WO 2011/117298PCT/EP2011/054448 Implant made of a biodegradable magnesium alloy The present
invention relates to implants made of a biodegradable magnesium alloy. 10Medical implants for greatly
varying uses ar&RdWA A e art. A shared goal in the im- plementation of R{ddErt &t implants is
high biocompatibility, i.e., a high degree of tissue compatibility of the medical product inserted into the
body. Frequently, only a temporary presence of the implant in the body is necessary to fulfil the medical
purpose. Implants made of materials which do not degrade in the body are often to be removed again,
15because rejection reactions of the body may occur in long term even with highly biocom- patible
permanent materials. One approach for avoiding additional surgical intervention is to form the implant
entirely or in major parts from a biodegradable (or biocorrodible) material. The term biodegrada- 20 tion
as used herewith is understood as the sum of microbial procedures or processes solely caused by the
presence of bodily media, which result in a gradual degradation of the structure comprising the material.
At a specific time, the implant, or at least the part of the implant which comprises the biodegradable
material, loses its mechanical integrity. The degradation products are mainly resorbed by the body,
although small fegRrEdnsdieefin bledegradabiesnagisrumialieyradable materials have been developed,
inter alia, on the basis of polymers of syn- thetic nature or natural origin. Because of the material
properties, but particularly. also be- cause aof the degradatjon products of the synthetic polymers, the use
of biodegradablﬁ)é &p @Vf%lﬁiffgbeﬁi??c’ﬁﬁm‘iﬁﬁ% ThiBiadsesdahiprRagHRBBL e mplants must fre-

guently withstand high mechanical strains and vascular implants, e.g., stents, must meet WO

2011/117208P GEEF IS8 0,y YEOLIPSTL PAHIEMANR for moduig ol aiagtelypritieness,

Aty
and formabllity depending on their design. One promising attempted achievement provi es%e use of

biodegradable mletainaiésss oF srodgampldicalisnselaefe dtckigh Besommtibdibnt Applihotestes 267 31 021

Alto form medicalsiraRlamntadbam a MelaliainairiaWhasanain eampRapentifuiaie salesteehfrom the
group of alkali metals, alkaline earth metals, iron, zinc, and alumini%@%}ys )ased on magnesium, iron,

and zinc are deBUbeB S SHIHAIHURRLR: S8 dARF EsMPoIfe BAII6YPHIBY B Mianganese,
cobalt, nickel, chirmmintcctfpparreddwiiivh déead, dégrdtho iy, daRiraenition, teilkercgoldd paladium,
platinum, sjlicon, calcium, lithium, aluminium, zinc. and iron.. The use of a biodegradable magnesium alloy
having 2 piopo ot R o R S e e
metals 1.5 - 4.404tible weigheenisamgrite. remainder less than 1% by weight is known from European Patent
1 419 793 BI. The material disclosed therein is in particular suitable for producing stents. Another
intravascular implant is described in European Patent Application 1 842 507 Al, wherein the implant is
made of a magTRSiARREREY IHCRIGIAL G LGRS UIRFthE IR GREIDE (o Y {1 BRIRG FE 8 yttrium.
Stents made ofa@ biadggradabléamagbesicirddioy @icbadveadyiineglinicaidrialse ierpabicidgradie yttrium
(W) and rare earth elements (E).containin sium alloy ELEKTRON WE43 (US 4,401,621) of
agnesiun Eroktion DR b B e B O S dYS By weight

and a content ofaues bzrity presarsq REYo ot 8oy hghwesgihin Brasarbiid Westp éiiseofdtionsusre often
used: RE = rarq gathglafignis 1HRE a1 lightraie grrielementsithadem)iand kiR r rerviniare earth

elements (Sm-Lu). However, it was found that the alloys respond to thermo-mechanical treatments.
Although these RYEL Biethieraneys dirghiedrpiida yreigrita rRsehimmestmiedlHs&iBicatidRg where high
creep strength wdstieopioddett hesmovyhesitfalibg tiabatanblicughangds-ésidhes ridigsirgetre occurred
during pro%(;ssiQI%lvtvoi}Qrg&%etitive deformation and heat treatment cycles. These changes in the
microstructure are responsible for high scrap rates during production WO
2011/117298PCT/EP21111/054448 - 3 - and inhomogeneous properties of seamless tubes and therefore

in the final prodggiq4e.a.6RSRALRNCEISEhARICalREAPRItES AT haE Ul 8ifpolRd.Eepegially, the
tensile properties of drawn tubes in the process of manufacturing stents are deteriorated and fractures

appear during pRSEESEIHE, 9 BitioN ENaRiEASaRb G IRETHERIRITTESH phoprtticy adp atiaify the
elongation at frastisteofeadydiraatiaas grthiadyhesthelowtitld sitemgth dwing tensilediestimgavas found in
the final tube. Pl {ne. I0,y/vo, deradation ol (ng stent,s (90 fast and tegdniomogeneqys.and therefore
the biocompatitﬂﬂ may be worge due t9 inflammation processpca’usecPBy 4 tissue overioad of the
degradation prothgotly, vOistendJughf mighanecabftligghs park aaetiae lembnts, (CRESterds.CeusPm¢t) and heavy
rare earth metals (HRE; elements of the periodic table: Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) in
commercially available magnesium alloys such as WEA43 rather than pure alloying elements reduced the
costs and it has been demonstrated that the formation of additional precipitates of these elements beside
the main precipitates based on Y and Nd further enhance 15 the high temperature strength of the material
[King et al, 59th Annual World Magnesium Conference, 2005, p. 15ff]. It could therefore be postulated that
the HRE containing precipitates are more stable against growth at higher temperatures because of the
significantly slower diffusion rate of these elements compared to Y and Nd. Therefore they contribute



