually causes c-axis extension and easily initiates {1012}
twinning because this mode has a very low critical resolved shear stress.
While in the literature the critical resolved shear stresses (CRSSs)
for deformation mechanisms in Mg vary, there is general agreement
that {1012} twinning has CRSS similar to the basal slip and much
lower than (c+ a) pyramidal and (a) prismatic slip [21,25,27]. There-
fore, strong texture with the c-axis of grains aligned perpendicular to
the ED is benefit which allows for the easy formation of {1012} twins
during wire bending to reversibly accommodate a strain on the com-
pression zone of the wire [28]. The ease of {1012} twinning is further
assisted by the medium grain size (14 + 2 um), which facilitates their
propagation as too small grains are less prone to twinning [29,30]. De-
spite the noticeable twinning-detwinning capability, residual twins
are observed on the compression zone of a wire after straightening
and obvious grain refinement is observed.

Fig. 5 shows the microstructure of a wire after bending around a ra-
dius of 1.5 mm, straightened and then bent again around a radius of
1.5 mmin the opposite direction (cf. Fig. 4c). Three regions can be clear-
ly distinguished in the microstructure. While the grain size in the mid-
dle region labelled as A in Fig. 5 is almost unchanged after bending,
the grain size close to the wire perimeter is significantly influenced by
twins. This twinning-induced grain refinement consists of two major
steps. In the first step, bending twin variants on the compression zone
of the wire split grains into smaller regions, and in the second step,
when reverse tensile strain occurs, the detwinning process interferes
with dislocations, which effectively prevents complete detwinning. As
aresult, reasonably equiaxed grains with high angle boundaries emerge.
The grain refinement process is depicted in regions B and C (Fig. 5). Re-
gion B shows the microstructure after the bending sequence tension
(i.e, no {1012} twinning) followed by subsequent compression
(i.e., abundant {1012} twinning) and region C shows the microstructure

85

where compression (i.e., abundant {1012} twinning) precedes tension
(ie., no {1012} twinning). In the latter case, the average grain size is de-
creased from an initial value of 14 4+ 2 um to 5 4 2 um (region C, Fig. 5).
The intensity of twinning is well documented by orientation of the unit
cells in the magnified region B of Fig. 5 (i.e., in the tension-compression
sequence). It can be seen that apparent twins are in fact the remains of
the parent grain, and the observed matrix is the completely retwinned
region. The overall appearance of the microstructure in Fig. 5 clearly

Fig. 5. Microstructure (IPF map) of a wire after bending around a radius of 1.5 mm, then
straightening and finally bending again around a radius of 1.5 mm in the opposite
direction (as sketched in the upper right) with three detailed maps of the graded
microstructure (cf. Fig. 4c): region A shows the middle zone with the original
microstructure; region B shows the highly twinned zone; and region C shows the fine
grained zone due to twining-induced refinement (grain boundaries with angle >15° are
in black). The ED is vertical.
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demonstrates that strain gradients on the macro-scale can lead to a
graded microstructure, as indicated by Jin et al. [31].

3.4. Repeated bending of wires

Growth and propagation of any deformation twins in polycrystalline
agglomerates is generally accompanied by an increasing density of geo-
metrically necessary dislocations to accommodate shape changes in-
duced by twinning, e.g., [32]. Apart from this, new dislocations can
also arise as a concurrent mechanism to twinning. Together with resid-
ual twins, these dislocations may introduce obstacles for further
twinning-detwinning propagation. Therefore, the next step involves
the inspection of lattice distortion caused by dislocations after repeated
bending of wires.

Fig. 6 shows a set of Kernel Average Misorientation (KAM) maps
with lattice distortions inside the bent wires. The colour scale bar in
the KAM maps represents small misorientations from 0 to 5° of
neighbouring points in the OIM maps. In other words, Fig. 6 shows dis-
locations that are retained in the grain interior after plastic bending de-
formation, while twin and grain boundaries with misorientations >5°
are ignored. Moderate lattice distortions tractable in a straight wire
(Fig. 6a) originate from the extrusion process, which stores some plastic
deformation. Bending around a radius of 1.5 mm in Fig. 6b shows an in-
crease in dislocation density not only on the compression zone of a wire
but also on the tensile zone of the wire. Although most of the deforma-
tion is accommodated via {1012} twinning, the contribution of disloca-
tions in the compression zone is evident during bending, and
dislocation activity rises with decreasing bending radius (Fig. 6a-c).
The recovery of dislocations is not easy at RT, and residual high angle
twin boundaries also introduce hardly penetrable obstacles in disloca-
tion spreading [33]. Despite the prosperous twinning-detwinning capa-
bility, repeated bending increases the number of residual twin
boundaries and density of dislocations, which results in an increasing
strain inside the matrix. As a consequence, initially beneficial
micromechanisms gradually contribute to the deterioration of material
integrity. Fig. 6d shows a wire after five bending cycles around a sharp
edge, and a noticeable band of stress concentration which propagates
through the whole wire diameter. With increasing number of cycles,
the activity of twinning-detwinning-retwinning as the accommodating
mechanism is gradually exhausted due to dislocations and residual
twins, which may result in crack initiation. However, Fig. 7 demon-
strates that during multiaxial loading beyond the elastic limit failure re-
sistance is high enough for the formation of a tightened complex knot.

3.5. Uniaxial tension of wires

Fig. 8a shows stress-strain curves measured at two different strain
rates. Both curves show extensive work hardening, very good

Fig. 7. SEM image of a tightened knot made on an as-extruded Mg wire.

maximum tensile stresses of 198 4+ 2 and 246 + 4 MPa and reasonable
ductility of 10 + 1 and 8 + 1% for strain rates of 10> and 10~ ' s~ !, re-
spectively. Mg wires with a diameter of ~100-400 pm are almost exclu-
sively prepared by the combination of hot extrusion followed by multi-
pass cold drawing with an intermediate annealing process. In this tradi-
tional setup, extrusion is used as the first step to obtain wires with di-
ameter of few millimetres and the as-extruded wires are consequently
subjected to gradual drawing to obtain desired sub-millimetre diame-
ter. As a result, comparison of the tensile properties is only possible
with this quite complex yet well-established processing route. It can
be extracted from several studies that the values of maximum tensile
strength and ductility for thin wires made of Mg alloys often yield sim-
ilar values to that for pure Mg used in this work. Typically, maximum
tensile strengths of 190-260 MPa and ductility in the range of 6 to
18% are reported in a number of studies dealing with alloyed Mg
wires, such as (nominally in wt.%) Mg-0.8Ca, Mg-6Li-3Al [34] and Mg-
4RE-0.4Zn, where RE = Rare Earths = {Gd, Y, Nd} [35]. An increased
strength of approximately 500 MPa has been published for heavily
alloyed Mg wires with the nominal composition Mg-4Y-3RE-0.6Zr
(WEA43) prepared by cold drawing [11] and Mg-7Y-0.2Zn prepared by
the melt extraction technique [13]. However, an extensive amount of
alloying and decreasing grain size in these alloys tend to deteriorate
ductility (~2-4%), thus making the wires rather brittle. An exception
from this trend seems to be cold drawn Mg-1Zn-0.5RE-0.5Zr (ZEK100)
alloy with relatively low amount of alloying but still with high strength
(>500 MPa) and a reasonable ductility (~5.6%) [34]. Nevertheless,

Fig. 6. Stress concentrations of the wires visualized via KAM; a) as-extruded straight wire; b) after bending around a radius of 1.5 mm; c) after bending around a sharp edge; d) after
repeated bending (5 x 4+-90°) around a right angle. Note that a band of strain concentration in (d) goes through the entire wire at an angle of ~45° and may indicate the onset of failure.
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Fig. 8. a) Typical tensile true stress-true strain curves for Mg wires at room temperature
and at two strain rates of 107> s~ ' and 10! s~ . b) Kernel Average Misorientation
maps (left) and {1072} twin boundaries (in yellow) superimposed with grey-scale
image quality maps (right) for a strain rate of 107> s~ and three plastic strains: 0, 2.5
and 5.6%. ED in b) is vertical.

considering toughness, which combines strength with ductility of a ma-
terial into one parameter and can be calculated as the area under the
stress-strain curve, pure Mg wires give as competitive tensile properties
as many alloyed Mg wires.

Due to the grain size 14 4+ 2 pm (Fig. 1) and insufficient alloying
(Table 1), pure Mg lacks substantial grain boundary, solid solution and
second phase strengthening. On the other hand, twin boundaries can
create effective obstacles for dislocation motion and strengthen the
material. However, EBSD analysis of the wires strained in tension
excludes significant contribution of anticipated twinning modes, nota-
bly {1011}, which could accommodate tensile deformation. In fact,
only very few {1011} twins are observed at a strain of 5.6%. Further-
more, the easiest {1012} twinning mode is not allowed in tension of
the wires due to the strong texture, which tends to orient the basal
planes of grains parallel to the ED. In such case, {1012} twinning
would cause contraction of grains along the tensile direction if it occurs
[22]. Despite the fact that {1012} twins are geometrically disfavoured,
careful analysis revealed detectable {1012} twinning activity during
tensile testing. Fig. 8b shows KAM maps and image quality maps
superimposed with coloured {1012} twin boundaries (in yellow) across
the entire longitudinal section of the wires plastically strained to 0, 2.5
and 5.6%. Assessment of these maps given in Table 2 indicates that nei-
ther the area occupied by {1012} twins nor the overall twin boundary
length significantly increased during tensile deformation. Gradual shift
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Table 2

Fraction of twin boundary length to the length of all high angle boundaries (>10°) and ar-
ea fraction occupied by twins in OIM maps at three strains during tensile tests of pure Mg
wires.

Engineering tensile strain (%) 0 25 5.6

Fraction of {1072} twin boundary length (%) 32.0+3.6 334+ 10 30.6+34
Fraction of {1012} twin area (%) 70+17 68+03 88+10

of colour from blue to red in the KAM maps in Fig. 8b with increasing
strain clearly points out that plastic deformation during tension is main-
ly accommodated by dislocations.

4. Summary

Within the framework of this work, we successfully prepared pure
Mg wires with diameters of 250 um via a very efficient one-step extru-
sion at a high reduction ratio of 576:1 at T = 577 K and elaborated mi-
crostructure evolution in this surface-constrained material during
mechanical loading. The main results can be summarized as follows:

i) It was shown that the wires made of pure Mg can yield conve-
nient mechanical properties even without solid solution and/or
second-phase strengthening mechanisms common in Mg alloys.
Very good mechanical performance was attributed to an appro-
priate combination between intrinsic (strong texture, grain size
14 + 2 pm) and extrinsic (wire diameter) parameters, which
promoted strain accommodation through {1012} twinning in
bending deformation and dislocation activity with significant
strengthening in tension.

During bending, {1012} twinning occurred exclusively on the
compression zone, and the tensile zone showed only moderate
dislocation activity without any twinning. The area occupied by
twins increased with decreasing bending radii.

Occurrence of {1072} twin variants in the compression zone was
closely related to the orientation relationship between the (a)
vector and ED. Bending twin variants preferentially occurred on
those {1012} planes in which the rotation axis (1120) for twin-
ning was non-parallel with the ED.

iv) {1012} Twinning-detwinning assisted reversible plasticity was
observed during repetitive bending on the compression zone of
a wire. Bending of wires yielded obvious twinning-induced
grain refinement in a band of grains close to the surface. For ex-
ample, bending around a radius of 1.5 mm, followed by straight-
ening and bending again in the opposite direction around a
radius of 1.5 mm resulted in a grain size reduction from 14 + 2
to 5 & 2 um. The new grains were reasonably equiaxed with
high angle boundaries.

Tensile properties conducted at room temperature showed very
good maximum tensile stresses of 198 + 2 and 246 + 4 MPa
and ductility of 10 & 1 and 8 + 1% for strain rates of 10~2 and
10~ ' s ! respectively. Moderate activity of {1012} twinning
mode and rare activity of {1011} twinning mode was observed
in tension.

il

~—

iii

=

<
—

Acknowledgement

This research was supported by the Grant Agency of the Czech
Republic (Centre of Excellence P108/12/G043). Part of the work was
also supported by the Program for Advancing Strategic International
Networks to Accelerate the Circulation of Talented Researchers JSPS
R2608. The authors would like to thank V. Haiblikova for technical assis-
tance with data processing.



902

References

[1] H.E. Friedrich, B.L. Mordike (Eds.), Magnesium Technology: Metallurgy, Design Data,
Applications, Springer-Verlag, Berlin Heidelberg, Germany, 2006.

[2] M.M. Avedesian, H. Baker (Eds.), ASM Specialty Handbook: Magnesium and Magne-
sium Alloys, ASM International, Materials Park, OH, 1999.

[3] J.W. Christian, S. Mahajan, Deformation twinning, Prog. Mater. Sci. 39 (1995) 1-157.
[4] D.Ando, J. Koike, Y. Sutou, Relationship between deformation twinning and surface
step formation in AZ31 magnesium alloys, Acta Mater. 58 (2010) 4316-4324.

[5] A. Jager, A. Ostapovets, P. Molnar, P. Lejcek, {1012} —{1012} Double twinning in

magnesium, Philos. Mag. Lett. 91 (2011) 537-544.

[6] J. Seitz, E. Wuilf, P. Freytag, D. Bormann, F. Bach, The manufacture of resorbable su-

ture material from magnesium, Adv. Eng. Mater. 12 (2010) 1099-1105.

H. Hermawan, D. Dube, D. Mantovani, Developments in metallic biodegradable

stents, Acta Biomater. 6 (2010) 1693-1697.

R. Kruger, J. Seitz, A. Ewald, F. Bach, J. Groll, Strong and tough magnesium wire rein-

forced phosphate cement composites for load-bearing bone replacement, |. Mech.

Behav. Biomed. 20 (2013) 36-44.

Y.H. Wu, N. Li, Y. Cheng, Y.F. Zheng, Y. Han, In vitro study on biodegradable AZ31

magnesium alloy fibers reinforced PLGA composite, ]. Mater. Sci. Technol. 29

(2013) 545-550.

P.K. Bowen, J.A. Gelbaugh, P.J. Mercier, |. Goldman, ]. Drelich, Tensile testing as a

novel method for quantitatively evaluating bioabsorbable material degradation, J.

Biomed. Mater. Res., Part B 100B (2012) 2101-2113.

[11] AJ.Griebel, ].E. Schaffer, Fatigue and corrosion fatigue of cold drawn WE43 wires, in:
M.V. Manuel, A. Singh, M. Alderman, N.R. Neelameggham (Eds.), TMS Magnesium
Technology 2015, pp. 303-307.

[12] F. Witte, N. Hort, C. Vogt, S. Cohen, K.U. Kainer, R. Willumeit, F. Feyerabend, Degrad-
able biomaterials based on magnesium corrosion, Curr. Opin. Solid State Mater. Sci.
12 (2008) 63-72.

[13] Q. Peng, H. Fu, J. Pang, J. Zhang, W. Xiao, Preparation, mechanical and degradation
properties of Mg-Y-based microwire, J. Mech. Behav. Biomed. 29 (2014) 375-384.

[14] M.P. Staiger, A.M. Pietak, J. Huadmai, G. Dias, Magnesium and its alloys as orthopedic
biomaterials: a review, Biomaterials 27 (2006) 1728-1734.

[15] J. Waterman, A. Pietak, N. Birbilis, T. Woodfield, G. Dias, M.P. Staiger, Corrosion resis-
tance of biomimetic calcium phosphate coatings on magnesium due to varying pre-
treatment time, Mater. Sci. Eng. B 176 (2011) 1756-1760.

[16] M.Z. Bian, A. Tripathi, H. Yu, N.D. Nam, L.M. Yan, Effect of aluminum content on the
texture and mechanical behavior of Mg —1 wt% Mn wrought magnesium alloys,
Mat. Sci. Eng., A 639 (2015) 320-326.

[17] E. Meza-Garcia, J. Bohlen, S. Yi, D. Letzig, V. Krausel, D. Landgrebe, K.U. Kainer, Influ-
ence of alloying elements and extrusion process parameter on the recrystallization
process of Mg-Zn alloys, Mater. Today: Proceedings 2S (2015) S19-S25.

[18] J. Tu, S. Zhang, On the {1012} twinning growth mechanism in hexagonal close-
packed metals, Mater. Des. 96 (2016) 143-149.

[19] X.Y.Zhang, B.Li, X.L. Wu, Y.T. Zhu, Q. Ma, Q. Liu, P.T. Wang, M.F. Horstemeyer, Twin
boundaries showing very large deviations from the twinning plane, Scr. Mater. 67
(2012) 862-865.

(7

(8

(9

[10]

838

A. Jdger et al. / Materials and Design 110 (2016) 895-902

[20] J.C. Baird, B. Li, S. Yazdan Parast, S.J. Horstemeyer, L.G. Hector Jr., P.T. Wanga, M.F.
Horstemeyera, Localized twin bands in sheet bending of a magnesium alloy, Scr.
Mater. 67 (2012) 471-474.

[21] A. Chapuis, B. Wang, Q. Liu, A comparative study between uniaxial compression and
plane strain compression of Mg-3Al-1Zn alloy using experiments and simulations,
Mater. Sci. Eng. A597 (2014) 349-358.

[22] M.R. Barnett, Twinning and the ductility of magnesium alloys part I: “tension” twins,
Mat. Sci. Eng., A 464 (2007) 1-7.

[23] Z. McClelland, B. Li, S.J. Horstemeyer, S. Brauer, A.A. Adedoyin, L.G. Hector Jr., M.F.
Horstemeyer, Geometrically necessary twins in bending of a magnesium alloy,
Mater. Sci. Eng. A 645 (2015) 298-305.

[24] S.G.Hong, S.H. Park, CS. Lee, Role of { 1012} twinning characteristics in the deforma-
tion behaviour of a polycrystalline magnesium alloy, Acta Mater. 58 (2010)
5873-5885.

[25] S.R. Agnew, M.H. Yoo, C.N. Tomé, Application of texture simulation to understanding
mechanical behavior of Mg and solid solution alloys containing Li or Y, Acta Mater.
49 (2001) 4277-4289.

[26] A.Chapuis, Y. Xin, X. Zhou, Q. Liu, {1012} Twin variants selection mechanisms dur-
ing twinning, re-twinning and detwinning, Mat. Sci. Eng. A 612 (2014) 431-439.