-5 whereby fracture due to SCC would probably be fatal. The consequence of premature failure may
include re-intervention, patient trauma, etc. The alloys used must still be formable and show sufficient
strength. 5Implé?1r%?ﬂ'a’(' A%t the techniques disclosed herein may overcomBdrib*4t 83t fower one or
more of the above mentioned problems. There is a dePrand for a biodegradable Mg alloy having improved
processability especially in new highly sophisticated techniques like micro-extrusion and, if applicable,
improved mechanical properties of the material, such as strength, ductility and strain hardening. In
particular, in caE%FRﬁ@%ﬁﬁﬁﬂﬁﬁﬁ%eat%@ﬁfP%%éI‘?ﬁ ST rRHG e tHadifeamgRlibedsBidings the tube
drawing propertigsiefithgigaterial should be improved. Implementation of the techniques disclosed herein
may enhance the corrosion resistance of the material, more specifically, to slow the degradation, to fasten
the formation of a protective 15 conversion layer, and to lessen the hydrogen evolution. In case of a stent,
enhancing the careqsionismgi stangeodiliclengiiment e ides thdrevent thedirpplabtcanatpraNigs. Sofficient
scaffolding ability Jn \ivq i JPRIGTRRtELAR.ABhSLhRigMes diRcisesh hgiein may ARhaaks the
biocompatibility of the 20matetial by avoiding toxic components in the alloy or the corrosion products. One
or more of the dB&V I EARoh B taLIScBECEZh WO SCRTEV A BROIEt i bR WitHEplese Hicisitition. One
dig%l(?sid implaﬁsnt i%(ﬂﬁ?ﬂ@t&%hl%lﬁélﬁfei%aﬁgréﬁegmg ggggggf@qwlmﬁﬁga%s(iﬁmgdIgyssa;lmgﬁﬁgaﬂ'.o% ;(:(())0- )
10.0% by weight Nd:.0- 4.5% by weight Gd: 0- 9.0% by weight Dy: 0- 8.0% by weight 30 Ho: 0- 19.0% by
weight B O S0 B WD TG D508 by TGHE AR, 6B, IBGH OG-0 5 6 by weight
Zr: 0.1 - 1.5% blpweiglst Eand: 21036, by bubightiZh. Grdns¥mbyoppighta8iuge, 12:09tibythweight Sc: O-
15.0% by weight ingidental;impuyities 0.4 1Rk 810 3% on welghkihe: ARIANGS. RRiRgLMagesium and
under the condition that'ioa)a total ¢ontent of Ho, Er, Lu, Tb and Tm is more than 5.5% by weight; b) a
total content of 3dNi@ind Gd is more than 2% by weight; and c) a total content of all alloy compounds
except magnesium is more than 8.5% by weight. 15In alternative, an implant may be made in total or in
parts of a biodegradable magnesium alloy consisting of: Y: 0- 10.0% by weight Nd: 0- 4.5% by weight 20
G 0- 9.0% by Wi By S eALY . HGRRNETDETY 5 85 A TGROE oS PSS W NEEHET o O- 25.0%
by weight 25 Trha0-92% 0%ovimygiveighiubb 3 0- -2 086 hyweighghtitrefth matBd 5y wdhghtyGesight2.0% by

ight Zn. Q- 1.5% [ - 0-12.0% b ight;Sc: 0-15.0% ight inci ' iti t
v, & S RSB ORI e

rrewggnesmm and under the condition that a) a total content
of Ho, Er, Lu, Thhersetrsnlslisideeceiiar g s0obpagisight sb@kotar postsoisniNd and Gd is more than 2%
by weight; and 5c)a total content of all alloy compounds except magnesium is more than 8.5% by weight.
The use of the disclosed Mg alloy for man,uf%ctur,in% an implant causes an iiacrﬁpﬁrovement in processability,

[

an increase in COTPOSE PRSI e BRGBil OH s RaBiRy FUERRFAy a8t COPRISAHER Al $iaglé<iim alloys,
especially WE ailliaysisubh iasp MAE £3nard\MES4mi ShAdiomi el lnynmiadudil g ripetol ikt Q0L tHOGGEHOO0C 71 Lu

10-12 19'5202 5 3s%ur?noalloy is being free of yttrium.

Stents made of a biodegradable magnesium alloy are already in clinical trials. In particular,
the yttrium (W) and rare earth elements (E) containing magnesium alloy ELEKTRON
WEA43 (US 4,401,621) of Magnesium Elektron, UK, has been investigated, wherein a con-
25 tent of yttrium is about 4% by weight and a content of rare earth metals (RE) is about 3%
by weight. The following abbreviations are often used: RE = rare carth elements, LRE =
light rare earth elements (La-Pm) and HRE = heavy rare earth elements (Sm-Lu). How-
ever, it was found that the alloys respond to thermo-mechanical treatments. Although these
types of WE alloys originally were designed for high temperature applications where high
30 creep strength was required, it has now been found that dramatic changes in the micro-
structure occurred during processing with repetitive deformation and heat treatment cycles.

These changes in the microstructure are responsible for high scrap rates during production
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and inhomogenecous propertics of seamless tubes and therefore in the final product. As a
consequence, mechanical properties are harmfully affected. Especially, the tensile proper-
ties of drawn tubes in the process of manufacturing stents are deteriorated and fractures
appear during processing. In addition, a large scatter of the mechanical properties espe-
s cially the clongation at fracture (early fractures of the tubes below yield strength during
tensile testing) was found in the final tube. Finally, the in vivo degradation of the stent is
too fast and too inhomogeneous and therefore the biocompatibility may be worse due to

inflammation process caused by a tissue overload of the degradation products.

10 The use of mixtures of light rare earth elements (LRE; La, Ce, Pr, Nd) and heavy rare carth
metals (HRE; elements of the periodic table: Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu)
in commercially available magnesium alloys such as WE43 rather than pure alloying ele-
ments reduced the costs and it has been demonstrated that the formation of additional pre-
cipitates of these elements beside the main precipitates based on Y and Nd further enhance

15 the high temperature strength of the material [King et al, 59" Annual World Magnesium
Conference, 2005, p. 15ff]. It could therefore be postulated that the HRE containing pre-
cipitates are more stable against growth at higher temperatures because of the significantly
slower diffusion rate of these elements compared to Y and Nd. Therefore they contribute
substantially to the high temperature strength of WE alloys (particle hardening effect).

20
However, it now has been found that these HRE precipitates are causing problems when
the material is used in biomedical applications, such as vascular implants (e.g. stents) or in
orthopaedic implants. The HRE intermetallic particles can adversely affect the thermo-
mechanical processability of alloys. For example, manufacturing vascular prostheses like

25 stents made of metallic materials usually starts from drawn seamless tubes made of the
material. The production of such seamless tubes is usually an alternating process of cold
deformation by drawing and subsequent thermal treatments to restore the deformability
and ductility, respectively. During the mechanical deformation steps intermetallic particles
cause problems because they usually have significant higher hardness than the surrounding

30 matrix. This leads to crack formation in the vicinity of the particles and therefore to defects
in the (semi-finished) parts which reduces their usability in terms of further processing by

drawing and also as final parts for production of stents.



Pm 60 Ndca.00.16 0.7 2.2 59 Pr ca. 0 0.05 0.2 0.6 58 Ce ca. 0 0.06 0.08 0.26 57 La ca. 0 0.01 0.01
0.0339Y 1-24.26.510.0 21 Sc ca. 12 12.8 15.7 18.8 Tab. 1: Solid solubility of various LRE and HRE in
magnesium The Ao W%ﬂSRE in magnesium varies considerably; see TalgéTi qfﬂr]rfé%?ﬁésexpected from
one skilled in the art, that the volume of coarse particlés present would be primarily 15 related to the Nd
content, due to the low solid solubility of this element. Therefore the amount of RE addition may be
expected to affect the amount of retained clusters and particles present in the microstructure. 8
Examination of the microstructure of some of the disclosed magnesium alloys and conventional WE43

revealed that f%ﬁ@ﬁ@ﬂﬁ@ﬁ%@%ﬁi@l&éﬂ&mﬁ/&&@@@w{jﬁﬁﬂﬁﬁmmmk@69@%@1@@ itng¢he inventive
magnesium alloy than in WE43. 5In other waords, the sele élon of t Eléﬁ%f‘ e of present in Mg alloy, has

surprisingly led 8 RATFTSCRRE R Methe g AR e napad SRR SR BERY of RE is
significantly |ncndaasé"dhdtnsi;oawdsheduﬂaaheltuﬁlmnhmvemednnsmohwﬁamw witkedUttiganmohéed particles

(precipitates). iq H&?v‘é&?%‘iﬁ%goﬁs\ﬁéﬂr'é%?y'sYLﬂlQLlHXd%Qat &QaM&Xéﬁﬁ'ﬂJ“Ez?‘éﬁe&ﬁmX Jneigengent of ¥ in

the Mg alloy is 1.0 - 6.0% by weight; most preferred 3.0 - by weight. Keeping the content of Y within
the ranges ensUf8s fhat taBseavictetie\uftpiyferdaghe. ée@wﬁﬁ?ramﬁ@s%@ﬁmée{é@ﬁﬁgn%tr%.ntamed
Further, strength andcarresignpehaviour is improved. When the content of Y is above 10.0% by weight,
the ductility of the alloy may be reduced. 15 The content of Nd in the Mg alloy is 0 - 4.5% by weight,
preferably 0.05 - 2.5% by weight. When the content of Nd is above 4.5% by weight, the ductility of the
alloy is deterioratechchtebodadinte craghebility bidNdamyMdyantages for biomedical applications, for

10 example biodegradable inserts like stents, screws/plates for bone repair and surgical suture
materials. For many applications however, the time for degradation and failure of the mag-
nesium repair device is too soon and can develop too much gas evolution (H;) during the
corrosion process. Additionally failure of stressed magnesium devices can occur due to
Environmentally Assisted Cracking (EAC). EAC also referred to as Stress Corrosion

15 Cracking (SCC) or Corrosion Fatigue (CF) is a phenomenon which can result in catastro-
phic failure of a material. This failure often occurs below the Yield Strength (YS). The
requirement for EAC to occur is three fold: namely mechanical loading, susceptible mate-

rial, and a suitable environment.

20  ECSS (European Cooperation for Space Standardisation), quantifies the susceptibility of
various metallic alloys by use of an industry recognised test, employing aqueous NaCl so-
lution . ECSS-Q-70-36 report ranks the susceptibility of several Magnesium alloys, includ-
ing Mg—Y-Nd-HRE-Zr alloy WE54. This reference classifies materials as high, moderate
or low resistance to SCC. WE54 is classed as “low resistance to SCC” (ie poor perfor-

25 mance). For Biomedical applications, stresses are imposed on the materials and the in vivo
environment (e.g. blood) is known to be most corrosive. As for the ECSS tests, SBF (simu-
lated body fluid) widely used for in vitro testing includes NaCl. Tests described in this pat-
ent application suggest that EAC performance of the Mg-Y-Nd-HRE-Zr alloy system can
be improved by selective use of HRE additions. This offers a significant benefit for bio-

30 medical implants, where premature failure could have catastrophic results, for example
Atrens (Overview of stress corrosion cracking of magnesium alloys — 8" International con-

ference on Magnesium alloys — DGM 2009), relates potential use of stents in heart surgery,



20 The content of Gd in the Mg alloy is 0 - 9.0% by weight, preferably 0 - 4.0% by weight. Gd can
reduce the degradation of the alloy in SBF tests and improve its EAC behaviour. Levels of Gd
approaching the solubility limit in a given alloy reduce ductility. A total content of Y, Nd and Gd in the
Mg alloy is more than 2.0% by weight, preferably 25 snore than 3.0% by weight. The content of Dy in
the Mg alloy is O - 8.0% by weight, preferably 0 - 6.0% by weight, most preferred 0 - 4.0% by weight.
The content of Ho in the Mg alloy is 0 - 19.0% by weight, preferably 4.0 - 15.0% by 30 weight, most
preferred 6 Qe b P Habiyweaighto IdoCcariedpeshiineydroradation obibe;adiny iof PRmaneincreases
strength. WO 201%/ 17298PCT/EP21111/054448 - 9 - heéglontentgz Erin tﬂf Mgf allo%is 0 -23.0%
by weight, pP&tel Rg’%.ﬁ‘-“?{%%%%l&}’ RATSHE, FRELE R Fitertag B10YS 1008 HY Wight. 'RPRiC dttlice the
degradationlefvheféibmnintEBgtliests and improve its EAC behaviour and strength. 5The content of Lu
in the Mg alloy is 0 - 25.0% by weight, preferably 4.0 - 15.0% by weight, most preferred 6.0 - 14.0% by
weight. Lu can reduce the degradation of the alloy in SBF tests and improve its EAC behaviour and
strength. Theleowmptof Thihgridebnmbein disel MeddiRygiisioay 2VQ9%1Hg Weligyht, |prefégaisiyopgor
1015.0% by wRIghtnMAstRIGIEHRHR: BrotiR Yo 1R v aighie fighd R ANYi SR haAAMa LIRSS RLYV-