[27] Q. Yu, ]. Zhang, Y. Jiang, Direct observation of twinning - detwinning - retwinning
on magnesium single crystal subjected to strain-controlled cyclic tension —
compression in [0001] direction, Philos. Mag. Lett. 91 (2011) 757-765.

[28] P. Molnar, A. Ostapovets, A. Jager, Reversible motion of twin boundaries in AZ31
alloy and new design of magnesium alloys as smart materials, Mater. Des. 56
(2014) 509-516.

[29] M.R. Barnett, Scr. Mater. 59 (2008) 696-698.

[30] H.Fan,S.Aubry, A. Arsenlis, ].A. EI-Awady, Grain size effects on dislocation and twin-
ning mediated plasticity in magnesium, Scr. Mater. 112 (2016) 50-53.

[31] L. Jin, J. Dong, J. Sun, A.A. Luo, In-situ investigation on the microstructure evolution
and plasticity of two magnesium alloys during three-point bending, Int. . Plast. 72
(2015) 218-232.

[32] H.ElKadiri, J. Kapil, A.L. Oppedal, L.G. Hector Jr., S.R. Agnew, M. Cherkaoui, et al., The
effect of twin-twin interactions on the nucleation and propagation of {1012} twin-
ning in magnesium, Acta Mater. 61 (2013) 3549-3563.

[33] H.Fan,S. Aubry, A. Arsenlis, ].A. El-Awady, The role of twinning deformation on the
hardening response of polycrystalline magnesium from discrete dislocation dynam-
ics simulations, Acta Mater. 92 (2015) 126-139.

[34] J.-M. Seitz, D. Utermohlen, E. Wulf, C. Klose, F.-W. Bach, The manufacture of Resorb-
able suture material from magnesium - drawing and stranding of thin wires, Adv.
Eng. Mater. 13 (2011) 1087-1095.

[35] L. Sun,]. Bai, L. Yin, Y. Gan, F. Xue, C. Chu, J. Yan, X. Wan, H. Ding, G. Zhou, Effect of
annealing on the microstructures and properties of cold drawn Mg alloy wires,
Mater. Sci. Eng. A 645 (2015) 181-187.

[36] M.R. Barnett, Twinning and the ductility of magnesium alloys: part II. “Contraction”
twins, Mat. Sci. Eng., A 464 (2007) 8-16.



Clanek B

89



Available online at www.sciencedirect.com A
-y Transactions of

o e
‘ L3 L3
o. SCIenceD"-ect Norfferrous N'[etals
r > . Society of China
ELSEVIER Press Trans. Nonferrous Met. Soc. China 30(2020) 373—381 S —

Direct extrusion of thin Mg wires for biomedical applications @

CrossMark

K. TESAR'?, K. BALIK®, Z. SUCHARDA® A. JAGER*

1. Department of Materials, Faculty of Nuclear Sciences and Physical Engineering,
Czech Technical University in Prague, Trojanova 13, Prague, 120 00, Czech Republic;
2. Department of Dielectrics, Institute of Physics, Czech Academy of Sciences,
Na Slovance 2, Prague, 182 21, Czech Republic;
3. Department of Composites and Carbon Materials, Institute of Rock Structure and Mechanics,
Czech Academy of Sciences, V HoleSovickach 41, Prague, 182 09, Czech Republic;
4. Department of Mechanics, Faculty of Civil Engineering, Czech Technical University in Prague,

Thakurova 7, Prague, 166 29, Czech Republic

Received 17 April 2019; accepted 11 November 2019

Abstract: Biodegradable wires, able to provide load-bearing support for various biomedical applications, are the novel
trends in current biomaterial research. A thin 99.92% Mg wire with a diameter of 250 pm was prepared via direct
extrusion with an extreme reduction ratio of 1:576. The total imposed strain in a single processing step was 6.36.
Extrusion was carried out at elevated temperatures in the range from 230 to 310 °C and with various ram speeds ranging
from ~0.2 to ~0.5 mm/s. The resulting wires show very good mechanical properties which vary with extrusion
parameters. Maximum true tensile stress at room temperature reaches ~228 MPa and ductility reaches ~13%. The
proposed single-step direct extrusion can be an effective method for the production of Mg wires in sufficient quantities
for bioapplications. The fractographic analysis revealed that failure of the wires may be closely connected with
inclusions (e.g., MgO particles). The results are essential for determining the optimal processing conditions of hot
extrusion for thin Mg wire. The smaller grain size, as the outcome of the lower extrusion temperature, is identified as
the main parameter affecting the tensile properties of the wires.

Key words: biomedical materials; mechanical properties; fracture; nonferrous metals; magnesium

material for various implants [2]. These implants

1 Introduction are gradually replaced by human cells due to the
biodegradability of magnesium and the fact that

Pure magnesium is principally very promising magnesium supports tissue regeneration [1,3].
material due to its low density, reasonable specific Various porous forms of magnesium are used to
strength and biodegradability in the human body. further enhance this effect [4]. In terms of tuning
Inferior mechanical properties of this material are biodegradable properties of pure Mg, the most
commonly overcome by alloying which allow the viable elements are rare earth Y, Gd and Nd due to
optimization for various applications, such as precipitation hardening and their reasonable
structural and biomedical [1]. Well-known property biocompatibility [5—7]. Other widely used systems
of pure magnesium is biodegradability [1]. This are Mg—Zn [8], Mg—Ca [9] and Mg—Zn—Al [10].
attribute can be employed in various ways. Since However, alloying elements may introduce
the magnesium has similar elastic modulus as bone additional problems in terms of biocompatibility
tissue, it is an exceptional and biocompatible and formability when considering very thin wires.
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Therefore,
magnesium.

To obtain the required mechanical properties
without the addition of alloying elements, it is
necessary to employ techniques which reduce grain
size or create a strong preferential orientation of
grains (i.e., texture). Among these, severe plastic
deformation techniques, such as equal channel
angular pressing (ECAP) [11,12] and high-pressure
torsion (HPT) [13], have been frequently used.
However, they are limited by low productivity.
Another way to reduce grain size to the desired
level would be expanding the limits of
high-productivity forming techniques such as direct
extrusion [14]. The advanced design of the
extrusion dies, together with recent progress in the
development of high strength steels, has enabled to
transform the conventional forming process into an
efficient production method of thin Mg wires.

In recent years, significant attention has been
paid to the possible application of thin Mg wires for
stents and suture material [15] or as a support for
phosphate cement or biodegradable polymers,
used for bone replacements and fracture fixation
devices [16.17]. For these applications, it is
necessary to obtain Mg with high strength, while
maximizing ductility, which is typically inferior for
alloyed wires produced by cold drawing
technique [18]. The main disadvantage of cold
drawing is the number of processing steps to obtain
small wire diameters. It is also necessary to anneal
the material between subsequent cold drawing steps
which is very time consuming and thus a costly
process of Mg wire production [19].

Pure magnesium wires with very good
mechanical properties could be used in a large
number of applications, ranging from the suture
material and bone support to the biodegradable
composite reinforcement. For the purpose of
magnesium bioabsorbable wire product
development, we extruded Mg wire with a diameter
of 250 um. This was achieved by single-pass
extrusion of a pure Mg billet with an initial
diameter of 6 mm via extrusion die with extreme
reduction ratio. In this work, we discuss the
resulting mechanical properties and microstructure
of the material with respect to the different
processing parameters. This work determines the
ideal processing parameters for this material and
serves as a starting point for future research of

it can be beneficial to use pure
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wires intended for sternal fixation and other bone
support medical applications.

2 Experimental

The composition of the initial material, as
measured by glow discharge optical emission
spectrometry (GDOES), using the spectrometer
Spectruma GDA HR 750, is listed in Table 1. For
these measurements, a large number of certified
reference materials were used to obtain reliable
results.

Table 1 Chemical composition of pure Mg block as
measured by GDOES (wt.%)

Zn (0] Cu
0.04 0.02 0.006

Al
0.004

Fe
0.003

Mg
Bal.

Electro-discharge machining (EDM) was used
to cut cylindrical specimens with dimensions of
d6 mm x 18 mm from the block of pure Mg. These
specimens were then cleaned in a 10% aqueous
solution of HNO; to remove EDM residue and
subjected to a direct extrusion process with the exit
channel diameter of 250 um. The scheme of the
direct extrusion die with the relevant coordinate
system is shown in Fig. 1, where ED and RD
denote extrusion and radial direction, respectively.
The resulting extrusion ratio for this die geometry
equals 1:576. Processing was carried out at elevated
temperatures in the range from 230 to 310 °C and at
various ram speeds, from 0.2 to 0.5 mm/s. The wire
was subsequently coiled on a 100 mm reel.

|
\M\“
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\ Ak ) |
L |
v

Fig. 1 Scheme of direct extrusion die channel with
coordinate system for reference (ED—Extrusion direction;
RD—Radial direction)



K. TESAR, et al/Trans. Nonferrous Met. Soc. China 30(2020) 373-381

Magnesium wires with the gauge length of
30 mm were deformed on the Instron 5882 testing
machine with 100 N load cell at room temperature
(RT). Pneumatic grips for wire testing were used.
The number of measurements for each ram speed
was 3—8 to obtain statistically relevant data set.
Additional tests were conducted to characterize the
strain rate sensitivity of the extruded wires, with
initial strain rates in the range from 107 to 107" s7".

For the purpose of microstructural analysis of
the as-cast magnesium, a light microscope
AxioObserver DIm was used. Sample preparation
consisted of cold-mounting the specimens in an
epoxy resin (Struers EpoFix), plane grinding with
progressively finer SiC papers and mechanical
polishing with diamond suspensions of particle
sizes of 3 and 1 wm. Final polishing was performed
with a solution of colloidal silica (Struers OP-S). In
some cases, a 3% nital (solution of nitric acid in
ethanol) was used to provide additional grain
boundary and phase contrast. A routine examination
of the grain size of the as-extruded wires was
performed by etching the wire surface in 5%
solution of nitric acid in distilled water for 20 s. The
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surface topography of these etched wires was
observed with scanning electron microscope FEI
Phenom. A scanning electron microscope FEI
Quanta 3D FEG was used for the fractographic
analysis and energy dispersive spectrometry (EDS).
For estimating the average grain size, a linear
intercept method on at least three SEM micrographs
was used with a total line length of 1000 um:
500 pm in the ED and 500 pm in the RD. Since the
grains were equiaxed for all wires, one average
grain size was reported for each wire. Resulting
average intercept length was multiplied by a factor
of 1.57 to obtain average grain size [20].

3 Results and discussion

3.1 Tensile properties

Magnesium wires were extruded at different
ram speeds and temperatures. Subsequently, the
wires were deformed in tension at the initial strain
rate of 1x107°s™". The results listed in Table 2 show
that higher values of characteristic stresses 6. Gmax
and clongation to failure 4 correspond with the
lower temperature of extrusion and vice versa.

Table 2 Mechanical properties of Mg wires in respect to processing temperature and ram speed

Extrusion temperature/°C Ram speed/(mm-s_') 0y>/MPa Omax/MPa Al% Number of tensile samples
0.2 1364 228+1 13.7+0.1 3
i 0.4 13243 219+1 13.5+1.8 4
240 0.2 12743 218+2 11.7+1.0 4
0.2 12244 22344 12.3+0.6 5
250 0.3 12443 22145 11.5+1.7 5
04 130+3 22743 13.4+0.1 4
0.2 12343 222+3 11.6£1.0 9
0.3 12144 225+1 10.3+0.6 5
e 0.4 11843 215+5 12.7+1.3 4
0.5 118+4 217+1 12.5+0.8 4
0.2 115+4 219+9 9.9£1.0 6
0.3 120+3 22242 11.1£0.1 3
0 0.4 11842 221+3 11.0£1.1 4
0.5 118+4 209+9 8.0+£0.8 5
290 0.2 111+5 2174 10.1+0.4 9
0.2 101+4 208+3 10.1+0.8 6
. 0.3 1061 220+2 11.5£1.0 5
0.4 1011 204+2 10.3+0.8 4
0.5 107+2 214+1 9.5+0.3 4
310 0.2 10442 215+2 8.9+0.5 6

00,—Yield strength: o,,—Maximum true tensile strength: 4—Ductility
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On the other hand, mechanical properties of
the wires extruded at all temperatures are sufficient
for many applications. From the data presented in
Table 2, it is also apparent that the ram speed has
only a minor effect on tensile properties. The ram
speed can be maximized with respect to the strength
limit of the extrusion die and plunger to produce the
wires effectively and economically. It is important
to mention that for such large reduction ratio and
lower extrusion temperatures (230—-260 °C) for pure
Mg, the peak load on the press plunger can reach
~2 GPa. Nevertheless, if the presence of the
inclusions in Mg ingot is controlled, the common
value of the load on the press plunger at 300 °C
reaches 880 MPa. The mechanical limit for extrusion
die and plunger used in this work is ~2.2 GPa.

The best results of maximal true stress and
ductility were achieved for the lowest extrusion
temperature of 230 °C and low ram speed of
0.2 mm/s. High maximal true stress for this
temperature is caused by lower activity of thermally
activated phenomena triggering softening processes
such us dynamic recovery, recrystallization and
grain growth [18]. Processing temperature below
230 °C has caused problems with braking of the
wire during the extrusion process.

Curves in Fig. 2 present the dependence of the
tensile properties on the initial strain rate & .
Values of 0y, and oy, decrease with decreasing
initial strain rate and the dependence shows nearly
linear course in semi-logarithmic scale (Fig. 2(a)).
The main mechanism responsible for the changes in
mechanical properties with strain rate can be
connected with thermally activated dynamic
recovery, easily taking place in very pure Mg even
at room temperature and causing an observable
dependence. At lower strain rates, dynamic
recovery provides more time for relaxation of
internal stresses. This lowers both values of
characteristic stresses with decreasing strain rate.
The resulting higher triaxiality of deformation
promotes easier activation of additional slip
systems and thus lowers the 6y, and oy [21].

The results also show that the ductility at a
relatively fast strain rate of 1x107's"' s
approximately 8% which is still good value for
this material, sample geometry and dimensions
(Fig. 2(b)). Error bars in Fig. 2 do not exceed 5% of
the mean value for each data point and therefore are
not presented in the graphs.
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Fig. 2 Mechanical properties of Mg wires with respect to
initial strain rate for two extrusion temperatures (260 and
300 °C): (a) gy, and Gy (b) Ductility

The obtained results of mechanical properties
are interesting for biomedical applications. In this
work, we produced 250 um wires, which could be
potentially used for fixation wires after median
sternotomy in pediatrics. The physiologic loads on
human sternum are commonly considered less than
400 N for an adult [22]. Ideally, we would design
the wires to easily withstand 400 N load without the
change of shape, under the yield strength. For that,
we would need (for wires prepared at 230 °C,
0p,~130 MPa) no less than 63 wires. For single
wires, this is clearly not achievable. However,
usage of Mg wires with larger diameter could have
a negative impact on the exceptional bending
plasticity of these wires, as discussed by JAGER
et al [14]. Commonly, the sternal wires have
diameter larger than 700 um. Therefore, it would be
beneficial to creat at least 6-strand rope out of the
250 um wire produced in this work. The diameter
of this rope would be comparable to the ordinarily
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used wires and the presence of more wires
supporting each site should significantly decrease
the risk of failure during the biodegradation. It is
clear that even when using 6-strand rope at a total
of 68 sites, the wires do not achieve the required
load-bearing capacity for an adult. However, the
physiologic loads are significantly lower for
children and infants, where the benefit of
biodegradable sternal wires would be much higher.
Apart from the usage of Mg wire ropes, careful
biomechanical experiments and modeling are
therefore still required to set the limits, where the
Mg wire can be used from the mechanical point of
view.

Another promising application would be
biodegradable stents. For this, the wire diameter
would ideally be even smaller [23]. The one-step
method shown in this work is capable of producing
Mg wires with diameter of 150 um (at 300 °C)
without any problems. Furthermore, a 50 pm wire
was also produced in limited quantities and quality,
which is a current limit of the extrusion setup. In
this work, we focus only on the 250 um wire,
intended mainly for sternal fixation.

3.2 Fractographic analysis

After the tensile testing at RT, selected samples
with different ram speeds and extrusion temperature
were subjected to fracture analysis in SEM. The
observation of fracture surfaces revealed ductile
behavior of the material and presence of particles in
the microstructure (Fig. 3(a)). Figure 3(b) shows
electron dispersive X-ray spectroscopy (EDS) of
the particle in Fig. 3(a). EDS analysis conducted on
several particles identified their composition as
MgO.

It is worth mentioning that the majority of
fracture surfaces inspected after the tensile tests
contained these MgO particles. These particles most
likely originate from insufficient atmosphere
control during Mg casting process [24]. Presence of
these particles has a detrimental influence on the
mechanical properties of thin Mg wires because
their size is not negligible compared to the wire
diameter. It is therefore necessary to carefully
control metallurgical processes and prevent the
formation of these particles.

Figure 4 shows the fracture surfaces which
were taken in two planes: the first approximately
parallel with ED and the latter perpendicular to ED.
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Fig. 3 SEM image of large MgO particles on fracture
surface (a) and EDS spectrum of observed particle (b)

The extrusion temperature of Mg wires seems
to have an influence on the overall profile of the
fracture surface and associated morphology of the
ductile dimples. For samples extruded at lower
temperature (230 °C), the fracture profile of the
wire cross-section resembled a truncated cone
(Fig. 4(a)). Thus, in the middle part of the cross-
section, the equiaxed dimples were observed
(Fig. 4(a)). In contrast, samples extruded at higher
temperature (>290 °C) were sheared through the
whole cross-section and the dimples were rather
deformed and elongated (Fig. 4(b)). Moreover,
ductile dimples were not observed on the
circumference areas of the cross-section due to the
large amount of local shearing which indicates the
activation of slip systems with higher critical
resolved shear stress [21].

3.3 Microstructure

In order to explain differences in the
mechanical properties of the wires processed under
various conditions, microstructural characterization
was performed. The initial microstructure of the
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as-cast Mg ingot is composed of equiaxed grains
with sizes varying from hundreds of micrometers
up to centimeters (Fig.5(a)). An occasional
presence of other phases, identified as MgO by
EDS, was also detected in the as-cast ingot.
Figures 5(b, c¢) show the presence of MgO clusters
identified as possible stress concentrators which
initiate fracture in Mg wires during tensile testing
(Fig. 3). Figure 5(b) shows a detail of MgO cluster
with approximately circular shape and a larger
MgO particle present in the upper right comer of
the micrograph. Figure 5(c) shows a detail of a
group of MgO particles surrounded by fine
dispersion. It is rather difficult to remove oxide
particles from the Mg ingot since they cannot be
removed by melt settling [24].

Apart from the aforementioned initiation of the
fracture process, larger particles could also cause
geometrical irregularities of the wire cross-section.

K. TESAR, et al/Trans. Nonferrous Met. Soc. China 30(2020) 373—381

A typical defect of the wire circularity is depicted
by a white arrow in Fig. 5(d). Defects of this type
are generally caused by three possible reasons:
(1) The extrusion channel was damaged and a part
of the die material partially blocked the extrusion
channel; (2) Part of the 250 um extrusion channel
was blocked by MgO particle; (3) The channel is
blocked by a foreign particle contained in lubricant
or present in the extrusion channel from previous
processing step. Another common defect of the
hot-extruded wire is a diameter variance along the
wire. This can be avoided by inspecting the wire
diameter and reconditioning the extrusion die when
the wire diameter variance is too large. For this
purpose, the parts of the extrusion die, where the
actual extrusion takes place, should be -easily
replaceable.

Despite the presence of oxide inclusions, the
standard deviation of mechanical properties is very

Fig. 4 Fracture surfaces of Mg wires after tensile test and details of ductile dimples from views approximately
parallel (/) and perpendicular (L) to extrusion direction at different extrusion temperatures (strain rate 1x107 s™):
(a) 230 °C; (b) 300 °C

i(b)

100 pm

1200 pm
- e

Fig. 5 Overview of microstructure of as-received Mg ingot (a), large cluster of MgO particles (b), detail of compact
MgO cluster (c), and Mg wire cross-section (Arrow indicates irregularity of wire, possibly caused by MgO particle

blocking die exit channel (polarized light)) (d)
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Fig. 6 SEM micrographs comparing grain size of Mg wires produced at different extrusion temperatures (ram speed is

0.2 mm/s for all wires): (a) 230 °C:; (b) 260 °C: (c) 300 °C

small (Table 2). This may imply that MgO particles
were distributed in each tensile test sample. With
respect to the observed MgO on fracture surfaces,
removing the MgO particles could improve the
ductility. The presence of some twins on the
perimeter of the wire (Fig. 5(d)) 1is likely
connected with the mechanical preparation of the
sample. On the other hand. bending of the wires
produced reversible {1012} mechanical twinning
as an accommodating mechanism of plastic
deformation [14]. Since twinning is a well-defined
preparation artifact, it is possible to calculate grain
size even when the twinning occurs.

In order to qualitatively compare differences in
grain size for different extrusion temperatures, the
wires were etched in 5% nitric acid and then studied
by SEM. Figure 6 shows microstructures produced
by extruding the wire at three different temperatures,
namely 230, 260 and 300 °C. It can be seen that
with increasing extrusion temperature, the resulting
grain size is also increased. The average grain sizes
for microstructures shown in Fig. 6 were 7, 11 and
14 um for 230, 260 and 300 °C, respectively. This
supports results in Table 2, where mechanical
properties are best for the wire extruded at 230 °C
as it approximately follows the Hall-Petch
relationship [25.26]. On the other hand, the
differences in the grain size were not noticeable for
various ram speeds used in this work. Grain size of
produced wires is quite large, considering the
extrusion ratio that was used [27]. This is caused by
the fact that the wires are exposed to elevated
temperature during their reeling. Nevertheless, the
resulting grain size is beneficial, as explained in
detail in Ref. [14].
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4 Conclusions

(1) Mechanical behavior of 99.92%
magnesium wires with a diameter of 250 um
prepared by a single-step direct extrusion, with
respect to the processing parameters and
microstructure was analyzed. For the material
processed at 230 °C, maximum tensile stress of
(228+1) MPa and corresponding ductility of
(13.7£0.1)% were obtained. Considering the
purity of Mg matrix used, and effectiveness of the
wire processing technique, this is an outstanding
result.

(2) Fractographic analysis revealed the
presence of MgO particles as a significant
contributor to failure. High strain rate sensitivity of
mechanical properties was attributed to the dynamic
recovery which easily took place in very pure Mg
and supported the development of necking at lower
tensile strain rates. Triaxiality in necking in the case
of lower strain rates facilitated activation of slip
systems with higher critical resolved shear stress.
This conclusion was further supported by the
fractographic analysis of ductile dimples, present on
the fracture surfaces.

(3) Different grain size of the as-extruded wire
was the main reason for the different tensile
properties achieved by lowering the extrusion
temperature. These results are crucial for the
ongoing development of biodegradable magnesium
wires, finally intended for sternal wiring of infants
and children, where current methods of non-
degradable sternal fixation introduce the most
severe complications.
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Biodegradable implants can offer a substantial improvement
in the quality of life of patients that otherwise would need a sec-
ond surgery to remove the implant. To achieve this, we need to
fully understand the corrosion mechanisms and degradation of
the implant materials that could be used for various clinical
applications. Magnesium is an ideal material in terms of in vivo
degradation, especially due to its natural occurrence in the
human body. The excess magnesium produced during the
implant degradation is excreted via the kidneys [1]. Another ben-
efit of magnesium is the formation of a wide range of corrosion
products on the surface of the implants. Most of them are cal-
cium phosphates, very similar to the inorganic constituent of
human bone, the hydroxyapatite [2|. Therefore, magnesium is
an excellent candidate for bone support applications such as
screws and plates.

The need for metallic biodegradable implants is not limited to
large bone support applications only [3]. Recent development of
magnesium wires has enabled other possible uses, such as stents,
sutures, wire-reinforced composites, pulmonary artery banding
or sternal fixation [4]. The main advantage of metallic wire

UNCOVERED
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implants is their ability to maintain the shape during the degra-
dation. Although this may cause problems for some applications,
such as wound closure sutures, in many cases it is necessary to
maintain the shape and mechanical strength, as for the fixation
of sternal halves after median sternotomy. Therefore, the magne-
sium wires could be used together with the novel biodegradable
shape memory polymers [5].

There are many issues to be addressed before a magnesium
wire with 250 pm in diameter can be safely employed as a sternal
fixation. The necessary bending plasticity can be achieved by the
use of twinning as the deformation mechanism due to the favor-
able microstructure and texture [4]. The mechanical strength, as
well as the corrosion resistance, can be improved by alloying, for
example with zinc [6]. The onset of degradation could be con-
trolled by a biodegradable polymer coating of desired properties.
Although the mechanical strength needed for safe sternal fixa-
tion for adults is currently too high for magnesium alloys, the
most promising employment of magnesium-based sternal wires
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is for pediatric patients, where the physiological loads on ster-
num are much lower [7]. The use of Mg-based wires would also
limit complications, such as post-sternotomy pain syndrome
and further reduce surgical interventions to a minimum. This
would substantially improve the quality of life of children who
need invasive heart surgery.

One of the key obstacles of magnesium usage as an implant is
the understanding and control of the hydrogen gas generation.
Hydrogen is produced during the degradation and forms bubbles
on the surface of the implant. Since commercially pure magne-
sium is often used, the presence of hydrogen bubbles is closely
connected with the iron impurities. These impurities further
localize hydrogen generation via the electrochemical re-deposi-
tion of a thin iron film [8]. Once the bubble is created, the inter-
face between the body solution and the hydrogen gas serves as
the nucleation site for calcium phosphates. Depending on the
rate of the hydrogen generation, the bubble is either fully
enclosed by calcium phosphates or the constrained bubble grows
and forms an open tube, as shown in the image. At the initial
stage, the calcium phosphate layer is transparent, flexible and
rich in calcium. Focused ion beam cross-sectioning revealed that
after this initial state, the layer thickens and the phosphorus con-
tent increases rapidly. This is connected with the brittle fracture
behavior of these hollow shapes. For thin magnesium wires, this
localization of hydrogen can be a problem for several reasons.
The loss of mechanical integrity as the outcome of local corro-
sion is the main problem. A possible solution could be sought
by using ultra-pure magnesium. However, even ultra-pure mag-
nesium tends to corrode locally, according to our results. The
other option is to design the polymer coating in a way that the
localization of hydrogen generation could be minimized. The
use of thinner wires made into ropes can also lower the risk of
the critical loss of mechanical integrity due to the localized
corrosion.

The cover image of this issue depicts a SEM image of a growing
calcium orthophosphate tube on top of the commercially pure
magnesium wire with a diameter of 250 pm. This particular wire
degraded for 48 hours in the alpha modification of Minimal
Essential Medium («zMEM) with fetal bovine serum and antibi-
otics. A thin gold layer was deposited on this particular sample
to enable better conductivity. A scanning electron microscope
Quanta 450 was used for this image. The width of the micro-

graph is 300 pm. It is necessary to mention that the cracks in
the calcium phosphate layer on the wire are at least partially
caused by the vacuum exposure during the sample preparation
and observation. An additional observation by 3D optical micro-
scopy or laser scanning confocal microscopy is always necessary
to correctly interpret the information provided by electron
microscopy on such samples. The closed or partially closed mor-
phological features provide an obstacle for tissue healing and are
therefore very undesirable as described above.

However, it is worth to mention, that the hydrogen genera-
tion in vivo is limited by the complex dynamics of a living body
environment. An in vivo study or a non-static model of simulated
body environment is needed to fully understand the kinetics of
nucleation on the interface between the hydrogen gas and the
body solution. The recent results reported in this issue will con-
tribute to the ongoing development of biodegradable magne-
sium-based wires for invasive heart surgery and hopefully will
result in fewer complications connected with the need for multi-
ple surgeries and other postoperative complications such as per-
sistent anterior chest wall pain.
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ARTICLE INFO ABSTRACT

Keywords: This work presents an analysis of the microstructural, mechanical and corrosion properties of two binary Mg-Zn
Corrosion alloys. Mg-6 wt%Zn and Mg-12 wt%Zn cast alloys were subjected to annealing followed by quenching and
Mechanical properties processed via equal channel angular pressing with applied back-pressure (ECAP-BP). After ECAP-BP, both alloys
Mg-Zn alloys

were thoroughly examined and showed partially recrystallized and highly deformed areas. High-angle annular
dark-field imaging revealed a difference in Zn content across the a-Mg matrix of the Mg-12 wt%Zn after ECAP-
BP due to the growth of MgZn, nanoparticles. Electron energy-loss spectroscopy (EELS) was carried out to
qualify an average Zn content in these areas, and a variation in Zn content up to 2 at.% was found. Compression
tests revealed mechanical anisotropy and a significant increase in the strength of both alloys after ECAP-BP. The
yield strength, gy, was in the range from 269 to 385 MPa depending on the composition and compression axis.
The initial state alloys showed yield strengths, op,, of only 75-150 MPa but improved ductility. The corrosion
rates of the Mg-Zn alloys in the initial state, evaluated using a hydrogen evolution method in NaCl solution, were
higher for Mg-12 wt%Zn. The corrosion rates of both alloys after ECAP-BP were higher than those of the initial
state. Light microscopy observations did not reveal any preference for corrosion propagation, including tran-

Microstructure
Severe plastic deformation

scrystalline, intercrystalline or interphase corrosion, in any of the materials.

1. Introduction

Magnesium and its alloys have been thoroughly investigated due to
their various advantageous properties and employment in a number of
applications [1]. Recently, the investigation of Mg and its alloys has
increasingly expanded into the field of biocompatible and biodegrad-
able materials. Among metallic elements, Mg possesses a Young's
modulus closest to a human bone. Therefore, it is a suitable candidate
for bone implants with minimized adverse effects, such as stress
shielding of the bone [2]. It also exhibits a positive effect on the healing
of bone tissue and favorable biocompatibility because it has the highest
natural volume content in the human body among metals.

Mg was first considered for biomedical implants more than a hun-
dred years ago, and its properties as a biomaterial have been reviewed
by many authors [3-6]. However, control of the corrosion rate of Mg
biomaterials remains the most challenging issue and still has not been
solved, thus limiting the use of Mg in this field [3.5].

Mechanical and corrosion properties of a material are the most
important with respect to the applications of biodegradable implants. A

* Corresponding author.

fundamental way to tailor the corrosion properties of Mg biomaterials is
alloying [4]. One of the proper biocompatible elements for alloying of
Mg is zinc. The benefits of Zn addition to improve corrosion properties
of Mg alloys have been thoroughly investigated by several authors
[4-9]. Addition of Zn up to its solubility limit in Mg (approximately
6.2 wt%), improve the corrosion properties of Mg [9]. Zinc is able to
elevate the corrosion potential of magnesium alloys and to improve the
corrosion resistance. In addition, Zn has beneficial effects on the cor-
rosion film and can also elevate the charge transfer resistance of mag-
nesium and thus reduce the corrosion rate [8]. However, taking into
account Zn concentrations over solubility limit, corrosion properties are
deteriorated due to a formation of secondary phases, which are re-
sponsible for production of excessive hydrogen gas [7-9].

The addition of Zn to Mg results in a continuous increase of the yield
strength as the Zn concentration increases from 1 to 6 wt% [9]. Al-
though solid solution alloying with Zn causes significant improvement
of mechanical properties [4], these can be further improved by grain
refinement using severe plastic deformation (SPD) [10] and by Zn al-
loying over solubility limit via secondary phases.
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The microstructure of the a-Mg matrix and a distribution of sec-
ondary phases and intermetallic particles have an important impact on
mechanical and corrosion properties of a particular alloy. Effect of al-
loying and various annealing treatment on mechanical properties of Mg
alloys was addressed in the works by Cui et al. [11,12]. The micro-
structural evolution of intermetallic particles subjected to SPD was
thoroughly investigated and characterized in our previous work
[13,14]. The microstructural evolution of the a-Mg matrix due to SPD
was addressed, for example, in [15-17]. However, the effect of grain
refinement using SPD combined with the presence of secondary phases
on the mechanical and corrosion properties has not been found in the
literature. Therefore, the aim of this work is to find the connection
between the microstructural features and the mechanical and corrosion
properties of the two binary Mg-Zn alloys processed by equal-channel
angular pressing with applied back pressure (ECAP-BP).

2. Material and Methods

Magnesium with 99.9% purity and an appropriate amount of high-
grade zinc were melted in a graphite crucible under an Ar atmosphere
to prepare two binary magnesium alloys with a nominal composition of
Mg-6 wt%Zn (hereafter referred to as Mg6Zn) and Mg-12 wt%Zn
(hereafter referred to as Mgl2Zn). Subsequent thermal treatment con-
sisted of annealing at 320 °C for 20 h to homogenize the microstructure
and quenching in warm water. This state is hereafter referred to as the
initial state. The material was then processed by ECAP-BP. The fol-
lowing processing parameters were used: a die inter-channel angle of
90° and a corner angle of 0°, 4 passes via a Bc route, and an applied
back pressure of ~400 MPa to prevent cracking during processing. The
processing temperature for Mg6Zn was 220 °C, 220 °C, 220 °C and
160 °C for the 1st, 2nd, 3rd and 4th ECAP-BP pass, respectively. The
processing temperature for Mgl2Zn was gradually decreased from
200 °C to 185 °C, 170 °C and 155 °C for the 1st, 2nd, 3rd and 4th ECAP-
BP pass, respectively. In both cases, ECAP geometry leads to an imposed
strain of ~1.15 per pass.

Specimens for metallographic observation were prepared by con-
ventional cutting (ID-ED plane for specimens after ECAP-BP, see Fig. 1),
grinding and polishing followed by etching in a 5% picric acid solution.
The microstructure was examined using light microscopy (LM) with a
Zeiss Axio Observer D1m. Thin foils for the transmission electron mi-
croscopy (TEM) observation were prepared by grinding of 3 mm disks
down to a thickness of approximately 50 ym and subsequent Ar ion

Pressure‘

Back-pressure ¢ =90°
ID
Sample ED
ECAP die D

Fig. 1. Schematic drawing of an ECAP die. Orientation between the compression axis and
the coordinates of the specimen after ECAP-BP processing is shown.
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polishing using a Gatan PIPS. In addition to conventional TEM, the
following TEM techniques were employed for micro- and nanos-
tructural analyses: high-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) imaging and electron energy-loss
spectroscopy (EELS). Each TEM technique was performed using an FEI
Tecnai TF20 X-twin operated at 200 kV and equipped with a GIF
Quantum SE. The EEL spectra were processed using Gatan Digital Mi-
crograph.

Mechanical properties were characterized using uniaxial compres-
sion tests. Specimens for the compression tests from the Mg6Zn and
Mg12Zn after ECAP-BP were cut along three (ID, ED and TD) directions
by electrical-discharge machining. The nomenclature used for the de-
scription of the orientation between the compression axes and the co-
ordinates of the ECAP-BP billet are shown in Fig. 1. Compression spe-
cimens with dimensions of 4 X 4 x 8 (width X thickness X length)
mm?® were deformed at a strain rate of 1.1 x 10~ ®>s~ ! using an Instron
5882 machine at room temperature (RT). At least two measurements
were performed for each orientation to verify reproducibility. All
compression tests were performed to specimen rupture.

Corrosion properties were investigated by the measurement of a
corrosion rate using a hydrogen evolution method [18]. Specimens for
corrosion rate measurement were prepared by conventional cutting (ID-
ED plane for specimens after ECAP-BP) and grinding. They were sub-
sequently immersed in static 9 g/1 NaCl solution at a temperature of
37 °C (simulation of human body temperature). To prevent dissolution
of the hydrogen released from the specimens in the NaCl solution, the
solution was saturated with hydrogen prior to exposure of the speci-
mens. Each specimen was exposed in the NaCl solution for 26 h. The
amount of hydrogen released from the specimens was recorded for the
first and the last 2 h of the exposure time at ~15 min intervals. Prior to
each measurement, the pressure of the released hydrogen was adjusted
to the atmospheric pressure. The adjustment of the hydrogen pressure
was performed using a compensatory vessel with mercury connected to
the burette. The indicatory manometer was filled by a dodecane
(Cy12Ha6) hydrocarbon to prevent the dissolution of the hydrogen re-
leased from the specimen as well.