degradation of the alloy and improvement of the EAC behaviour and strength is expected. A total
content of H&% BRPERYeHoPaprestAR It hes g alhoynisnavoraighin sy mustisotereigRRnfIHste ISy MR total
content of HeirfiokWndbienshilanbie, thephdgeallPy de.fibat 2§ dyol Mvaightrimosiopreferreskih0 -
15.0% by v%ﬁjl%hﬁS Preferably tge otal c%fr:[ent includes Dy as dtgition element. In addi(gl;‘sglp .the
content of ZMHHE RIS SHEY iYL R0 b‘ffW@ e, B‘re(i%sreaﬂi/ R R f:?y%/v%tfd‘rﬁ’t,s erred
0.2 - 0:14% byangiyhif Horfinagdesiamszivebdrivrheatidysd2® rigcpipmibastalsignificant dhenkfibof
reducing thcla r%i\pe ize of magnesium alloys, especially of the pre-extruded material, which improves
the ductility o trhe alloy. Further, Zr removes contaminants from the melt. The content of Ca in the Mg
alloy is 0 - 2.0% by weight, preferably 0 - 1.0% by weight, 25most preferred 0.1 - 0.8% by weight. Ca
has a signifigant RensfibobreRlrinth e gritsize R MRansTHmRIQNS IhsrantaRt L inthe Mg

alloy is 0 - 1.5% by weight, preferably 0- 0.5% by weight, most preferred 0.1 - 0.3% by weight. Zn can
contribute t8'ffEE itafnsardiathaléo %ﬁ@c&hﬁe‘?@é firPodibisten she TRERSRTeAL BFRFPIRCHHE Mg
alloy is9 - B3 Q% smnhwaightinarefesably e 12.&% by sveightn Mo shyy eferkech &hhHdhe e waight. In has
a benefit of improving the corrosign performance of magnesium alloys. Additionally In h .benefit of
reducing th YT S5 HIAELIS IS HOESEAl ABmABNY R o Pre Al AL A AR iy i
preferably intitieyrmngeoof 0.2- 2.0% by weight, preferably 0.2 - 0.8% by weight.  The content of Sc in
the Mg alloy is O - 15% by weight. Sc can have a positive effect on iocorrosion resistance. The total
content of impurities in the alloy may be less than 0.3% by weight, more preferred less that 0.2% by
weight. In perttatentabierfolfolvintgtheiditat disehpadithekeue [ avin b gsrabe viedopDIFENSH e Mn,
and Aggeach, less han bR Qxiws&kg]dﬂéﬁ%sﬁlm@alﬂyggﬁ%e%%igntpk@du% Pr, Sm, Eu and Yb less
than 0.15% by weight, preferably less than 0.1% by weight 20 Alloys may be considered as
biodegradable in which degradation occurs in a physiological environment, which finally results in the
elntire imﬁlaoig@bmﬂ&ar@foﬂlwgameIg&gtmﬁeegé@)éa@&maser@hl@%agast&meﬁ{%@dﬂ@@gm@gﬁ%wtificial
plasma, has been previously described according.to EN 1ISO 10993-15:2000 for hiodegradation assays
(compositiof NAET 6 'y A1 et BRI 1K B9 4 gt mgsBarg s g"/ﬁl. N@Pﬂ%@dﬁ g‘ﬂ.gﬁlﬁﬁ‘ﬁlﬁm
0.126 g/l. 25INakRRD4i026 g/l), is used as a testing medium for testing the corrosion behaviour of
an allo / coming into consideration. For this purpose, a sample of the alloy to be assayed is stored in a
closed sample container with a defined quantity of the testing medium at 37C. At time intervals-tailored
to the corrosion Behaviour8%béexsedted-of a few hours up to multiple months, the sample is removed
and examined foggorrgsigrdy dfg@ known 30way. WO 2011/117298PCT/EP21111/054448
Implants are devices introduced into the human body via a surgical method and comprise fasteners for
bones, such as séfew8, pPatds byMsigiy, surgical suture material, intestinal clamps, vascular clips,
prostheses in thepgreapof ghiwrheyavandsoft tissue, and anchoring elements for electrodes, in particular,
of pacemakers or defiprillators. The implant is pref- 5 crably a stent. Stents of typical construction have
filigree’$upport stctuYes madePSHieiiic struts which are initially provided in an unexpanded state
for introduction iriia the badyaneyareighen widened into an expanded state at the location of
application. Vascular imp specially stents, are preferably to be designed in regard to the alloys
10 used in such?%ay@ﬁ?ﬁﬁggﬁvaeﬁ%il integrity of the implant is maintained for 2 through 20 weeks.
Implants as an odohidér-att (fieberablghto be designed in regard to the biodegradable in such a way
that the mechanical integrity of the implant is maintained for 6 through 12 months. Orthopedic implants
for osteosynthesis are preferably to be designed in regard to the magnesium alloy in such a way that
the mechanical integrity of the implant is main- 15tamed for 6 through 36 months. The present
disclosure is explained in greater detail in the following on the basis of exemplary embodiments and
the associated drawings. zoFIG. 1 - 7show microstructures of samples; and FIG. 8shows an example

of secondary cracking caused by EAC in SBF solution. FIG. 9shows the evolution of the relative
cnollance nreccerire nof ctente diirinAa corro- 25<cion fatiaiie tectina ElGG 10<chowe the evoliition of the



- 12 - properties (tensile properties) and the corrosion behaviour with and without superimposed
mechanical load. In addition biocompatibility tests were carried out. In general, melts were carried out
according to the following casting technique: High-purity starting materials (>99.9%) were melted in
steel crucibles under a protective gas (CO2/2% SEG&.-The temperature was raised to 760C to 800C
before the melt was homogenized by stirring. The melt was cast to form bars with a nominal diameter
of 120 mm and a length of 300 mm. Next the bars were machined to a nominal diameter of 75 mm
with a length of I5§ monto 1264 mpwanghhomogenized for 4-8 hours at approxi- 10mately 525C. The
material was then heated to 350-500C and extruded with the help of a hydraulic press. The resulting
round rods had #dianteler intfePPaRGEERE 6 nun to 16 mm, mostly 9.5-12.7 mm For the following
investigations, pieges from.the isjarkaid end of an extrusion 30 cm 15long were usually removed.
Table 2 summarises the chemical compositions, corrosion rates and tensile properties of exemplary
Mg alloys. MI0007"MIB034FAGDEIERS arc comparative examples of WE43 within AMS4427
chemical specifiqation(usad asrejexengg material. Each time, melts were 20produced to generate
tensile data and for metallo ra(ghy. 13 .Corrosion Properties :Copp antruaioN 1,3241 Jo % % | OF
164 OF 1St IET: 5% D1r108 a8, Weightia.  Effect of Gd & Er 117C19L:161111 601661 6.11 1000 1

tool1l POP | CORpi @%@l s RCkp kP BhRY @31984Ew8dr0 | OE.: 1 06. 1 9:0011X Additional
Examples M10024 |1 4.00 1 2.40 1 0.60 1 0.00 | 0.00 | 0.00 1 1.7410.00 | 0JX) 1 0.00 1 0.00 | 1 10.01 1

0.00211.7121712941231ii14771921 ARS cots -JOWLUI 17111 IcLL ICE8 1096 I cZfi
the balance being magnesium and under the condition that

10 a) a total content of Ho, Er, Lu, Tb and Tm is more than 5.5% by weight;
b) atotal content of Y, Nd and Gd is more than 2% by weight; and
c) atotal content of all alloy compounds except magnesium is more than 8.5% by

weight.

15 In alternative, an implant may be made in total or in parts of a biodegradable magnesium

alloy consisting of:

Y: 0-10.0% by weight
Nd: 0-4.5% by weight
20 Gd: 0-9.0% by weight
Dy: 0-8.0% by weight
Ho: 0-19.0% by weight
Er:  0-23.0% by weight
Lu: 0-25.0% by weight
25 Tm: 0-21.0% by weight
Tb: 0-21.0% by weight
Zr: 0.1 —1.5% by weight
Ca: 0-2.0% by weight
Zn: 0-1.5% by weight
30 In:  0-12.0% by weight
Sc: 0-15.0% by weight

incidental impurities up to a total of 0.3% by weight
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the balance being magnesium and under the condition that

a) a total content of Ho, Er, Lu, Tb and Tm is more than 5.5% by weight;

b) atotal content of Y, Nd and Gd is more than 2% by weight; and

5 c) atotal content of all alloy compounds except magnesium is more than 8.5% by
weight.

The use of the disclosed Mg alloy for manufacturing an implant causes an improvement in
processability, an increase in corrosion resistance and biocompatibility compared to con-
ventional magnesium alloys, especially WE alloys such as WE43 or WE54.

10

Atomic number | Element | RT 300°C | 400°C | 500°C
71 Lu 10-12 | 19.5 25 35
70 Yb ca.0 0.5 1.5 33
69 Tm 10-12 | 17.6 21.7 27.5
68 Er 10-12 | 18.5 23 28.3
67 Ho 8-10 | 154 19.4 24.2
66 Dy ca. 5 14 17.8 22.5
65 Tb 1-2 12.2 16.7 21.0
64 Gd ca. 0 3.8 11.5 19.2
63 Eu 0 0 0 0
62 Sm ca.0 0.8 1.8 4.3
61 Pm -- -- -- --
60 Nd ca.0 | 0.16 0.7 2.2
59 Pr ca.0 | 0.05 0.2 0.6
58 Ce ca.0 | 0.06 0.08 0.26
57 La ca.0 | 0.01 0.01 0.03
39 Y 1-2 4.2 6.5 10.0
21 Sc ca. 12 | 12.8 15.7 18.8

Tab. 1: Solid solubility of various LRE and HRE in magnesium

The solubility of RE in magnesium varies considerably; see Table 1. It may be expected
from one skilled in the art, that the volume of coarse particles present would be primarily
15 related to the Nd content, due to the low solid solubility of this element. Therefore the
amount of RE addition may be expected to affect the amount of retained clusters and parti-

cles present in the microstructure.
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Examination of the microstructure of some of the disclosed magnesium alloys and conven-
tional WE43 revealed that for specific compositions there were significant less and smaller

precipitates in the inventive magnesium alloy than in WE43.

In other words, the selection of the type of RE, present in Mg alloy, has surprisingly led to
an improvement in the formability characteristics although the total amount of RE is sig-
nificantly increased. It is proposed, that this improvement is achieved by a reduction in

hard particles (precipitates).

The content of Y in the Mg alloy is 0 - 10.0% by weight. Preferably, the content of Y in
the Mg alloy is 1.0 - 6.0% by weight; most preferred 3.0 - 4.0% by weight. Keeping the
content of Y within the ranges ensures that the consistency of properties, e.g. scatter during
tensile testing, is maintained. Further, strength and corrosion behaviour is improved. When

the content of Y is above 10.0% by weight, the ductility of the alloy may be reduced.

The content of Nd in the Mg alloy is 0 — 4.5% by weight, preferably 0.05 — 2.5% by
weight. When the content of Nd is above 4.5% by weight, the ductility of the alloy is dete-
riorated due to a limited solubility of Nd in Mg.

The content of Gd in the Mg alloy is 0 - 9.0% by weight, preferably 0 — 4.0% by weight.
Gd can reduce the degradation of the alloy in SBF tests and improve its EAC behaviour.

Levels of Gd approaching the solubility limit in a given alloy reduce ductility.

A total content of Y, Nd and Gd in the Mg alloy is more than 2.0% by weight, preferably
more than 3.0% by weight.

The content of Dy in the Mg alloy is 0 — 8.0% by weight, preferably 0 — 6.0% by weight,
most preferred O - 4.0% by weight.

The content of Ho in the Mg alloy is 0 — 19.0% by weight, preferably 4.0 — 15.0% by
weight, most preferred 6.0 - 14.0% by weight. Ho can reduce the degradation of the alloy

in SBF and increases strength.

cc
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The content of Er in the Mg alloy is 0 — 23.0% by weight, preferably 4.0 — 15.0% by
weight, most preferred 6.0 - 14.0% by weight. Er can reduce the degradation of the alloy in
SBF tests and improve its EAC behaviour and strength.

s The content of Lu in the Mg alloy is 0 — 25.0% by weight, preferably 4.0 — 15.0% by
weight, most preferred 6.0 - 14.0% by weight. Lu can reduce the degradation of the alloy
in SBF tests and improve its EAC behaviour and strength.