3. Results and Discussion
3.1. Initial State a-Mg Matrix of Mg6Zn and Mgl2Zn Alloys

In depth microstructure characterization of the initial state of
Mg12Zn prior to ECAP-BP processing was described in [13]. The mi-
crostructure consists of a-Mg grains with a size of approximately
150 um and a large number of second phase particles with sizes from 1
to 10 um that were identified as Mgz;Znys phase. Other nano-sized
particles were also detected, notably MgZn, nanoparticles with sizes
ranging from 5 to 10 nm that adopted a specific orientation relationship
(OR) toward the a-Mg matrix [13]. An initial microstructure of the
Mg6Zn after the same heat treatment as Mg12Zn (320 °C for 20 h with
subsequent quenching) is shown in Fig. 2a. The microstructure consists
of large a-Mg grains (supersaturated solid solution of Zn in Mg) and a
low number of large Mg»1Znys microparticles with different mor-
phology distributed predominantly at the grain boundaries. In com-
parison with the Mg12Zn microstructure after the same heat treatment
(Fig. 2¢), the average grain size is slightly larger and the number of
intermetallic particles is considerably lower.

3.2. Severely Deformed a-Mg Matrix of the Mg6Zn and Mg12Zn Alloys

The microstructure of Mg12Zn after ECAP-BP (4 passes via Bc route)
was thoroughly analyzed in [14]. The microstructure consisted of
highly deformed and partially recrystallized regions with MgZn, and
Mg»;1Zn,s particles variously affected by ECAP-BP processing. The mi-
crostructure of Mg6Zn after ECAP-BP processing (4 passes via Bc route)
observed using LM was very similar to the microstructure of Mgl12Zn
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after ECAP-BP (compare Fig. 2b and Fig. 2d). It can be seen that par-
tially recrystallized areas of the a-Mg matrix (dark areas) alternate with
highly deformed areas (light areas) of the a-Mg matrix. However, the
lower amount of Mg>,Znys microparticles in the Mg6Zn specimen is
obvious. Mg-Zn alloys after SPD with a composition similar to the
Mg6Zn have also been analyzed by other authors [15,16]. They found
and described extensive twinning, areas with various amount of re-
crystallization, nano-sized precipitates and similar microstructural
features that are present in the microstructure of Mg6Zn analyzed in
this work.

Mutual misorientation of a-Mg matrix grains and secondary phases
prior to ECAP-BP combined with ECAP geometry caused local varia-
tions in accumulated deformation. Beside fragmentation during ECAP-
BP, the elevated temperature of the processing also supports a growth
of the MgZn, nanoparticles [14]. The growth of the MgZn, nano-
particles was dependent on a type of the a-Mg matrix area but in
general increased chemical inhomogeneity in the solid solution of the
a-Mg matrix. This chemical inhomogeneity of the Zn distribution in
solid solution of the a-Mg matrix is discussed in the next section.

3.3. Zn Distribution in an a-Mg Matrix of the Mg-12 wt%Zn

The a-Mg matrix of the Mg12Zn processed by ECAP-BP consists of
two different types of microstructural areas: highly deformed and par-
tially recrystallized. It was shown that MgZn, nanoparticles get larger
in the partially recrystallized areas of the a-Mg matrix after ECAP-BP
[14]. During this process, a majority of the zinc from the supersaturated
solid solution of a-Mg matrix is consumed mainly by the MgZn, na-
noparticles and results in the inhomogeneous distribution of Zn in the
a-Mg matrix. Consequently, either Zn depleted or Zn saturated zones
can occur after ECAP-BP. Zn saturated zones are therefore located close
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Fig. 2. Microstructure of Mg6Zn and Mg12Zn alloys (LM
images). a) a typical a-Mg grain of the initial state of Mg6Zn
alloy and a distribution of Mg,;Znys microparticles. b) a
typical microstructure of the Mg6Zn alloy after ECAP-BP
consisting of highly deformed and partially recrystallized
areas. A lower amount of Mg»;Zn,s microparticles is also
visible. ¢) and d) show Mgl2Zn after the corresponding
treatments as Mg6Zn in a) and b), respectively, for com-
parison.

to the MgZn, nanoparticles after ECAP-BP. This phenomenon can also
be seen in the work by Basha et al. [16] (Fig. 10b in the reference
article), yet the authors did not pay any closer attention to this phe-
nomenon.

Gradual changes of Zn concentration in the microscale can have
significant impact on material properties, particularly corrosion re-
sistance. Therefore, in this section, the initial states of Mgl2Zn and
Mg12Zn after ECAP-BP were investigated using HAADF-STEM com-
bined with EELS to obtain an overview of Zn inhomogeneity in the a-
Mg matrix.

3.3.1. HAADF-STEM Imaging

HAADF-STEM image contrast strongly depends on average atomic
number, Z, (the higher the Z-number the higher the brightness) thus
giving a qualitative information about chemical gradients. HAADF-
STEM images of Mg12Zn alloy in Fig. 3a—c show a general overview of
the MgZn, nanoparticles in the initial state a-Mg matrix. Details of the
microstructure (Fig. 3d—f) acquired at higher magnification show che-
mical composition differences represented by a grayscale contrast of the
a-Mg matrix. The Zn concentration in at.% inscribed in the images were
measured using an EELS technique and will be described in the next
subsection. While there is no obvious contrast in the a-Mg matrix of the
initial state Mg12Zn alloy (Fig. 3a and d), the highly deformed and
partially recrystallized a-Mg matrix after ECAP-BP (Fig. 3e and f) ex-
hibits perceptible contrast resulting in darker and brighter areas. The
brighter areas in the partially recrystallized a-Mg matrix are visible
especially around the MgZn, nanoparticles (Fig. 3f).

3.3.2. EELS Analysis
The EELS technique was performed as the next step after HAADF-
STEM imaging to acquire approximate quantitative information about
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Fig. 3. HAADF-STEM images show Z-contrast of the microstructure of Mgl2Zn alloy: a-c) general overview of initial state a-Mg matrix, highly deformed and partially recrystallized
regions of a-Mg matrix after ECAP-BP, respectively; d-f) details of a-Mg matrix with homogeneous contrast in the initial state (d) and brighter and darker areas in (e, f) caused by

variation in Zn concentration as determined using EELS.

Table 1
EELS acquisition and quantification parameters.

Convergence semi-angle a (mRad) Collection semi-angle B (mRad) t/A Zn-L background (eV) Zn-L integration (eV) Mg-K background (eV) Mg-K integration (eV)
11,3 29,4 0,2-0,4 900-1010 1020-1095 1225-1300 1305-1380
Table 2

Averaged relative atomic concentrations of Zn in different areas of the a-Mg matrix of the Mg12Zn after ECAP-BP as obtained using EELS and quantified using elemental ratio method.

Initial state homogenous area ECAP highly def. darker area

ECAP highly def. brighter area

ECAP part. recryst. darker area ECAP part. recryst. brighter area

Average (at.% Zn) Std. dev. (at.  Average (at.% Std. dev. (at.  Average (at.% Std. dev. (at.  Average (at.% Std. dev. (at.  Average (at.% Std. dev. (at.%
% Zn) Zn) % Zn) Zn) % Zn) Zn) % Zn) Zn) Zn)
1,0" 0,5 0,3" 0,3 Z1" 1,0 0,2" 0,2 1,6" 0,6

“ See Section 3.3.2 for an explanation of the average value meaning.

the inhomogeneous distribution of Zn in the a-Mg matrix of Mg12Zn.
Due to possible microstructural instability of the Mg-Zn specimens
under the electron beam, the EELS was preferred over energy-dispersive
X-ray spectroscopy (EDS) because of its low acquisition time to obtain
sufficient signal. As presented in Fig. 3, five different types of Zn dis-
tributions in the a-Mg matrix were examined using HAADF-STEM: i)
homogenous area in an initial state of a-Mg matrix; ii) darker area in a
highly deformed a-Mg matrix after ECAP-BP; iii) brighter area in a
highly deformed a-Mg matrix after ECAP-BP; iv) darker area in a par-
tially recrystallized a-Mg matrix after ECAP-BP; and v) brighter area in
a partially recrystallized a-Mg matrix after ECAP-BP.

A hundred spectra were acquired from each type of Zn distribution
(ten spectra from ten different instances for each type of Zn distribu-
tion). To minimize the effect of plural scattering during data
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acquisition, only areas near the specimen edges with low thickness (t)
to mean free path (A) ratio (t/A. < 0.4) were selected. The signal from
the Zn-L and Mg-K edges after background subtraction was quantified
using an elemental ratio method [19,20] to obtain relative Zn content
in at.%. The relative Zn contents from each type of area were subse-
quently averaged over corresponding sets of the hundred spectra.
Quantification errors of individual spectra were disregarded (they are
in general in order of 10% [19,20]). Parameters setting for data ac-
quisition are listed in Table 1 and the obtained results are shown in
Table 2. Although the standard deviations of the results may seem to be
quite high, the results prove well the gradients of the Zn distribution.
Moreover, the results are in accordance with the HAADF-STEM ima-
ging. Averaged relative atomic concentrations belonging to appropriate
types of areas are also inscribed in Fig. 3d-f. The results in Table 2
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Fig. 4. Typical raw EEL spectra in Mg12Zn taken from different sites of the a-Mg matrix
after ECAP-BP with Zn concentration close to resulting average values. a) Zn was not
detected, b) approximately 1 at.% of Zn, ¢) approximately 2 at.% of Zn.

clearly indicate how significant the differences in Zn concentration are
in the a-Mg matrix, most notably after ECAP-BP where Zn concentra-
tions vary by approximately 2 at.%. The EELS results therefore con-
firmed the presence of Zn concentration inhomogeneity in Mgl2Zn
after ECAP-BP and revealed depleted zones (Fig. 3f) with negligible Zn
concentration in-between grown MgZn, nanoparticles after ECAP-BP.
Fig. 4 shows typical raw EEL spectra from sites with Zn concentrations
close to the resulting averages.
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Table 3

The compression values of the yield stress 0p2, maximum stress Omax and compressive
strain to failure € at RT for Mg6Zn and Mg12Zn in different conditions and pure Mg after
ECAP for comparison (data for pure Mg taken from [22]). Each number is an average of at
least two measurements.

0oz (MPa) Omax (MPa) A (%)
Mg6Zn, initial state 75 290 26
Mg12Zn, initial state 150 362 19
Mg6Zn, ECAP - ED 302 314 0.7
Mg12Zn, ECAP - ED 385 391 0.6
Mg12Zn, ECAP - ID 269 355 21
Mg12Zn, ECAP - TD 340 393 21
Pure Mg, ECAP at ~200 °C [22] 58-82 152-210 8-10
60 _— .
O Mg6Zn_initial state O Mg12Zn_initial state
B Mg6Zn_ECAP-BP ® Mg12Zn_ECAP-BP °
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= 0o
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= °
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Fig. 6. Results of the corrosion rate measurement using a hydrogen evolution method.
Obtained values for corrosion rates are represented by empty squares, filled squares,
empty circles and filled circles for initial state Mg6Zn, Mg6Zn after ECAP-BP, initial state
Mg12Zn and Mg12Zn after ECAP-BP, respectively.

A higher average concentration of Zn was expected in the a-Mg
matrix of the initial state of Mg12Zn, because the solubility limit of Zn
in Mg at 320 °C is slightly above 2 at.% [21]. A Zn concentration of
12 wt% (that corresponds to approximately 5 at.%) highly exceeds this
value. The EELS analysis shows in average only 1 at.% of Zn con-
centration in the initial state of a-Mg. After a solution treatment at
320 °C for 20 h and subsequent quenching in warm water, the a-Mg
should remain supersaturated by approximately 2 at.% of Zn. Since the
specimens were stored at the RT, the EELS analysis revealed a pre-
cipitation process in the initial state Mg12Zn alloy at the RT resulting in
the creation of MgZn, nanoparticles as shown in [13].

450 -
- Mg12Zn_ED Mg12Zn_TD
/——-_
350 /
Mg12Zn_ID
300 A =
Mg6Zn_ED
250 A =
200 A
150 - —
e Mg-12wWt. %Zn, ECAP-BP ID direction
100 A e Mg-12wWt. %Zn, ECAP-BP ED direction
50 - e Mg-12Wt. %Zn, ECAP-BP TD direction
. e Mg-6wt. %Zn, ECAP-BP ED direction
0 0.005 0.01 0.015 0.02 0.025 0.03
e

Fig. 5. Compression true stress — true strain curves measured at RT and at a strain rate of 1.1 x 10~ % s~ . For Mg6Zn and Mg12Zn. Initial state (i.e., prior to ECAP-BP) is on the left and

o-e curves after ECAP-BP are on the right (for denotation see Fig. 1).
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Fig. 7. Specimens after 26 h of exposure in an NaCl solution. Photos of specimens are shown in a)-d). Each specimen has a drilled hole with a diameter of about 1.5 mm for a plastic fiber
to fix it in the NaCl solution. Corresponding LM images from the cross-sections are shown in e)-h). No preference of the corrosion sites in both initial state alloys and different areas after

ECAP-BP was observed by LM.

3.4. Mechanical Properties of MgbZn and Mgl2Zn

Fig. 5 shows the characteristic true stress-true strain compression
curves of the Mg6Zn and Mg12Zn after ECAP-BP measured along ID, ED
and TD directions. Curves of the initial state Mg6Zn and Mg12Zn are
also shown for comparison. In the case of Mg6Zn after ECAP-BP, only
the ED direction was measured due to a limited material quantity. The
measured values of the yield stress 0p,, maximum stress O, and
compressive strain to failure ¢ are listed in Table 3.

Fig. 5 and Table 3 show that initial state Mg-Zn alloys have no-
ticeable strain to failure and significant strain hardening, but the
yielding occurs at relatively low stresses. In contrast, Mg-Zn after ECAP-
BP demonstrates a two- to threefold increase in the yield strength, a
tendency to equilibrium between hardening and softening processes,
and a reduced compressive strain to failure. The material processed by
ECAP-BP also exhibits directional dependence of compression proper-
ties. This mechanical anisotropy has already been observed in hex-
agonal close packed Titanium subjected to ECAP-BP [23] and the re-
sults show that specimen orientation also has a noticeable impact on
mechanical properties of Mgl2Zn alloy. A similar tendency can be ex-
pected for Mg6Zn alloy as well. The yield stress and maximum stress for
initial state Mg12Zn are 2 to 3 times higher than pure Mg subjected to
different ECAP conditions (see Table 3) [22], which highlights the
strengthening effect of Zn. In the case of the Mg12Zn alloy after ECAP-
BP the yield stress and maximum stress is 2 to 6 times higher than that
for pure Mg after ECAP. However, in contrast to pure Mg after ECAP,
Mg12Zn alloy after ECAP-BP is very brittle in all compression direc-
tions. Systematically higher values of both characteristic stresses for
Mg12Zn in comparison with Mg6Zn (both initial and ECAP-BP states)
are mainly caused by the higher concentration of Mgs;Zn,s micro-
particles and smaller grain size in the initial state.

3.5. Corrosion Properties of Mg6Zn and Mgl12Zn

Specimens of Mg6Zn and Mgl2Zn alloys in the initial state as well
as specimens after ECAP-BP processing were exposed to an NaCl solu-
tion at 37 °C (human body temperature) for 26 h to determine the in-
fluence of ECAP-BP on the corrosion rate. The results of corrosion rate
using a hydrogen evolution method are shown in Fig. 6. It is clearly
seen that the corrosion rates of the initial state alloys are lower than
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that of the materials after ECAP-BP, and the corrosion rate of Mg6Zn for
both initial and ECAP-BP specimens is markedly lower than those of
Mg12Zn. The corrosion rate for Mg6Zn in the initial state (empty
squares), was negligible at the end of the exposure, except for two in-
stances (the two non-zero values in the lower-right part of the graph).
These two non-zero values were caused by the loosening of whole
fragments of material from the specimen during exposure. The loos-
ening of whole fragments also accounted for higher fluctuations of data
for the other alloys.

Macro photos of the specimens after corrosion rate measurement are
shown in Fig. 7a-d. Visual inspection revealed that the less eroded
surface is in the case of initial state Mg6Zn and the most eroded surface
is associated with the case of Mg12Zn after ECAP-BP. The results are in
accordance with measured corrosion rates (Fig. 6). Cross-sections of the
specimens after corrosion tests were examined by LM (Fig. 7e and g). It
can be seen that there are no preferences for the initial state in both
alloys in terms of transcrystalline or intercrystalline corrosion. Ad-
ditionally, no pronounced dependence of corrosion progress on mi-
crostructure of a-Mg area after ECAP-BP (i.e., partially recrystallized or
highly deformed) was found (Fig. 7f and h).

The results indicate that the alloy with lower Zn content has higher
corrosion resistance than alloy with higher Zn content. Alloying over
the solid solubility limit is beneficial for the improvement of mechan-
ical properties through hardening effects but considerably deteriorate
corrosion properties. A similar conclusion has been drawn by Zhang
although for a different corrosion rate measurement technique [8]. Our
results show that the corrosion rate in an NaCl solution is significantly
increased in the case of ultrafine-grained Mg-Zn alloy processed by
ECAP-BP compared to the coarse-grained alloy in the initial state. It has
been reported that various Mg-alloys processed by extrusion exhibit
slower corrosion rate than the as-cast states [9]. However, this is not the
case of Mg6Zn and Mg12Zn processed by multiple ECAP-BP, where the
grain refinement has the opposite effect.

4. Conclusions

Two Mg-Zn binary alloys were prepared into two microstructural
states: i) annealing followed by quenching and ii) severe plastic de-
formation. Both alloys were subjected to compression and corrosion
testing to reveal the influence of microstructure on properties.
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Initial microstructures consist of a-Mg grains and Mg,,Zn,s micro-
particles with different morphologies. Mg-6 wt%Zn alloy in the initial
state has approximately two times larger average grain size and con-
siderably lower quantity of Mg1Znys microparticles compared to the
Mg-12 wt%Zn. The a-Mg matrix of both alloys after ECAP-BP consists
of two types of areas: partially recrystallized and highly deformed.

The EELS technique combined with HAADF-STEM revealed that Zn
is more concentrated close to MgZn, intermetallic particles and a-Mg
grain boundaries. Zn concentration in the a-Mg matrix after ECAP-BP
can vary by approximately 2 at.%.

Compression tests at room temperature of the Mg-Zn binary alloys
showed that the strength increases with the concentration of Zn and is
higher for specimens after ECAP-BP. Thus, the Mg-12 wt%Zn after
ECAP-BP alloy has the highest strength. In comparison with initial state
alloys, the yield stress of ECAP-BP counterparts is increased by a factor
of 2-3 at the expense of ductility.