The content of Tm and/or Tb in the Mg alloy is 0 — 21.0% by weight, preferably 4.0 —
10 15.0% by weight, most preferred 6.0 - 12.0% by weight. For Tb and Tm the same effect on

degradation of the alloy and improvement of the EAC behaviour and strength is expected.

A total content of Ho, Er, Lu, Tb and Tm in the Mg alloy is more than 5.5% by weight.
Preferably, the total content of Ho, Er, Lu, Tb and Tm in the Mg alloy is 6.5 - 25.0% by
15 weight, most preferred 7.0 - 15.0% by weight. Preferably the total content includes Dy as

additional element.

In addition, the content of Zr in the Mg alloy is 0.1 — 1.5% by weight, preferably 0.2 —
0.6% by weight, most preferred 0.2 - 0.4% by weight. For magnesium-zirconium alloys,
20  zirconium has a significant benefit of reducing the grain size of magnesium alloys, espe-
cially of the pre-extruded material, which improves the ductility of the alloy. Further, Zr

removes contaminants from the melt.

The content of Ca in the Mg alloy is 0 - 2.0% by weight, preferably 0 — 1.0% by weight,
25 most preferred 0.1 - 0.8% by weight. Ca has a significant benefit of reducing the grain size

of magnesium alloys.

The content of Zn in the Mg alloy is 0 - 1.5% by weight, preferably 0 — 0.5% by weight,
most preferred 0.1 - 0.3% by weight. Zn can contribute to precipitation and can also affect

30 general corrosion.
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The content of In in the Mg alloy is 0 - 12.0% by weight, preferably 0 — 2.5% by weight,
most preferred 0.0 - 0.8% by weight. In has a benefit of improving the corrosion perfor-
mance of magnesium alloys. Additionally In has a benefit of reducing the grain size of

magnesium alloy.

A total content of In, Zr, Ca and Zn in the Mg alloy is preferably in the range of 0.2 — 2.0%
by weight, preferably 0.2 — 0.8% by weight.

The content of Sc in the Mg alloy is 0 — 15% by weight. Sc can have a positive effect on

10  corrosion resistance.

The total content of impurities in the alloy may be less than 0.3% by weight, more pre-
ferred less that 0.2% by weight. In particular, the following maximum impurity levels may
be preserved:
15 "] Fe, Si, Cu, Mn, and Ag each less than 0.05% by weight
'] Niless than 0.006% by weight
'] La, Ce, Pr, Sm, Eu and Yb less than 0.15% by weight, preferably less than 0.1% by
weight

20  Alloys may be considered as biodegradable in which degradation occurs in a physiological
environment, which finally results in the entire implant or the part of the implant formed
by the material losing its mechanical integrity. Artificial plasma, has been previously de-
scribed according to EN ISO 10993-15:2000 for biodegradation assays (composition NaCl
6.8 g/l. CaCl, 0.2 g/l. KC1 0.4 g/l. MgSO4 0.1 g/l. NaHCOs3 2.2 g/l. Na,HPO, 0.126 g/l.

25 NaH,PO,4 0.026 g/1), is used as a testing medium for testing the corrosion behaviour of an
alloy coming into consideration. For this purpose, a sample of the alloy to be assayed is
stored in a closed sample container with a defined quantity of the testing medium at 37°C.
At time intervals-tailored to the corrosion behaviour to be expected-of a few hours up to
multiple months, the sample is removed and examined for corrosion traces in a known

30 way.
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Implants are devices introduced into the human body via a surgical method and comprise
fasteners for bones, such as screws, plates, or nails, surgical suture material, intestinal
clamps, vascular clips, prostheses in the area of the hard and soft tissue, and anchoring
elements for electrodes, in particular, of pacemakers or defibrillators. The implant is pref-
s crably a stent. Stents of typical construction have filigree support structures made of metal-
lic struts which are initially provided in an unexpanded state for introduction into the body

and are then widened into an expanded state at the location of application.

Vascular implants, especially stents, are preferably to be designed in regard to the alloys
10 used in such a way that a mechanical integrity of the implant is maintained for 2 through
20 weeks. Implants as an occluder are preferably to be designed in regard to the biodegrad-
able in such a way that the mechanical integrity of the implant is maintained for 6 through
12 months. Orthopedic implants for osteosynthesis are preferably to be designed in regard
to the magnesium alloy in such a way that the mechanical integrity of the implant is main-

15 tained for 6 through 36 months.

The present disclosure is explained in greater detail in the following on the basis of exem-

plary embodiments and the associated drawings.

20 FIG.1-7 show microstructures of samples; and

FIG. 8 shows an example of secondary cracking caused by EAC in SBF solution.

FIG. 9 shows the evolution of the relative collapse pressure of stents during corro-
25 sion fatigue testing.

FIG. 10 shows the evolution of the relative load bearing cross section of stents dur-

ing corrosion fatigue testing.

30 Several melts with different alloy compositions were melted cast, and extruded and subse-
quently subject to different investigation with the emphasis on the microstructure (grain

size, size, fraction and composition of precipitates), the respective thermo-mechanical



| orio

| oo'o | 0oo'o | 000

10

15

20

WO 2011/117298 PCT/EP2011/054448
-12-

properties (tensile properties) and the corrosion behaviour with and without superimposed
mechanical load. In addition biocompatibility tests were carried out. In general, melts were

carried out according to the following casting technique:

High-purity starting materials (>99.9%) were melted in steel crucibles under a protective
gas (CO,/2% SF¢). The temperature was raised to 760°C to 800°C before the melt was
homogenized by stirring. The melt was cast to form bars with a nominal diameter of
120 mm and a length of 300 mm. Next the bars were machined to a nominal diameter of
75 mm with a length of 150 mm to 250 mm and homogenized for 4-8 hours at approxi-

mately 525°C.

The material was then heated to 350-500C and extruded with the help of a hydraulic press.
The resulting round rods had a diameter in the range of 6 mm to 16 mm, mostly 9.5-12.7
mm. For the following investigations, pieces from the start and end of an extrusion 30 cm

long were usually removed.