Results of the corrosion tests indicate that alloy with lower Zn
content has higher corrosion resistance than alloy with higher Zn
content. Alloying over the solid solubility limit improves the mechan-
ical properties but considerably deteriorates the corrosion properties.
Corrosion rates of both Mg-Zn alloys are significantly increased by
multiple passes of the ECAP-BP.
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We have focused on dispersion of quasicrystalline i-phase in a “Rare Earth-free” magnesium alloy Mg
—6Zn—3Al (ZA63). The alloy was chill-cast to produce orthorhombic ¢ phase interdendritically and
quasicrystalline i-phase particles with strong pinning effect at grain boundaries, giving the boundaries a
very curved shape. The cast alloy was subjected to a two-step direct extrusion process to study phase
(particle) distribution, grain structure, microtexture and related parameters using a host of techniques
associated with scanning electron microscopy (SEM) and transmission electron microscopy (TEM), and
the resulting mechanical properties. The first extrusion (at 563 K) with a small extrusion ratio of 6.25:1
produced a dispersion of ¢ phase along the extrusion direction and i-phase decorating the boundaries of
grains of size of about 30 um with a mild basal texture. The second extrusion (at 483 K) with an extrusion
ratio of 25:1 reduced the average grain size to ~ 2 um, with comparable yield strength 287.0 + 4.1 MPa in
tension and 299.0 MPa in compression (elongations ~ 21%). The i-phase was found to be stable by
differential scanning calorimetry (DSC) and the ¢ phase appeared to transform to the i-phase.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium is one of the most promising structural materials in
respect to its lowest density as an engineering metal and avail-
ability as a resource [1,2]. However, the mechanical properties of
magnesium and its alloys suffer from severely limited dislocation
slip and twinning systems, leading to low strength and poor
ductility. Among other strengthening methods, refining grain size is
very effective in addressing the poor properties in magnesium al-
loys [3]. A combination of dispersion of a hard phase and wrought
processing is often employed to obtain fine grains. Wrought pro-
cessing also introduces a strong basal texture in magnesium alloys,
which can be manipulated to balance strength and ductility.

Among hard intermetallic phases, a quasicrystalline icosahedral
(i-) phase, a non-periodic but ordered phase, has gained attention.
It occurs as a stable phase in Mg—Zn-RE alloys, where RE is a rare-
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https://doi.org/10.1016/j.jallcom.2020.156340
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earth element Y, Ho, Dy, Gd, Tb or Er, with an approximate stoi-
chiometry of Mg3;ZngRE [4]. This stable phase exists in equilibrium
with -Mg to make a two-phase field [4—6], so that two phase al-
loys of various compositions can be made. Alloys containing i-
phase, especially in Mg—Zn—Y, have been studied by wrought
processing such as rolling and extrusion as well as hot compression
(e.g. Ref. [7—17]), to show excellent properties. These alloys show a
very fine grain size and weak texture resulting in high strength,
good ductility and low yield anisotropy [9,12,14]. Microstructural
features such as interface formation between i-phase and the ma-
trix have also been studied in detail [18].

Even though excellent properties can be obtained in Mg—Zn-RE
alloys, the cost and availability of rare earth elements can be pro-
hibitive. Therefore a “rare-earth free” alloy has been explored in
Mg—Zn—Al system [19]. A ternary phase commonly known as the
Bergman phase T-Mg3,(Zn,Al)49 [20] was early recognized to be
closely related to i-phase due to the icosahedral symmetry of the
atomic clusters on the vertices and center of its BCC structure
(Space group Im3, 162 atoms/unit cell). Each atomic cluster, known
as Bergman cluster, consists of 6 successive shells of an
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icosahedron, a pentagonal dodecahedron, a larger icosahedron, a
truncated icosahedron, a larger pentagonal dodecahedron and
finally a larger icosahedron starting from the center. This phase led
to synthesis of i-phase by rapid solidification [21-23]. These i-
phase were thus metastable phase, and no stable i-phase was
believed to exist in Al-Mg—Zn system [24]. However, since an i-
phase Al-Mg—Zn system was then shown to be produced by me-
chanical alloying and ageing characteristics [25—28], a stable i-
phase in this system is now accepted, in a narrow composition of
Mg44Zn41Als5 [29]. Even though no stable i-phase was known to
exist then, i-phase was shown to form interdendritically on con-
ventional solidification of Mg—Zn—Al alloys such as ZA84 (Mg—8%
Zn—4%Al in wt%), which was fairly stable against heat-treatment
[30], as well as on die-casting of ZA85 alloy [31]. This i-phase
transformed to another ternary phase ¢-AlsMgi1Zn4 on very long
heat treatment [30] (also shown to be related to the i-phase [32]).
Following this work, Somekawa et al. [19] used an alloy of similar
composition to make extruded rods reinforced by i-phase in ZA84
alloy. The i-phase in the cast alloy survived the temperature and
pressure of the extrusion.

In the present study, a ZA63 magnesium alloy containing i-
phase has been processed by a two-step direct extrusion process.
The purpose of the two extrusion process is to obtain a uniform
dispersion of fine particles, which can result in a homogeneous
microstructure such as uniform grain size. In case of a single
extrusion the extrusion pressure is extremely high and strain is not
uniformly applied to the bulk, leading to inhomogeneous micro-
structure. After processing, phase distribution was determined
qualitatively and quantitatively by image analysis, and correlated
with crystallographic texture determined by electron backscattered
diffraction (EBSD). Mechanical properties after each extrusion were
determined by tensile and compression tests. The microstructure
and texture parameters after each extrusion step are discussed, and
correlated with the mechanical properties. Successful tailoring of
the properties of this alloy would be more beneficial when
considering a rather high cost of yttrium in the ZW alloys. Presence
of various phases in the ZA63 alloy is discussed in consideration of
the phase equilibria of the Al-Mg—Zn system. The effects of the
individual phases in the microstructure, especially grain boundary
pinning and grain size, are correlated with the thermomechanical
processing used for this material. Furthermore, thermal analysis is
performed to examine the stability of the phases, particularly the i-
phase.

2. Materials and methods

The composition of the ZA63 used in this study is shown in
Table 1. The material was melted in an inert atmosphere and then
chill-cast in a steel mold. The mold was made of SS400 steel (JIS,
equivalent of ASTM A36) with mold cavity of 100 mm diameter and
200 mm height, and outer dimensions of length and breadth
210 cm each and height 250 mm. The melt was poured at 1023 K.
The as-cast material was processed by two steps of the direct
extrusion. Extrusion ratio of the first step was 6.25:1 and extrusion
speed 0.5 mm/s. An initial diameter of 100 mm was reduced to
40 mm at temperature of 563 K. The second step of the extrusion
was performed with an extrusion ratio of 25:1 and extrusion speed

Table 1
Chemical composition of magnesium alloys in this study.
Alloy Composition (wt.%)
Zn Al Y Si Fe Mn Cu Mg
ZA63 6.1 3.1 — 0.002 0.002 0.003 < 0.001 balance

of 0.2 mm/s, reducing the rod from 40 mm to 8 mm in diameter, at
temperature 483 K.

Samples for the SEM and SEM-EBSD were cut from the rod in a
plane defined by axial and radial direction of the rod. Thereafter,
the samples were mechanically ground using a SiC foil up to P1500
and then mechanically polished with a polycrystalline diamond
suspensions with particle size of 3 pm and 1 pm. Afterwards, a
mechanical-chemical polishing using Struers OP-S suspension was
employed. A Zeiss Sigma field emission scanning electron micro-
scope (SEM) was used for microstructure observations and EBSD
measurements. A backscatter detector was used to obtain distinc-
tive phase contrast. For the microstructure studies on transmission
electron microscope (TEM), a JEOL JEM-200FX-Il microscope
operating at 200 kV was used for bright field (BF) contrast images
and electron diffraction patterns. A FEI Tecnai G2 F30 microscope
operating at 300 kV was used for scanning transmission electron
microscopy (STEM) combined with high angle annular dark field
imagining (HAADF) and Energy-dispersive X-ray spectroscopy
(EDS). HAADF imaging was performed at minimum camera length
of 80 mm to obtain elemental contrast. Images at higher camera
length (300 mm or more) were recorded to allow observation of
such features as grain boundaries along with elemental contrast,
referred to as ADF (annular dark field ) images here [33].

Image analysis was performed in Image] program in order to
quantitatively characterize area of phases and other important
parameters [34,35]. SEM images with a brightness/contrast setting
beneficial to the subsequent image analysis were used. Magnifica-
tion of 200x was chosen in order to obtain reasonably large sta-
tistics of the large phase distribution. To obtain the distribution of
small particles in the second case the magnification was chosen
with respect to the microstructure. The lower particle area limit for
the 200x magnification was set to the 0.1 pm?. The distribution of
small particles was obtained by characterizing a cropped area of the
image which did not contain any larger particles. The threshold for
the brightness and contrast was set differently for each image in
accordance with the differences between the images. Afterwards,
the areas fulfilling the threshold conditions were converted to bi-
nary B/W image. Watershed segmentation was used to automati-
cally separate or cut apart particles that were touching.

Mechanical properties of the extruded rods were evaluated by
conducting tensile and compression tests on an Instron machine at
an initial strain rate of 103/s. Specimens were machined from the
extruded rods with tensile/compression axis along the extrusion
direction. Dimensions of the tensile specimens were 3 mm in
diameter and 15 mm gauge length. The compression specimens
were 8 mm in height and 4 mm in diameter. Three specimens were
tested for each tensile test, while one sample was tested for each
compression test.

Differential scanning calorimetry was performed on Perki-
nElmer make Diamond model instrument. The as-cast and
extruded alloys were scanned from 373 K to 693 K at rate 20 K/min
in alumina pans under flowing nitrogen gas, held for 60 s, and then
cooled back to the initial temperature at the same rate. Two heating
and cooling cycles were performed for each sample.

3. Results

The microstructure after the processing is a result of dynamic
recrystallization during extrusion. Hard phases in form of pre-
cipitates or dispersion play an important role in the dynamic
recrystallization by becoming concentration points for dislocations
resulting in nucleation of new grains [36]. Presence of intermetallic
phases can have major impact on the microstructure through dy-
namic recrystallization, which includes phase distribution after
each process, grain structure and size, as well as texture. These
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features after each extrusion (first and second) are described in the
following. A whole subsection is devoted to describing texture and
grain size, since these are the most important outcomes of the
wrought processing such as extrusion, and most important for
determining the mechanical properties of strength and ductility.
The mechanical properties from tensile and compression tests are
described in a separate subsection. In the final subsection, effect of
thermal analysis on the stability of the i-phase is described.

3.1. Phase distribution and grain structures

Fig. 1 shows microstructure of the as-solidified alloy. The optical
image in (a) shows grains of over 200 um in size. An intermetallic
phase is distributed at the grain boundaries. The distribution of this
phase is not uniform; it is not observed on all the grain boundaries.
The grain boundaries are curved with zig-zag like shape. Fig. 1(b) is
a TEM BF image of the intermetallic phase which occurs as a string
of grains. It is identified as the ¢ phase. The grain boundaries are
identified to be curvy because of pinning by particles of i-phase. A
moving grain boundary during solidification or after recrystalliza-
tion can become curved when pinned by particles. Two examples
are shown in Fig. 1(c and d). (c) Shows that the shape of the grain
boundaries is defined by pinning by particles in dark contrast,
which are identified to be i-phase. An icosahedral twofold sym-
metry diffraction pattern from one the particles is shown inset. (d)
Shows i-phase on a grain boundary triple junction. A diffraction
pattern from the i-phase is inset. It is a pseudo-twofold diffraction
pattern of type (710) which occurs at 90° to a fivefold symmetry
axis (which are of type (170)) [37]. It is noticed that the c-axis of the
o-Mg matrix (of the lower grain in the image) is along the fivefold
reciprocal vector, as marked in the diffraction pattern. At the same
time, the matrix grain was found to be close (~6°) to a (1120) zone
axis. From this crystallographic relationship, it can be concluded

that the i-phase here makes and orientation relationship (OR) OR3
described in Ref. [38]. The OR observed in Fig. 1(c), from the two
diffraction patterns from the two phases, also confirms this OR.

The intermetallic phase (mostly ¢) was distributed along the
extrusion direction after the first extrusion, Fig. 2(a). In between
strings of these particles, grain boundaries decorated with small
particles can be observed, Fig. 2(b and c). Crystallographic contrast
for the ZA63 alloy was achieved by the employment of backscatter
detector in SEM. These small particles are strongly connected with
grain boundaries with faceted interfaces (Fig. 2(d)). A fivefold
diffraction pattern from one such particle is inset in Fig. 2(e) to
show that these are i-phase. When the local density of these par-
ticles is low, it is common for the particles to occupy only grain
boundary sites. The particles which are pinning the grain bound-
aries have distinctive sickle-like shape, Fig. 2(c and d), sectioned
from cap-like shape.

The data presented in Table 2 show the quantitative character-
ization of the ZA63 alloy. To cover the whole range of particle sizes,
counting was performed at three magnifications which measure
particles in 3 ranges of particle size, with areas of over 0.5 um?,
from 0.05 to 0.5 pm?, and those in nanometer range. Equivalent size
was obtained by calculating diameter from the average particle
area.

The ternary phase was present in the alloy with similar
morphology after the first extrusion. Diffraction patterns confirmed
it to be ¢ phase. The composition measured from several points by
EDS, was 43.6+1.4 Mg-42.7+0.7Zn-13.7+1.0Al (in at%). The average
composition of the i-phase pinning the grain boundaries such as
marked by arrows in Fig. 2(d) was measured to be 76.9+2.0 Mg-
16.1+0.7Zn-7.0+1.7Al. In the spectroscopy of these small particles,
contributions from the matrix are expected to be larger. The com-
positions show Zn/Al ratio to be 2.7+0.7 at%, in a fairly wide range
close to the reported composition of the stable i-phase
Mga4Zng1Alys [26—29].

Fig. 1. Microstructure before extrusion. (a) An optical image showing the solidification grain structure and distribution of intermetallic phases (dark). (b) A TEM BF image showing
an intermetallic phase. Diffraction from the intermetallic phase grain marked by an arrow is shown in the inset, and identified to be ternary ¢ phase (zone axis [111]). (c) A TEM BF
image showing a wavy grain boundary featuring dark particles. Diffraction pattern from one particle marked by an arrow is shown inset (top) and is identified to be an icosahedral
twofold zone axis pattern. A diffraction pattern from the bottom grain (in dark contrast) is inset on bottom left and identified to be (1123) zone axis of #-Mg. (d) An i-phase particle
on a grain boundary triple junction (marked by an arrow) and its diffraction pattern (inset top left) in a pseudo-twofold zone axis orientation. Diffraction spots (002) from the

bottom grain are also present.
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¢ 100pm

Fig. 2. Microstructure after first extrusion. (a) Backscatter SEM image of the phase distribution along the extrusion direction (vertical) showing large particle bands. (b) Another
backscatter image in which intermetallic phase particles are observed to decorate the grain boundaries, shown in greater detail in (c). These particles appear to pin the grain
boundaries, observed clearly (arrows) in STEM-ADF image in (d), and confirmed to be quasicrystalline i-phase by electron diffraction (e). A fivefold symmetry electron diffraction

pattern from a particle on a grain boundary in (e) is inset.

Table 2

Image analysis results for particle size.
ZA63 Particle % of
Alloy Count  Av. area Eq. size total area
1st extrusion
200x (> 0.5 pm?) 644 5.92 um? - 1.77
2000x (0.05—0.5 um?) 128 0.17 um? 465 nm 1.03
HAADF (> 10 nm?) 69 (2087 nm?) (52 nm) (3.89)
2nd extrusion
200x (> 0.5 um?) 2422 2.94 um? - 3.29
2000x (0.05-0.5 pm?) 222 0.14 pm? 422nm 141
HAADF (> 10 nm?) 35 (3460 nm?) (66 nm)  (8.44)

After the second extrusion, dispersion of the intermetallic phase
(the ¢ phase) was very straight along the extrusion direction, as
shown in Fig. 3(a). In between, a distribution of very fine size
particles occurred (Fig. 3(b)). TEM STEM-ADF image in Fig. 3(c)
shows distribution of the particles in detail. At left bottom is line-
arly distributed ¢ phase, whose composition was found to be
51.6+4.9 Mg-36.1+3.8Zn-12.3+1.1Al EDS analysis of several small
particles distributed in the matrix gave a composition of
86.1+1.9Mg-8.4+1.1Zn-5.5+0.8Al. Large value of magnesium con-
tent is assumed to be due to contribution from the matrix, since the
particles are very small. The Zn/Al ratio in these particles is
1.55+0.06. This could be compared to that given by Bourgeois et. at
[30] to be Mgss.10Zn26.5Al19.4, the average Zn/Al ratio being 1.4.
Diffraction patterns from these particles confirmed the i-phase
structure, such as shown in Fig. 3(d). Fig. 4 shows that the grain size
is very fine, and that the fine particles are distributed at the grain
boundaries as well as in grain interiors. These images show that the
grain shapes are strongly influenced by the strong pinning effect of
these particles.

The phase composition after the second extrusion is identical to
the phase composition after the first extrusion and it is therefore

important to discuss only the grain size and phase distribution.
Fig. 3(c) is a typical image showing a region with a fine quasicrys-
talline particle dispersion. It can be deduced that the grain size in
these particle-rich regions is very fine, ranging from 0.5 to 1.5 pm.
This suggests that i-phase in ZA63 alloy is very effective in grain
refinement.

What seems to be a limiting factor is the inhomogeneity in the
particle distribution after the second extrusion. It is apparent from
Fig. 5, that in the microstructure exist two distinctive regions: (i)
fine grained regions with the grain size in the range from 0.5 to
1.5 um, where large number of particles are present, (ii) almost
particle-free zones with grain size in the range from 2 to 5 pm. The
(i) and (ii) regions are according to the large particle bands, visible
clearly parallel to the extrusion direction. These bands are potential
weak links in the alloy otherwise strengthened by refining of the
microstructure.

3.2. Grain sizes and crystallographic orientation texture

3.2.1. 1st extrusion

It can be seen from the IPF map in Fig. 6(a) that the grains are
equiaxed. Grain size of 30.8+11.0 um, after factoring for stereo-
logical effect (average diameters multiplied by 1.74 [39]), also im-
plies the limitation of this small extrusion ratio for this material.
Relatively constant fraction of all high angle grain boundaries can
be observed (Fig. 7). It is apparent that i-phase is effectively pinning
the grain boundaries and thus refining the microstructure. As can
be seen from the IPF maps, the grain size is rather large, due to a
low extrusion ratio (6.25:1) in the first extrusion step, as also the
higher extrusion temperature. From the grain size plots (Fig. 7(a)) it
can be seen that the grain size is almost symmetrically distributed
when we consider the area fraction of the grains. The misorienta-
tion plot (Fig. 7(c)) shows a distinctive peak near 30°, which is
common for extruded magnesium alloys (e.g. Refs. [40—42]). A
random misorientation was also plotted in the graph to make
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Fig. 3. Microstructure after second extrusion. (a) Backscatter SEM image showing distribution of intermetallic phases along the extrusion direction (vertical) and (b) the distribution
of the finer phase, shown in greater detail in TEM images of (¢) and (d). (c) A STEM-ADF image showing fine dispersion of the intermetallic phase; the coarser phase is also observed
at left bottom. The finer phase is confirmed to be i-phase. (d) A TEM BF image showing the finer phase. A fivefold diffraction pattern from one particle in the center is inset.

Fig. 4. Grain structure after second extrusion observed in (a) TEM BF contrast and (b) STEM-ADF. The grain shapes are strongly influenced by pinning of grain boundaries by i-phase

particles.

comparison between the alloys.

The (0001) microtexture plot suggests that the extrusion texture
in the specimen is not distinctive. The texture is overall weak and
the presence of the (0001) poles outside normal extrusion fiber
positions suggests activation of other than basal slip systems.
Similar to the grain size, the weak microtexture is also a manifes-
tation of a low extrusion ratio for achieving a fiber texture. The
anisotropy of the material will be low in respect to the low intensity
of the texture.

3.2.2. 2nd extrusion

The grain size varies widely in the specimen after the second
extrusion step with the extrusion ratio of 25:1 (Fig. 7(b)). Overall
grain size equals 1.97+1.04 pm; however the plot of grain size and
the map itself (Fig. 6(b)) suggest that there are bands of large grains

115

which are localized. In accordance with the SEM and TEM images,
the bands of larger grains are caused by insufficient i-phase particle
count within these bands.

It is apparent that the larger grains are present in the micro-
structure, namely those grains that have the diameter in the range
from 3 to 8 um. It is also concluded from the IPF maps and the grain
size distribution that the grains within aforementioned bands
without any i-phase particles have similar grain size. Although, this
phenomenon is undesirable and should be prevented by imposing
a slip deformation to the processing route, it is clear from this data
that i-phase particles provide substantial grain refinement. Exactly
the same thermomechanical treatment is imposed on the material
(with different i-phase particle density) which enables quantifica-
tion of the effect of the i-phase particle dispersion. The grain size of
4—8 pum which characterizes the regions almost without i-phase
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Fig. 5. Microstructure after second extrusion: A bright field image of a band with low
particle density (horizontal middle) and high particle density (top and bottom). The
grain size in the middle band is much larger compared to top and bottom. The
extrusion direction is approximately horizontal.

1010

1st extrusion
max = 2.913

26
22
1.8
14
1.0
0.6

particle dispersion is reduced to approximately 0.5—2 pum within
areas with the i-phase dispersion. The range of 2—4 um is in be-
tween the previous in terms of i-phase density. The misorientation
peak at 30° (Fig. 7(c)) is further promoted via higher extrusion ratio
(25:1).

The texture is still weak (max = 3.328) after the second extru-
sion, Fig. 6(b). However, there is an apparent tendency to form a
weak fiber. It can be seen that the texture is symmetrical alongside
the A1 (transversal) direction which was not the case for the first
extrusion. Yet another increase of the extrusion ratio would most
likely further promote this extrusion fiber texture. Localized red
areas within the texture plot are connected with the presence of
the larger grains within the bands as well as with the texture itself.
There is apparent band structure (red and green + blue bands) in
the IPF maps, which is commonly observed in the extruded Mg-
alloy rods.

3.3. Mechanical properties

It is clear from the previous subsections that dispersion of the i-
phase results in very weak texture in both conditions of the ex-
trusions. High ductility in terms of total elongation to failure are
expected from this. The second extrusion results in very fine grain
size limited only by uniformity of distribution of the fine particles

1010

2nd extrusion
max = 3.328

Fig. 6. IPF map (left) and pole figures along 0001, 1070 and 1120 of ZA63 alloy after (a) first extrusion and (b) second extrusion. The extrusion direction is horizontal in each map.

Two IPF maps of the size shown here were used to calculate the pole figures in each case.
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of i-phase. A weak texture and ultra-fine grain size is expected to
result in high strengths in tension as well as compression along the
extrusion axis.

The difference in tensile and compression deformation behavior
are best observed in true stress-true strain plots, and thus they are
plotted in Fig. 8. The mechanical properties are listed in Table 3
from engineering stress-strain plots for easy comparison with the
published data. After first extrusion, the alloy shows a yield
asymmetry, the ratio YAS (ratio of YS in compression to YS in ten-
sion, YS = yield stress), of about 0.7. However, strain hardening is
observed after yielding in both tension and compression. The alloy
shows large elongations in both tension and compression after each
of the extrusions. After the second extrusion an isotropy of defor-
mation is observed, i.e., equal YS in both tension and compression.
The YAS is 1.04. However, a plateau is observed after yielding in
compression, a characteristic of very fine grained magnesium alloys
due to competing twinning and dislocation slip [43]. This plateau is
about 6.2% strain in length. There is a hump within the plateau, at
about 3.7% strain. This indicates that after the initial activation of
the twins, another set of twins is activated after a certain amount of
small strain hardening.

3.4. Stability of i-phase

To explore the stability of the phases, the alloy in each condition
was thermally cycled in DSC. Each sample was heated and cooled

Table 3
Mechanical properties of the extruded alloys from engineering stress-strain data.

two times between temperatures 373 K and 693 K at 20 K/min. The
presence of phases was checked again by TEM (limited to con-
firming the presence of i-phase; no detailed phase transformation
study was performed). The heating and cooling plots for the first
cycle are shown in Fig. 9. The heating plots of all the three samples
of as-cast and extruded alloys show a prominent exothermic peak
in the range of 366 (639 K) and 371.5°C (644.5 K) (onsets ranging
from 355 to 361°C (628—-634 K)). Correspondingly, a major
exothermic peak is observed in the cooling plots, on setting in the
range of 345 and 342°C (618 and 615 K). The heating as well as
cooling plots of the second extrusion sample show a series of
multiple peaks. These are assumed to be due to multiple sizes of
very small i-phase particles and several nucleation sites such as
grain boundaries.

TEM of samples after the DSC run confirmed that the ternary
phases were the i-phase. In fact, eutectic and lamelar phases were
also found to be of i-phase, besides the grain boundary and small
particles. In the as-cast sample, eutectic microstructure at several
locations were observed. They were all identified to be i-phase
(Fig. 10(a) as an example). An average composition can be given as
Mg40.9+0.7ZNn50,0+02Alg0+06. In case of the first extrusion alloy,
particles on the grain boundaries still existed with the same
morphology and confirmed to be i-phase, as shown in Fig. 10(b).
Fig. 10(c) shows a lamelar phase along a grain boundary after DSC
run of the second extrusion. Its structure was confirmed to be
icosahedral by electron diffraction (a diffraction pattern inset) and

Extrusion Condition (temp. K) Av. grain Tensile test Compression Yield Assy. Ratio
(S‘fne]) Ys uTS L. Ys El.
: (MPa) (MPa) (%) (MPa) (%)

1st (563) 30.8+11.0 149.0+0.3 305.3+0.1 20.2+2.0 108 237 0.72

2nd (483) 1.97+1.04 287.0+4.1 346.7+1.6 21.9+0.3 299 214 1.04
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average composition determined to be Mgag 4.19Zn423+16Al96+0.7.
In a sign of grain growth, grain boundaries were generally not
visible in this sample. Small particles could still be observed, as in
Fig. 10(d). Average composition from the two larger particles was
obtained to be Mg7724+05Zn153+02Al76+05. Though contribution
from the matrix cannot be eliminated in the composition of the
small particles, it can be noticed that Zn/Al ratio is about 2.

4. Discussion
4.1. Phase equilibrium

The Bergman T-Mgsx(Zn,Al)se phase in Mg—Zn—Al system
makes a wide phase field elongated along 40 at% Mg composition
line [29]. The ¢ phase runs along a parallel composition line of 50 at
% Mg with fixed Mg content and Zn/Al ratio varying in a narrow
range of Mg»1(Zn,Al)17. 2-Mg does not make any equilibrium with
the T-phase because of the intervening ¢, but makes other two or
three phase equilibrium depending upon the ratio of Al/Zn con-
centrations, namely, a + ¢ + v, &+ ¢, a +i+ ¢, + MgZn +iand a +
MgZn, where v is Mgi7Aly2 [29]. The Bergman phase thus cannot
occur in Mg-rich alloys. The i-phase Mgs4ZngiAl15 [28] makes
three-phase possible equilibrium « + i+ ¢ and a + MgZn + i.

The i-phase composition in ZA84 alloy is reported to be
Mgss..10Zn26.+5Al19.4 [30], close to the composition of the ¢ phase,
and transforms to the ¢ phase after a very long term annealing
because the alloy composition falls in the « + ¢ phase field. Since
the composition of these compounds are close, it is possible that
instead of the i-phase being a metastable phase based on another
compound, a metastability in the alloy composition during solidi-
fication leads to formation of the stable i-phase.

The cap-shaped morphology of the i-phase particles on grain
boundaries of ZA63 alloy suggests nucleation and growth at these
boundaries. It can thus be said with certainty that the cause of
growth is diffusion along the grain boundaries. The source of solute
is likely to be solute segregation at the grain boundaries/

Fig. 10. TEM BF and STEM DF micrographs of (a) as-cast, (b) first extrusion and (c,d) second extrusion after two DSC heating and cooling cycles. (a) A dendritic morphology phase
showing the structure of i-phase in the diffraction pattern along a fivefold axis, inset. (b) A particle on a grain boundary (shown in STEM DF image, inset bottom; the particle is
pointed out by an arrow) confirmed to i-phase by diffraction along a twofold axis (inset top-left). The diffraction patterns also show spots from the matrix. (c) A lamellae of i-phase
(a pseudo-twofold diffraction pattern inset) and (d) small particles observed in STEM DF condition in second extrusion alloy after DSC runs.
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interdendritically formed during solidification. No solute segrega-
tion at grain boundaries was observed in the final form of the alloy.
It can be assumed that after the dendritic solidification resulting in
¢ phase in the interdendritic spaces, the equilibrium shifted at the
grain boundaries to form i-phase. It is noted that all phase com-
positions in the present study have aluminum content of 9—14 at%,
in the region of the phase diagram where all the three ternary
phases can exist.

In the original report on stable i-phase in this system [25], i-
phase formed by mechanical alloying at compositions along a
composition line Mgs75(Aly_yZny)s25 (i.e., in the T-phase region)
are metastable and decompose into T phase with an exothermic
peak at about 500 K in DSC. On the other hand, the stable i-phase
with a composition Mg475Zn375Al15 show sharpening of X-ray
diffraction peaks upon heating in the DSC until an endothermic
peak at about 700 K related to transformation into an i-phase
related crystalline phase (approximant) 7, with likely partial
melting.

Our DSC runs (Fig. 9) do not show any exothermic peaks indi-
cating any transformation on heating. Microstructures after the
(two) DSC runs do not show any sign that any large scale melting
occurred. Many eutectic reactions are concentrated near the sta-
bility region of i-phase in the temperature range of 344—380°C in
the ternary phase diagram [29]. A possible endothermic reaction is
(Mg) + ¢=7v + L at 368°C (641 K), L being the liquid phase. There
are also reactions involving two or more ternary phases such as
eutectics L + T =i+¢ and L + T =Mg,Zn3 + i, both at 362°C
(635 K). A possible exothermic reaction is L + ¢ = (Mg) + iat 345°C
(618 K). The small peaks such as at 300°C (573 K) are related to
binary phase precipitates, which have not been given attention in
this study. Corresponding exothermic peaks on cooling suggest a
reverse transformation. However, transformations have not been
studied here and will be reported after a detailed study. All ternary
phases have been confirmed to be the i-phase after cooling. The
DSC peak temperatures can vary due to heterogeneous trans-
formations depending on presence of grain boundaries, other in-
terfaces and defects. These defect structures and their densities
differ considerably between the three processed states of the pre-
sent alloy.

The microstructure of the alloy after the second extrusion is very
fine and complex with presence of a large area of grain boundaries
due to a very fine grain size, a high density of fine i-phase particles
which are on grain boundaries as well as grain interiors. Fine par-
ticles on grain boundaries and other defects can transform more
easily heterogeneously, which can cause the instability observed in
the heating plots of DSC (Fig. 9). Heat release beyond about 317°C
(590 K) of heating can be caused by grain growth that is expected to
occur in very fine grained alloys on heating. The exothermic
transformation on cooling seems to occur in stages, which is likely
due to several types of nucleation sites such as grain boundaries
and grain interiors.

4.2. Texture formation

The RE-free ZA63 alloy after the first extrusion shows a weak
texture that has strong symmetrical poles tilted away from extru-
sion fiber. The dynamically recrystallized grains belonging to these
poles originate probably in the low extrusion ratio and can be
related to the activation of non-basal slip system or twinning. The
strength of this pole, together with the fact that the position of the
grains belonging to these poles is not related to the location of large
particle clusters suggests activation of a non-basal deformation
mechanism. Some studies suggest that orientation of the newly
formed grains during DRX can be partly inherited from its parent
grain [44]. This is not a probable cause for the existence of these
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poles since the EBSD data were taken from two different locations
of the sample, where both EBSD maps contained areas equivalent of
=15 grains in the chill-cast ingot. Both EBSD maps had similar pole
locations and the orientation spread of the grains belonging to
those texture poles.

After the second extrusion, the material achieves broad fiber
texture with a spread from the exact transverse direction fiber as
seen for other alloys [45] and even for pure magnesium produced
with extreme extrusion ratio [46]. The most important feature of
the microstructure is the presence of large grain bands that have
minimal density of i-phase particles. These regions are matching
the texture of the remaining material. There is no observable
change of the texture as in the case of fully DRX regions and unDRX
regions in the work [47]. This, together with the observable regions
of low i-phase particle density after the first regions, suggests that
these large grain bands were created by grain growth due to limited
local grain boundary pinning. This could be suppressed by selecting
higher extrusion ratio for the first step of the extrusion process or
by finding ideal parameters to perform a single extrusion. Another
possibility would be introducing a shear deformation, where the
texture-related anisotropy due to activation of different slip sys-
tems could be beneficial as well as the resulting finer distribution of
particles [48]. Nevertheless, such approach is not suitable for large
scale production.

4.3. Deformation behavior

Fig. 8 shows that the true stress-strain plots in tension and
compression are close to each other, even though a yield asym-
metry occurs after the first extrusion and a plateau occurs in
compression in case of the second extrusion. It is also noticed that
total strain in compression is more than in tension. Total elonga-
tions to fracture in compression can often be lower because of a
rapid work hardening due to intense twinning after yielding. The
work hardening rates 0 plotted in Fig. 8(c and d) show a rapid fall
initially with stress, attributed to elastic to plastic transition fol-
lowed by a linear region, referred to as stages IIl and IV of work
hardening [49]. It is observed in Fig. 8(d) that slopes of stage IV
work hardening, indicated by black lines, are nearly equal for the
first and second extrusions, leading to inference that the defor-
mation mechanism is similar because of the similar textures. The
difference in maximum work hardening rates, indicated by
extrapolation of slopes to the y-axis as shown (about 24 MPa for the
first extrusion and 14 MPa for the second extrusion), is due to the
difference in the grain size [50]. Lower total work hardening is
obtained after second extrusion, where the grain size is ultra-fine
for most of the volume. The YAS of ~ 1.0 is obtained in this alloy
when the average grain size is about 2 pm is similar to the case of
ZW143 (61ZY) alloy [12,14]. In case of ZA84 extruded at 503 K with
a ratio of 25:1, a similar YAS of ~1.0 was obtained with a similar
average grain size of 2.3 pm [19].

4.4. Comparison with Mg—Zn—Y alloys containing i-phase

A similar double extrusion process was applied to a Mg—Zn—Y
ZW82 (Mg-3at%Zn-0.5 at%Y) alloy containing i-phase [51]. It shows
contrasting features to the present study. The first extrusion at
628 K with a ratio of 6.25:1 showed a steep decrease in the average
grain size to 12.2+6.1 pum with a strong texture of max. intensity
10.7. Even after the first extrusion, i.e., with a low extrusion ratio,
the grain misorientation angle plot had a distinctive peak near 30°.
In the ZA63 alloy in this study, the final grain size is proportionately
finer after the second extrusion, considering the initial grain size
and the large extrusion ratio. In case of ZW82, however, the final
average grain size of 5.2+2.1 pym was not so much finer than after
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the first extrusion, especially considering the large extrusion ratio.
This is attributed to the strong texture and finer distribution of i-
phase after the first extrusion, which resists further deformation
[51].

In case of the ZW82 alloy, the YS in tension and compression

after the second extrusion were 259.4 + 1.6 and 269 MPa, respec-
tively, with large elongations to failure of 20—28%. Slopes of stage IV
work hardening were different after the first and the second
extrusion. The stage IV work hardening rate slope was much lower
in case of the second extrusion, showing a sharp stage Il to IV
transition. This is attributed to introduction of lattice strain during
the second extrusion. However, the total work hardening after the
first and the second extrusion were almost the same, of about
120 MPa [51].

The double extrusion process proved uniquely effective for the

ZW82 alloy. Full recrystallization eluded with single extrusion for
this alloy, and consequently yield symmetry could not be achieved
[14]. However, a full recrystallization of this alloy has been achieved
by means of the present double extrusion process [51]. Yield
symmetry was achieved even at a larger grain size of about 5 pm.

5.

Conclusions

Microstructure of a ZA63 alloy after chill casting and micro-

structural evolution during a two step direct extrusion process in
ZA63 alloy has been studied, and the effect on mechanical prop-
erties has been determined. This alloy is strengthened by ternary
icosahedral quasicrystalline i-phase and categorized as “RE-free”
alloy for being a i-phase containing alloy without any rare-earth
element. The first extrusion was performed at an extrusion ratio
of 6.25:1, and the second extrusion at 25:1; the first extrusion at
higher temperature of 563 K than the second at 483 K. The main
conclusions are as follows.