Table 2 summarises the chemical compositions, corrosion rates and tensile properties of
exemplary Mg alloys. MI0007, MI0034 and DF4619 are comparative examples of WE43
within AMS4427 chemical specification used as reference material. Each time, melts were

produced to generate tensile data and for metallography.
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Mechanical properties and metallurgical description

To determine the mechanical properties, standardized tension tests of the bulk materials
were performed and analyzed using several samples of a melt in each case. The 0.2% yield
s tensile strength (YTS), the ultimate tensile strength (UTS) and elongation at fracture (A)
were determined as characteristic data. The yield strength Y'S of a material is defined as the
stress at which material strain changes from elastic deformation to plastic deformation,
causing it to deform permanently. The ultimate tensile strength UTS is defined as the
maximum stress a material can withstand before break.
10
In addition tensile test were also performed with extruded tubes and drawn tubes as refer-
ence. The typical extruded tubes have a typical length of not less than 30 mm, a diameter
of ca. 2 mm and a wall thickness between 50 and 400 um. They are processed by a hot
micro extrusion process at temperatures between 200°C and 480°C and extrusion speeds of

15 0.1 mm/s to 21 mm/s.

For the metallographic examination of the as extruded condition the materials were melted,
cast, homogenized, cut to billets and extruded to bars. Then samples were cut, embedded in
epoxy resin, ground, polished to a mirror like finish and etched according to standard met-
20  allographic techniques [G Petzow, Metallographisches, keramographisches und plasto-

graphisches Atzen, Borntraeger 2006].
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Discussion of bulk material mechanical properties

Table 2 summarizes the chemical composition, mechanical (tensile test) and corrosion (salt
fog in NaCl and immersion in SBF) properties of Mg alloys. As can be seen form the data
of Table 2, the inventive changes in the composition of the alloys affect the tensile proper-

ties compared to the reference in terms of strength and ductility.

One skilled in the art may expect increasing strength and decreasing ductility with increas-

ing amount of appropriate alloying elements. This can actually be observed in Table 2.

For example, increasing Er content in the approximate range >2% to 8% increases strength
and maintains ductility. For higher values of Er, ductility is seen to decline. Reduction in
other elements, for example Nd can compensate for the Er addition, minimising the effect
of Er on ductility and allowing higher additions of Er to be added; for example MI0036
shows an example of good ductility with 14 % Er addition.

Small changes in other RE additions may affect ductility — for example Gd and Dy
(MI0023 vs. DF9561).

Similar effects may be seen for major additions of other REs, for example Ho, Lu, and Gd

however different threshold values (compared with Er) are suggested before ductility falls.

It is expected from the data, that higher levels (than the 8% examples shown) of, for exam-
ple Ho and Lu, could be employed without loss of significant ductility, probably to higher

values than the equivalent Er containing examples.

As can be seen from the data of Table 2 the inventive changes of the amount of Y and Nd
in the composition of the alloys basically effects strength, ductility and tolerance of some

other REs.

Combinations of REs (for example Gd and Er) are not always synergistic; however, certain

combinations are expected to be beneficial.
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Comparing mechanical properties of bulk material and micro-extruded tubes

extruded bulk
extruded bulk +micro-extruded
YTS UTS A YTS UTS A
ID in MPa | In MPa in % in MPa | in MPa in %
DF9375 199 276 26 164 250 20
Reference
DF9546 195 283 24 173 261 29
DF9561 218 309 23 189 316 26
MI0023 276 348 14 227 364 20
MI0012 299 369 11 206 361 16
Tab. 3: Mechanical properties of extruded bulk material and respective micro-extruded
tubes

For applications, the extruded bulk material is often processed further to achieve a product.
This processing can include drawing, rolling and bending steps and other advanced proc-
essing techniques. It has now been discovered that surprisingly, alloys of the invention
show an improvement during such subsequent processing steps for example micro extru-

10 sion.

The comparison of the tensile properties between typical inventive alloys and the reference
material before and after micro-extrusion clearly indicate that the inventive alloys are more
susceptible to thermo-mechanical treatments, in particular micro-extrusion.

15
The inventive alloy show a significant drop of 10-30% in yield strength for all tested in-
ventive alloys, minor changes of ca. plus minus 10% in ultimate strength depending on the

inventive alloy and significant rise of 10 -50% in ductility for all tested inventive alloys.

20  All of these effects are desirable because the effect of a lower YS combined with more or
less the same UTS leads to a significantly lower (minus 5-30%) yield-to-tensile strength
ratio of less than 0.6 which together with the higher ductility is beneficial, for example, in
terms of developing stent designs with for example homogenous opening behaviour and
higher radial strength.

25
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The reference material in contrast exhibits about 20% drop in yield strength, about 10%

drop in ultimate strength and about 20% drop in ductility.

Microstructure

Figures 1 through 5 show microstructures of exemplary samples (FIG. 1: MI10031 / FIG. 2:
MI0030 / FIG. 3: MI10037 / FIG. 4: M10029 / FIG. 5: M10046) after extrusion. They pro-
vide an insight into the effect of alloy composition upon strength and ductility of some of
the alloys examples. A microstructure which is free of large particles and clusters (“clean
microstructure”) can offer the advantage of improved ductility if the clusters/particles are

brittle.

Figure 1 is a comparatively “clean microstructure” despite a 12.7% addition of Er - ductil-

ity is good (19%).

Figure 2 shows the effect of adding Nd to the alloy of Figure 1. The microstructure has
more clusters and ductility falls (10%). It will however be noticed that the alloy of Figure 1

possess higher tensile properties.

Figure 3 contains a higher level of Er (18%) than the alloy of Figure 1. This result in more

clusters and despite an improvement in strength, ductility falls to a very low level (2%).

The alloy of Figure 4 illustrates that a combination of lower Er compared to the alloy of
Figure 1 (8% Er vs. 13% Er) can achieve a comparatively “clean microstructure” and simi-

lar properties to that of alloy of Figure 1, by combining Nd with this lower Er content.

Figure 5 illustrates the effect of Lu, which appears to provide a similar manner to Er, how-
ever appears more tolerant to Nd additions in terms of freedom of particles and clusters

compared with the alloy of Figure 4.