As-cast solidification microstructure after chill casting con-
tained (i) ternary orthorhombic ¢ phase occurring interden-
dritically and (ii) a quasicrystalline i-phase as particles at the
grain boundaries with definite orientation relationship with the
surrounding grains. Strong pinning behavior of the i-phase
particles caused the grain boundaries to be highly curved.

Full recrystallization occurred after the first extrusion with a
mild texture (max 2.913) and a small average grain size of 30.8 +
11.0 pm. The ¢-phase was dispersed along the extrusion direc-
tion. i-phase particles decorated the grain boundaries, showing
strong pinning effect.

Full recrystallization was obtained again after the second
extrusion with similarly mild texture (max 3.328) and an ultra-
fine grain size of 1.97 + 1.04 um with very fine distribution of i-
phase particles inside grains and on grain boundaries.

Due to inhomogeneity of the i-phase particles distribution at a
fine scale, larger grains of size in the range of 4—8 pm occur in
bands where i-phase particles are sparse.

Yield symmetry in mechanical properties occurred after the
second extrusion, with yield strength of 287.0 + 4.1 MPa in
tension and 299.0 MPa in compression, with elongations of
about 21% both in tension and compression.

Differential scanning calorimetry experiments show that the i-
phase is the stable phase. Experimental evidence also suggests
that the ¢ phase transformed to i-phase upon heating and
cooling.

Overall, this work has shown the effectiveness of i-phase

dispersion in a RE-free Mg alloy for grain boundary pinning,
achieving very good mechanical properties and low yield asym-
metry. Fully recrystallized microstructures were achieved after

each extrusion. Optimization of extrusion parameters could lower

the

amount of areas with low i-phase particle density and thus

improve the mechanical properties even further.
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Achieving Yield Symmetry in an Extruded Mg-Zn-Y
Alloy by More Effective Dispersion
of Quasicrystalline i-Phase

KAREL TESAR, HIDETOSHI SOMEKAWA, and ALOK SINGH

A better dispersion of quasicrystalline icosahedral i-phase is achieved in a Mg-3 at. pct Zn-0.5
at. pct Y (ZW82) alloy by a process involving two direct extrusions here. It is confirmed by
particle size and distribution analysis that the finer distribution of the particles results from
breakage and refinement of the larger particles within the matrix. Better particle distribution
resulted in full recrystallization, reported in this alloy composition for the first time.
Consequently, a tension-compression yield symmetry was achieved even with a relatively large
grain size of about 5 um. A weaker basal texture (maximum intensity 5.283) played an
important role in the strengthening. Yield strengths of about 259 MPa in tension and 269 MPa
in compression, with large tensile elongation of 28 pct and compressive elongation of about 20
pct, were obtained. Thus, full recrystallization assisted by finer dispersion of icosahedral phase
strengthens the alloy against twinning to remove yield asymmetry, even in a relatively larger
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grain size alloy.
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I. INTRODUCTION

MAGNESIUM alloys are the most promising for
structural applications because of their lowest density
and abundant availability as a resource.l? However,
their potential is severely limited because of the low
strength and poor ductility, plasticity and anisotropy of
deformation in wrought products. Refining grain size
and controlling texture by wrought processing can
overcome some of these concerns. Dispersion of a
suitable hard phase by wrought processing is effective in
grain refinement and texture control (weakening of
basal texture) and balancing strength and ductility.
Quasicrystalline icosahedral (i-) phase occurring as a
stable phase in Mg-Zn-RE alloys, where RE is a
rare-earth element Y, Ho, Dy, Gd, Tb or Er, with an
approximate stoichiometry of Mg;ZnsRE™ has been
extensively studied as dispersion phase in magnesium

KAREL TESAR is with the Research Center for Structural
Materials, National Institute for Materials Science, 1-2-1 Sengen,
305-0047 Tsukuba, Japan and with the Department of Materials,
Faculty of Nuclear Sciences and Physical Engineering, Czech
Technical University in Prague, Trojanova 13, Prague 120 00, Czech
Republic and also with the Department of Dielectrics, Institute of
Physics, Czech Academy of Sciences, Na Slovance 2, Prague 182 21,
Czech Republic. HIDETOSHI SOMEKAWA and ALOK SINGH are
with the Research Center for Structural Materials, National Institute
for Materials Science. Contact e-mail: alok.singh(@nims.go.jp

Manuscrpit submitted November 11, 2020; accepted February 15,
2020.

Article published online March 24, 2021

METALLURGICAL AND MATERIALS TRANSACTIONS A

123

alloys, being dispersed by rollin_% or extrusion (e.g..[* '?)
as well as hot compression,!'*"*T showing very fine grain
size and weak texture resulting in high strength, good
ductility and low yield anisotropy. It has been shown
that in case of Mg-Zn-RE alloys containing i-phase, the
texture can be weakened and the grain size reduced by
extrusion at lower temperatures and/or with higher
amount of i-phase in the alloy.!**"" During recrystal-
lization z-Mg grains nucleate in various crystallographic
orientations over i-phase particles.'® It has also been
shown that i-phase particles in an alloy suppress
twinning in «-Mg grains.

Possibly the most important issue in strengthening
with an intermetallic phase such as the i-phase is the
effectiveness of dispersing the phase in the alloy. The
i-phase forms as a eutectic phase in interdendritic
regions of o-Mg dendrites during solidification. Disper-
sion of the i-phase affects recrystallization (dynamically
during rolling or extrusion) and therefore the grain size
and texture, which determine the strength and ductility
of the alloy. There have been several studies on the effect
of composition (volume fraction of i-phase) and rolling/
extrusion ratio and temperature on the mechanical
properties of Mg-Zn-Y alloys.” '3 Full recrystalliza-
tion is reported in compositions of about 6 at. pct Zn
and 1 at. pct Y (ZW143 or close). In the ZW alloys it
appears difficult to disperse the i-phase uniformly in the
alloy. It is limited by the power of the processing
equipment.
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An extremely large load cannot be applied during
extrusion due to the limitation of the machine. More-
over, if the load is very large, it cannot be applied
uniformly on an alloy, resulting in inhomogeneous
microstructure. Therefore, in this study a ZW82 alloy
has been processed via a two-step (or double) extrusion
process, similar to the process reported for a ZA63
alloy,[”‘] to distribute i-phase uniformly in the alloy. The
effectiveness of the process has been measured by
i-phase particle size and distribution analysis. The effect
of particle dispersion on grain size and crystallographic
texture has been determined by electron backscatter
diffraction (EBSD) after each extrusion, and the result-
ing mechanical properties have been evaluated by tensile
and compression tests.

II. MATERIALS AND METHODS

The ZW82 alloy was produced by melting in an inert
atmosphere and then chill-cast in a steel mold made of
SS400 steel (JIS equivalent of ASTM A36) with a mold
cavity of 100 mm diameter and 200 mm height and
outer dimensions of length and breadth of 210 mm each
and height 250 mm. The composition of the alloy was
determined to be 7.8Zn, 0.002Al, 1.8Y, 0.003Si, 0.002Fe,
0.003Mn and < 0.001Cu (wt pct) by inductively coupled
plasma spectroscopy. As-cast material was processed by
two steps of direct extrusion (double extrusion). In the
first step, the initial (casting) diameter of 100 mm was
reduced to 40 mm (to fit the die of the second extrusion)
by an extrusion ratio of 6.25:1 and extrusion speed of
0.5 mm/s at a temperature of 628 K. In the second step,
the 40 mm diameter of the rod was reduced to 8 mm by
an extrusion ratio of 25:1 and extrusion speed of
0.2 mm/s, at temperature 478 K. The second extrusion
was similar to the single extrusion reported earlier.” "
The temperature of the first extrusion was kept higher,
aiming to break down the cast (dendritic) microstruc-
ture, while the temperature of the second extrusion was
kept lower, aiming to obtain a finer grain size.

Samples for the SEM and SEM-EBSD were cut in
longitudinal sections, i.e., from the rod in a plane
defined by the axial and radial direction. Standard
polishing procedures were applied to make samples for
optical and scanning electron microscopy (SEM). Zeiss
Sigma and FEI Quanta 3D FEG field emission scanning
electron microscopes were used for the SEM and EBSD
measurements. For the microstructure studies, a JEOL
JEM-200FX-II  transmission electron microscope
(TEM) operating at 200 kV was used.

Image analysis was performed in the ImageJ program
to quantitatively characterize the area of phases and
other 1mportdnt parameters.!'”?% At first, a simple
particle size analysis was performed using SEM images
with appropriate brightness/contrast settings and vari-
ous magnifications. Subsequently, an Olympus LEXT
OLSS5000 scanning laser confocal microscope was used
to stitch together 25 fields of view of the objective
Olympus MPLAPONIOOxLEXT creating an 1mdge with
dimensions of 580 x 580 um”. The light microscopy
color channel was chosen over the confocal laser
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intensity image for a superior contrast between particles
and the matrix. Local thresholding according to Sauvola
was employed to obtain a binary mask of particles.”"
Using the ImageJ process binary menu, the mask was
manually adjusted to be as close as possible to the
original image For each extruded sample particles from
three such images from different 51tes on the samples
were analyzed, resulting in ~ 1 mm? of the total analyzed
area for each sample. Apart from the standard Analyze
Particles feature of Imagel, a BioVoxxel Toolbox was
used to calculate the average and median nearest
neighbor distance and to decide whether the particles
were clustered.

Two main EBSD maps were used for the grain size,
grain boundary, texture and Schmidt factor analysis in
TSL OIM Analysis 8. The map dimensions were 350 x
700 pm? w1th a 500-nm step size for the first and 100 x
200 pm’m with a 150-nm step size for the second
extrusion. Various different maps from both samples
were measured to confirm homogeneity and analyzed
parameters. For grain size estimations, the average of
diameters obtained from EBSD was multiplied by a
factor of 1.74 to account for stereological effects.[*”!

Mechanical properties were evaluated by conducting
tensile and compression tests on an Instron machine at
an initial strain rate of 10*/s. Specimens were machined
from the extruded rods with the tensile/compression axis
along the extrusion direction. Dimensions of the tensile
specimens were 3 mm in diameter and had 15 mm gauge
length. The compression specimens were 8§ mm in height
and 4 mm in diameter. Three specimens were tested for
each tensile test and one for each compression test.

III. RESULTS

A. Particle Size and Dispersion

Typical images of particle distribution of the ZW82
alloy after the first and second extrusion are shown in
Figure 1. It can be seen that after the first extrusion
(Figure 1(a)), the particle bands are not yet fully aligned
parallel to the extrusion direction. This is caused by the
material flow during the processing and by the extrusion
ratio of 6.25:1, which is small. It is apparent that in the
case of the second extrusion (Figure 1(b)), the overall
alignment of particle bands is well defined by the
extrusion direction. Figure 1(c) shows the wide range of
size of i-phase particles (bright contrast in SEM and
dark in TEM). The TEM image (Figure 1(d)) shows a
well-recrystallized microstructure with sharp and planar
grain boundaries and a distribution of nano-sized
i-phase particles along the extrusion axis.

Table I quantitatively shows important particle
parameters extracted from the analysis of SEM images.
Equivalent (Eq.) size refers to a diameter of a circular
particle having the average particle area reported. It is
apparent that second extrusion ratio further reduces the
average particle area. The percentage of total area is
almost constant if we consider the boundary effect of
image analysis (interaction volume in SEM). Although
the average particle area reduction is substantial, it
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Fig. 1—Backscatter SEM image of the phase distribution after («) the first extrusion and (b, ¢) after the second extrusion, showing distribution
of the ternary phase along the extrusion direction. The extrusion direction in (a, b and c¢) is vertical. (d) A TEM BF image showing the
microstructure after the second extrusion. A black line denotes the approximate extrusion direction. The dark particles are the i-phase,
distributed along the extrusion direction. An icosahedral twofold diffraction pattern from one of the larger particles is the inset (two- and
fivefold reciprocal vectors are marked).

Table I. Image Analysis Results of Particle Size for Particle Area > 0.1 ;4m2 in SEM Images

Particle
ZWS82 Alloy Count Av. Area Eq. Size Pct of Total Area
Ist Extrusion
(>0.1um?) 6439 2.763 yum? 1.88 um 8.26
2nd extrusion
(>0.1um?) 21,538 0.932 um? 0.09 um 9.17

should be mentioned that apart from the dispersion of
particles fulfilling the (> 0.1 um?) condition, another
class of particles that are smaller exists, shown in
Figure 1(d).

The use of SEM poses two main challenges for image
analysis of the investigated particles. The first is that
secondary electrons do not provide sufficient contrast
for reliable thresholding of the image. The other is that
when using the backscatter signal, apart from the
particles appearing slightly larger because of the inter-
action volume, some large particles located under the
sample surface provide enough signal to be incorrectly
identified as smaller particles on the surface. For this
reason, the SEM particle image analysis is supplemented
by light microscopy image analysis. The use of a
scanning laser confocal microscope for this is very
convenient because of its built-in ability to measure
large areas of the sample by precise stitching of multiple
fields of view.

METALLURGICAL AND MATERIALS TRANSACTIONS A

125

Figure 1 shows that several classes of particles exist,
which can be classified into small (Eq. size <2 um),
medium (2 um < Eq. size <4 um) and large (Eq. size >
4 um). Therefore, apart from the analysis of the full set
of particles with area > 0.1 um? (= 3 pixels in the light
microscopy image), each of these classes were also
analyzed separately. Figure 2(a) and (b) shows scanning
laser confocal images of the 1 of 25 fields of view
obtained for the 580x580 um” image for the first and
second extrusion. It can be seen that the particles are
locally aligned in one direction. As Figure 1(a) and (b)
shows, this direction is nonuniform for the first extru-
sion and uniform for the second extrusion. To illustrate
the particle classes, Figure 2(c), (d) and (e) shows
outlines of small, medium and large Earticles belonging
to the binary mask of 100 x 100 pum~ in Figure 2(f).

Table II provides the summary of image analysis
based on the light microscopy imaging. For particles
> 0.1um? the area fraction is lower for both extrusions

VOLUME 52A, JUNE 20212187
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Fig. 2—Intensity images of the laser in scanning confocal rgicroscopy (a) first extrusion, (b) second extrusion, (¢), () and (e) particle ogllines for
the small, medium and large particles of a 100 x 100 gm™m binary mask in (f). The mask in (f) is a subsection of a total of 1 mm~ used for

analysis of first extrusion sample.

in comparison to the SEM data. This can be caused by
the aforementioned difference between the techniques. It
is a positive confirmation that the differences in the total
area fraction between the first and the second extrusion
are comparable in both the techniques. The average
particle area is larger in light microscopy. Due to the
character of the particle size distribution, both the mean
and the median particle areas are reported. When
considering the class of small particles (0.36 um <
Eq. size < 2 um), it can be seen that while the average
and median particle sizes are almost maintained, the
particle count and therefore area fraction of this particle
class are more than doubled. This shows that after the
second extrusion the refining and redistributing of small
particles are much more effective. Medium size particles
(2 pum < Eq. size < 4 um) similarly retain the same size
but their fraction is higher after the second extrusion.
When considering the class of large particles (Eq. size
> 4 pum), it can be seen that the mean particle area is
lowered substantially and the median particle area is
also lessened though not to the same extent. This
suggests that the increase in numbers of small and
medium particles via the second extrusion is an outcome
of breakage and refinement of the largest particles
within the microstructure.

To verify the apparent clustering of the particles
shown in Figure I, a 2D particle distribution macro
available in the BioVoxxel Toolbox was used on one of
the 580 x 580 um?® areas for each extrusion step and
particle class. An inverted 32-bit Voronoi image was
used as a measure of the between-particle (bor-
der-to-border) distances to all of their neighbors. Sig-
nificant difference from random distribution with
p < 0.05 was found according to the median of the
average nearest-neighbor distance (NND) for all mea-
sured field of view. The values of mean and median
NND are presented in Table III. Overall, the NNDs
after the second extrusion decreased in the class of
particles < 4 um, especially in the middle size range of 2
to 4 um, signifying reduced clustering.

2188—VOLUME 52A, JUNE 2021

B. Grain Size and Texture

The IPF map in Figure 3(a) for the first extrusion
shows two distinctive regions: large unDRXed (dynam-
ically unrecrystallized) areas with orientation of the
(0001) plane normal close to the normal direction of the
sample (red/orange area) and the region with smaller
grains. These unDRXed areas are common in the
microstructure and are related to insufficient dispersion
of the i-phase particles upon breaking the dendritic
structure of the as-cast ingot via the low extrusion ratio
in the first extrusion step. Areas with no signal in the
IPF maps shown in Figure 3 indicate the presence of
bands and clusters of i-phase particles. Figure 3(a)
shows that the particle bands are rotated by ~ 10° from
the extrusion direction. Apart from the major unDRXed
areas, several grains also exist that are considerably
larger than the rest. The presence of these larger grains is
also related with nonuniform distribution of i-phase in
the microstructure after the first extrusion, as shown in
Figure 1(a). The texture in Figure 3(a) is clearly a strong
extrusion texture (maximum intensity 10.68). Basal
planes are oriented nearly parallel to the extrusion
direction. It is apparent that the texture fiber is rotated
by 10° from the transverse (Al) direction towards the
extrusion direction (ED). This fact, together with the
rotation of particle bands in IPF map, suggests local
variations and inhomogeneity of the material flow
during the processing.

The IPF map of the microstructure after the second
extrusion is shown in Figure 3(b). After the second step
of the extrusion with a significantly higher extrusion
ratio and lower temperature, a refinement of the
microstructure can be observed. Moreover, no
unDRXed areas were found in any of the EBSD maps
obtained. Grains in the IPF map are oriented in bands
with different preferred orientation (see red and blue/-
green bands) as is often observed for Mg extruded rods
and wires. The (0001) texture in Figure 3(b) has a clear
fiber character with a distinctive pole in the normal
direction. With maximum intensity of 5.28, it is consid-
erably weaker than the texture after the first extrusion.
Overall, the texture fiber is broader and aligned into ED
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as seen also for the second extrusion step for ZA63 alloy
in Reference 18.

The analysis of grain size and grain boundaries is
provided in Figure 4. The grain diameter distributions
obtained from the EBSD data are shown in Figure 4(a).
It can be seen that the resulting grain size is relatively
small after both extrusion steps. When stereological
effects are considered, the resulting grain size is 12.2 +
6.1 and 5.2 £ 2.1 um for the first and second extrusion,
respectively. Plotting both distributions with the same
binning allows directly comparing the area fractions and
shape of the distribution. It can be deduced that for the
first extrusion a minimal grain diameter of ~ 20 um
exists from which the local low i-phase density takes
effect (Figure 3(a)).

Grain boundary misorientation histograms for both
extrusions are plotted in Figure 4(b). There is a signif-
icant peak in the misorientation histogram near 30° for
both the extrusions. This is frequently observed for
deformed Mg!*¥ and it may be correlated with the
formation of near-CSL boundaries, predominantly
¥13a and £15a grain boundaries.**** Apart from the
presence of more lower misorientation angle grain
boundaries for the first extrusion due to unDRXed
areas and their surroundings, there is no major differ-
ence at 30° peak and larger misorientations.

Table IV summarizes the most important average
Schmid factors (SFs) for uniaxial tension along the
extrusion direction. The low values for the basal slip
correlate to the relatively strong extrusion texture of the
rods. The increase of average SF value for the basal slip
after the second extrusion can be related to broadening
and weakening of the texture fiber presented in
Figure 3(b). This is in accordance with a recent study!'”
claiming that the SF value for basal slip tends to
increase with the i-phase volume fraction (also shown
earlier by Singh ez al.') In this study we achieved the
increase of the i-phase volume (Table III) by refining it
via a second extrusion step instead of using different
alloy compositions or different temperatures of single
extrusion. Singh et al!'! reported the average SF for
basal slip along extrusion direction in the range of 0.14
to 0.20 for ZW82 alloy and 0.22 to 0.24 for ZW 143 alloy
after extrusion with a ratio 25:1. The value of prismatic
slip remains almost constant as expected for extruded
magnesium rods. The minor decrease of the SF for
tensile twinning is likely due to the full DRX via the
second extrusion, since unDRXed regions are found to
be prone to tensile twinning via tensile deformation.”®!

C. Tensile and Compression Strengths

Figures 5(a) and (b) show the results of tensile and
compression tests after each extrusion as true stress-true
strain plots. Comparisons of tensile and compression
deformation behavior are best observed in true stres-
s-true strain curves. The strength and elongation values
are listed in Table V, which are from engineering
stress—strain plots in order to make direct comparison
with the published data. The first extrusion shows
smooth yield points and a large yield asymmetry ratio
YAS (ratio of YS in compression to YS in tension, YS
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= vyield stress), in the range of 0.6 to 0.7. The
elongations to failure are small, about 12 pct in tension.
The strengths increase after the second extrusion, but
moderately in tension because of the rather unremark-
able refinement in grain size. However, the increase in
compressive strength is substantial and, remarkably, an
isotropy of deformation is achieved, i.e., equal YS in
both tension and compression. In both the tension and
compression, the alloy shows good elongations of > 20
pct. The yielding at about the same levels of stress in
tension and compression is followed by strain hardening
in tension and a plateau in case of compression. This
plateau is a characteristic of very fine grained magne-
sium alloys due to competing twinning and dislocation
slip,””! which is then followed by a fast strain hardening.

Table III. Mean and Median Border—Border Nearest
Neighbor Distance (NND)

Median NND  Average NND
Particle Class (um) (um)

First Extrusion

Particle Area 10.8 £ 13.0 148 + 124
> 0.1 um’
0.36 um < Eq. size 14.1 £ 10.8 15.9 + 10.7
<2 um
2 um < Eq. size 14.6 £ 14.3 18.5 £ 13.7
<4 um
Eq. Size > 4 um 8.0+ 11.0 11.8 £ 10.3

Second Extrusion

Particle Area 8.5+9.0 11.3 £ 8.5
> 0.1um?
0.36 um < Eq. Size 122 + 129 16.1 +£12.3
<2 um
2 ym < Eq. Size 10.0 + 9.6 12.6 £9.2
<4 ym
Eq. Size > 4 ym 8.0 £ 8.3 104 +79

1070

1st extrusion
max = 10.680

5.0

IV. DISCUSSION

Distribution of the i-phase after the first extrusion
(Figure I(a)) is very inhomogeneous. The particles are
not completely aligned along the extrusion direction,
which indicates that the cast dendritic structure is not
completely broken, and therefore regions depleted in
particles are unrecrystallized. A ZWS82 alloy single
extruded at similar temperature (623 K) with an extru-
sion ratio of 25:1 is reported to have produced a grain
size of 4.33 + 0.67 um and a texture with a maximum
intensity of 6.19."" However, the microstructure

0.30
0.25 2nd extrusion average grain diameter
(e 1st extrusion: 7.0£3.5 pm
_5 020 2nd extrusion: 3.0%1.2 pm
S 0.15
o 1st extrusion
$ 0.10
0.05 II
oo [T -
5 10 15 20 25 30 35 40 45 50
Grain diameter (microns)
(a)
0.14
0.12
E 0.10 random distribution
L
g 0.05 1st extrusion
E 0.06 2nd extrusion
£ 0.04
2
0.02
0.00

5 15 25 35 45 55 65 75 85
Misorientation angle (°)

(b)

Fig. 4—(a) Grain size in terms of area fraction histograms. These
values were further multiplied by a factor of 1.74 to obtain grain size
with accounting for stereological effects. (b) Grain boundary
misorientation profiles for both extrusions together with the random
distribution.

1070

2nd extrusion
max = 5.283

5.0

Fig. 3—The overview of the microstructure and texture of ZW82 alloy. IPF map after (a) the first extrusion and (b) second extrusion. The

extrusion direction is horizontal.
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Table IV. Average Schmid Factors (SF) for the Tensile Tests Along the Extrusion Direction for Basal and Prismatic Slips and
Tensile Twinning Calculated from the EBSD Data

Basal slip _ Prismatic slip Tensile twinning

{0001}(1120) {1010}(1120) {1012}(1011)
First Extrusion 0.156 0.452 0.436
Second Extrusion 0.233 0.432 0.382

500+ first extrusion < 500/ second extrusion
© a compression
% 400 S 400
E 300] tension § 300 tension
@ =
‘:,’, 200 compression g 200
$ 100 2 100
=
0 0
() 0 5 10 15 20 25 30 (b) 0 5 10 15 20 25 30
true strain (%) true strain (%)
50 50
© w )
S 40\ first extrusion L 40 \first extrusion
o o
o o
_‘;, 30 E 30
-3 <
2 2 220 eIV
'g 10 second extrusion .g 1o :
3 5 < o] second extrusion
200 250 300 350 400 0 50 100 150
(c true stress (MPa) (d) true stress-YS (MPa)

Fig. 5—True stress-true strain plots showing tensile and compression
deformation behavior after (@) the first extrusion and (b) second
extrusion. Derivatives of stress vs strain curves in the plastic region
plotted against (¢) true stress and (d) normalized true stress
(subtracted by YS).

showed wide bands of unrecrystallized regions running
along the extrusion direction. The large extrusion ratio
results in smaller grain size as a result of faster
recrystallization, but unrecrystallized regions indicate
uneven distribution of i-phase . Because of the large
extrusion ratio, the unrecrystallized grains are elongated
along the extrusion direction.

The resulting grain size of 5.2 + 2.1 um after the
second extrusion is not significantly smaller than in case
of the first extrusion step, moreover in respect to the
substantially greater extrusion ratio. Fine particles
produced in the first extrusion increased the extrusion
load for the second extrusion, and the strong initial
texture resulting from the first extrusion made a large
deformation difficult to achieve.

The work-hardening rates 0 for tensile tests plotted in
Figure 5(c) and (d) show a rapid fall followed by a
plateau, known as stages III and IV of work harden-
ing.*® The strain-hardening behavior is observed to be
very different for the two steps of extrusions. For the
first extrusion the transition from stage III (indicating
elastic to plastic transition) to IV is very smooth, barely
noticeable. The slope of the plateau (marked by a gray
line in (d)) is relatively high, indicating a high
strain-hardening rate. For the second extrusion, transi-
tion from stage I1II to IV is very sharp, and the slope of
the stage IV plateau is very low. Such behavior is usuall
attributable to a strong texture or precipitation.[*”
However, since the texture is weaker compared to that
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of the first extrusion and no precipitation is observed,
this can be attributed to a finer distribution of particles
and introduction of mechanical strain inside the grains
during extrusion, observable in Figure 1(d). Due to the
different deformation mechanisms, the total work hard-
ening achieved in both the samples is similar
(Figure 5(d)) even though the grain sizes are different.

It is shown for the first time that a full recrystalliza-
tion can be achieved in this alloy and that a yield
symmetry can occur even at grain sizes > 1 um. While, in
general, full recrystallization can be achieved at a higher
extrusion temperature, in our earlier study of this alloy a
complete recrystallization could not be achieved with a
single extrusion,!'"! as discussed in the next paragraph.
Achievement of very fine grain size by powder metal-
lurgy route has been reported,”™ but the extent of
recrystallization was not shown. Wang et al.®” reported
that in case of AZ31 magnesium alloy, yield asymmetry
originates from different number fractions of twinned
grains and showed that yield asymmetry strongly
depends on grain size for alloys with similar basal
texture; extrapolation of data suggested the existence of
a critical grain size of the order of a micron for AZ31
alloy.

Yield anisotropy due to basal texture is an important
issue in wrought magnesium alloys, in which the tensile
yield strength (YS) along the extrusion/rolling direction
is higher than the compression YS. Hall-Petch plots of
the same alloy tend to show different positive slopes for
tensile and compressive YS, converging towards finer
grain size. The compression plot slope is higher than the
tensile, deformation twinning being more sensitive to
grain size than dislocation slip. In this kind of texture,
yielding under compression is triggered by twinning. In
case of alloys with composition Mg-6 at. pct Zn-1 at. pct
RE (ZW143), which achieves full recrystallization at all
extrusion temperatures, a yield isotropy is achieved by
convergence of the two plots at a grain size of about
1 um." Alloys of the composition with a lesser
amount of alloying element are unable to achieve full
recrystallization even on extrusion at higher tempera-
tures.!""! For a ZW82 alloy (also referred to as 305ZY
based on atomic composition) extruded directly with an
extrusion ratio of 25:1, a full recrystallization could not
be achieved even at an extrusion temperature of
623 K." Extrusion at 533 K resulted in an average
grain size of about 1.4 um and YAS ratio of 0.85. Not
achieving a full recrystallization results in a lower YAS,
because twinning can be easily activated across subgrain
boundaries in unrecrystallized regions.*®!
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Table V. Mechanical Properties of the Extruded Alloys from Engineering Stress-Strain Data

Tensile Test Compression
Extrusion Condition Av. Grain Size YS UTS El YS El Yield Assy
(Temp. K) (pm) (MPa) (MPa) (Pct) (MPa) (Pct) Ratio
First extrusion (628) 122 + 6.1 1934 + 53 2833+ 04 119+ 04 126 14.7 0.65
Second extrusion (478) 524 2.1 2594 £ 1.6 311.2 £ 0.6 283+ 04 269 20.8 1.04

It appears essential that an alloy be fully recrystallized
to achieve isotropy in deformation. Having not been
achieved in a single extrusion, the better distribution of
the eutectic (i-phase) made possible in the two-step
process in this study was able to achieve it. This study
also shows that it is not necessary to have a fine grain
size close to 1 um to achieve yield isotropy. More
uniformly distributed i-phase appears to be the key.

The data points of mechanical tests of the second
extrusion are plotted in a Hall-Petch plot from Refer-
ence 11 in Figure 6(a). In this plot, three data points
(from extrusion at three different temperatures) each of
tensile and compression tests for two alloys ZW 143 and
ZW382, extruded (ratio 25:1) and tested under similar
conditions as the second extrusion in this study, are
plotted. The plot for the ZW 143 alloy shows tension and
compression YS points close to each other for each set
of (grain size) values. Thus, this alloy shows yield
symmetry in tension and compression. The experimental
points for the ZW82 alloy are wide apart for tension and
compression. The tensile and compression plots should
converge toward finer grain size because deformation
twinning is more sensitive to grain size than dislocation
slip and also because finer grain size (by extrusion at
lower temperature) is associated with weaker texture.
However, the plots for ZW82 are observed to diverge
toward finer grain size. The explanation is that the
ZW382 alloy is not fully recrystallized, and the extent of
recrystallization is lower on extrusion at lower temper-
atures. Deformation microstructures such as high dislo-
cation density and subgrains of the unrecrystallized
regions offer resistance to dislocation slip, but twins
form easily across them.*® The two data points of the
present study show that the compression strength has
significantly improved. The level of strength is similar to
that of the ZW143 alloy of similar grain size. It must
also be noted that for the same strength the present alloy
shows much larger elongation to failure, especially in
tension. Moreover, a study on extruded ZW61 alloy has
shown that the i-phase itself contributes to yield
symmetry.l'”! Coarse i-phase partlcles create residual
tensile stresses in the matrix which increases the yield
stress in compression and decreases the yield stress in
tension. A more uniform distribution of the i-phase
achieved by a two-step extrusion process better utilizes
the strengthening effects of the i-phase.

Compression Hall-Petch plot slopes for pure Mg and
solid solution Mg-Zn and Mg-Y alloys are reported to
be 294, 273 and 252 MPa um, respectwely,[ " while that
for ZW143 alloy reported above is close to 200 MPa
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um. This lowering of slope can be attributed to particle
strengthening Since the YS are not an outcome of the
grain size alone but also of the associated texture, Kwak
and Kim!'¥ have used a formalism based on average
Schmid factors to normalize Hall-Petch plots with
respect to the texture. Here we use a simpler approach
from!"" to compare the alloy mechanical properties by
using the average Schmid factors (Table 1V) to calculate
critically resolved shear stress (CRSS) at YS for basal
slip, prismatic slip and {1012} twin (for compression
YS). These CRSS values are plotted with CRSS values
for extruded ZW82 and ZWI143 alloys (denoted as
305ZY and 61ZY, respectively, as in the original
reports) from Reference 11 as Hall-Petch plots, shown
in Figure 6(b). CRSS of the second extrusion fit the
plots of ZW82 and ZW143 alloys from Reference 11
very well. The data of first extrusion are shown but not
considered for calculating a linear fit because of the
inhomogeneous microstructure. It shows that in absence
of a texture, alloys with various compositions fall on the
same plot. Slopes of the plots for the two slip systems
and the twin are very similar, making them nearly
parallel. The intercepts and slope of the linear fits are
26.85 £+ 16.40 MPa and 56.60 £+ 24.63 MPa um for
basal slip, 82.40 £+ 13.10 MPa and 64.13 4+ 19.68 MPa
um for prismatic slip, and 72.96 + 3.17 MPa and 61.60
+ 4.77 MPa um for {1012}-type twin. Thus, the basal
slip is most readily activated. The best linear fit is for
twinning (in compression). These slopes and intercepts
are much smaller than those for YS. Therefore, it can be
concluded that texture has a major effect on determining
the strength of these alloys, which depends on the
volume fraction and dispersion of the i-phase particles.

The same process of double extrusion has been
applied to a ZA63 alloy which contained an orthorhom-
bic ¢- A15Mg||Zn4 phase and a stable i-Mgy4Zny Al;s
phase.l"® The microstructure was fully recrystallized
after each extrusion with grain sizes in proportion to the
deformation applied, i.e., about 30 um after the first
extrusion and about 2 um after the second extrusion.
Basal textures after both extrusions were mild, of
maximum intensity 2.91 and 3.33 for the first and
second extrusion, respectively. A yield symmetry was
attained after the second extrusion, with yield strengths
of 287 MPa in tension and 299 MPa in compression.
The alloy showed similar work-hardening rate slopes,
and total work hardening in proportion to the grain
sizes. Compared to this simple scenario, the process in
case of ZW82 alloy is complex. This appears to be due to
inability of the yttrium element to diffuse fast enough to
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Fig. 6—Results of this study plotted on () a Hall-Petch plot,
together with results from ZW143 and ZW82 from Ref. [I1]. T and
C indicate tensile and compression, respectively. Data points from a
powder metallurgy processed rolled ZW82 alloy®™ with very fine
grain size are also plotted for a reference. CRSS values for basal and
prismatic slip, as well as for {1012} twin, are plotted in (b). 61ZY
and 305ZY represent alloys ZW143 and ZW82, respectively, taken
from Refs. 1 and 'l Ist and 2nd ext refer to the first and the
second extrusion in the present study.

make rapid changes in the microstructure during
processing.

V. CONCLUSIONS

A two-step (double) direct extrusion process in ZW82
(Mg-3 at. pct Zn-0.5 at. pct Y) alloy containing an
icosahedral quasicrystalline i-phase has been carried out
to obtain a fine dispersion of i-phase in the matrix by
application of uniform load in two steps. The first
extrusion was executed at a low extrusion ratio of 6.25:1
and a temperature of 628 K and the second extrusion at
a high extrusion ratio of 25:1 and a lower temperature
478 K. The following results and conclusions were
obtained.

After the first extrusion, the dispersed i-phase
particles were not fully aligned along the extrusion
direction. The matrix was not fully recrystallized, the
recrystallized grain size was 12.2 + 6.1 um, and there
was a strong basal texture of 10.680 maximum
intensity.

— After the second extrusion, the particle count of
small particles in the size range 0.36 to 2 um more
than doubled. The number of medium size particles
in the size range 2 to 4 um also increased, while the
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average size of large particles (>4 um) decreased
substantially, suggesting that the refinement of
particle size results from breakage and refinement
of large particles within the matrix. Nearest-neigh-
bor distance (NND) analysis showed reduced clus-
tering, especially in the middle size range of 2 to
4 um.

— The alloy after the second extrusion was fully
recrystallized with average grain size of 5.2 =+
2.1 um and a weaker basal texture of 5.28 maximum
intensity.

— After the first extrusion, the alloy showed YS, UTS
and total elongation of 193.4 £ 5.3, 283.3 + 0.4 MPa
and 11.9 £ 0.4 pct in tension, respectively, and YS
and elongation of 126 MPa and 14.7 pct in com-
pression, respectively, with a yield asymmetry ratio
of 0.65.

— After the second extrusion, the alloy showed YS,
UTS and total elongation of 259.4 + 1.6, 311.2 £+
0.6 MPa and 28.3 £ 0.4 pct in tension, respectively,
and YS and elongation of 269 MPa and 20.8 pct in
compression, respectively, with a yield asymmetry
ratio of 1.04.

— The total strain hardening in tension after the first
and second extrusions were of similar levels of ~
120 MPa, though the strain-hardening rate after the
second extrusion became about one third.
Calculation of CRSS for deformation modes shows
that the major factor for strengthening is the texture,
which is modified by the volume fraction and the
effectiveness of dispersion of the i-phase in the
alloys.
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