Figure 6 and 7 illustrate the difference in micro-structure of drawn tubes from the reference

material and micro-extruded tubes from the inventive alloy MI10029. It clearly can be seen

| 000 | off 1000 | o0o'o10001000 1
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that the micro-extruded has significantly less and smaller precipitates than drawn material.
In addition the grain size of the extruded tubes is significantly reduced from ca. 15-20 um

for the as extruded bulk materials and 2-15 pm for the drawn condition.

5 In structural terms it has been found that an improvement in processability and/or ductility
becomes noticeable when the area percentage of particles in the alloy having an average
particle size in the range of 1 to 15 um is less than 3%, and particularly less than 1.5%.
Most preferred the area percentage of particles having an average size greater than 1 um
and less than 10 um is less than 1.5%. These detectable particles tend to be brittle.

10
In structural terms it has been found that an improvement in processability and/or ductility

and/or strength becomes noticeable when the grain size is reduced.

Corrosion behavior

15
The corrosion behavior of selected alloy systems was investigated in greater detail on the
basis of three standardized tests. The results of these tests are summarized in Table 2 and

Table 4.

20  Salt Fog Test

First a standardized test to evaluate the industrial usability of the alloys was performed
using a 5% NaCl-containing spray mist according to ASTM B117. The samples were ex-
posed to the test conditions for the required number of days and then the corrosion product
25 was removed by boiling in a 10% chromium trioxide solution. The weight loss of the sam-
ples was determined and expressed in mpy (mils penetration per year) as is customary in

international practice.
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extrusion speeds of 150.1 mmis to 21 mm/s. For the metallographic examination of the as extruded
condition the materials were melted, cast, homogenized, cut to billets and extruded to bars. Then samples

were cut, embegglegoige in SBF (simulated body fluid) with an ionic concentration of 142 mmol/L Na®,
5mmol/L K', 2.5 mmol/L Ca*’, 1 mmol/l Mg%, 1 mmol/l SO,*, 1 mmol/l HPO,”,

109 mmol/l CI' and 27 mmol/L HCOs™ cylindrical samples of the extruded material are

10 completely immersed in the hot medium for 7 days at nominally 37°C. The corrosion

product is then removed by boiling in a 10% chromium trioxide solution. As for the ASTM

B117 test, the weight loss of the samples was determined and expressed in mpy.

An important factor to note is that the absolute value can vary with each batch test. This
15 can make comparison of absolute values difficult. To resolve this, a standard (known refer-
ence type alloy WE43 (for example M10034 type alloy) is tested with each batch of alloys
tested. The reference is then used as a basis to compare any improvements. Reference is

given the value 100% and values less than this show an improvement (less degradation).

20  However, the corrosion resistance also depends on corrosion medium and mechanical load
conditions acting at the same time. Therefore, an additional test method has been used to
determine the Stress Corrosion Cracking (SCC) behavior under physiological conditions in

view of the special use of the alloys.
25 EAC/SCC in SBF

Stress tests in SBF media were carried out to identify susceptibility to Environmental As-
sisted Cracking (EAC) also known as stress corrosion cracking (SCC) and compare the
alloys of the invention to WE43 type reference alloy.

30
The test consists of testing a machined cylindrical specimen containing sharp notches to

act as stress initiators. The samples were loaded with a fixed weight via a cantilever



epoxy resin, ground, polished to a mirror like finish and etched according to standard met- 20allographic
techniques [G Petzow, Metallographisches, keramographisches und plasto- graphisches Atzen,
Borntraeger 20062 2\ 284 1/117298PCT/EP21111/054448 - 15 - Discussion’ 6Pk rial
mechanical properties Table 2 summarizes the chemiat composition, mechanical (tensile test) and
corrosion (salt fog in NaCl and immersion in SBF) properties of Mg alloys. As can be seen form the data
Sof Table 2, the inventive changes in the composition of the alloys affect the tensile proper- ties compared
to the referencéﬂ?ﬁb@ﬂﬁ@o@ﬁéﬁ@%@aﬁm@&ﬂﬁg@%ﬁ%@ﬂ|é%ptﬁ1@ﬁ@\aht%§y@we§ﬁ£&@é§i g strength

and decreasingiglugiilityivitaineeass: iIngRerauitiR{RpRIARURE pdenefiementsc Thisicanactually be
observed in Table 2. %O For exaggle, increasin% Er contentt in tlh%agapro#imate rangep>2% .'%0_8%
increases stren@l?ﬁngﬁ ST R BB HIGh EPVRRTEL BY E P BB MR 18 S88R%0" dECHIE. Reduction

in ot_h_er elementt'&,_‘fms e;xa\wmléﬂ@@m compeaensatepfeuth eoE¥Bid ditidia, wnimmisidgrth & leffeotssf Er on
ductility and allowing. g6y aditions gtk ie-baeddad:for sxample MIAR3G Jashpws. anexample of

good ductility with 14% Er addition. Small changes in other RE additions may affect ductility - for example
Gd and Dy (Ml(F(BQGe\ﬁsmﬁF@Sél). 20 Similar effects may be seen for major additions of other REs, for
example Ho, Lu, and Gd however different threshold values (compared with Er) are suggested before

ductility falls. |t is expected from the data, that hjgher leyels (than the 8% examples shown) of, for
example o and L1 BT DA HTHBY AL LGE Gr G AHEENPUJRER SHObELN) T EHED 2values
than the equivalerfiikrcantamibigsexdantpies. Aspardwisedr flonstible datasofahabie QRResnentive

changes of fne amouligh Y AdNAIR e compasilionof the, alws,basically iagis sitaparh, ductiity and
tolerance of some other REs. 30 WO 2011/117298PCT/EP21111/054448 - 16 - Comparing mechanical

properties of butk mitelisFlrbatftarsTahertielael ifid9Oesdthriess butkeriteithe apismat imferBodxtruded 1D
YTSin MPaUTS In MPaAin% YTS in MPa UTS in MPa A in % DF9375 Reference 199 276 26 164

250 20 DF9546 )
Mg-Ion release from micro-extruded tubes and fully processed stents

15 However, since it is also known that the thermo-mechanical treatments and the surface
conditions of materials affects the corrosion behaviour we also characterized the corrosion
resistance of the materials by quantification of the Mg ion release from micro-extruded

tubes and actual fully processed stents in SBF.

20 The samples for the Mg ion release tests were manufactured from micro-extruded tubes as
described above. Furthermore the extruded tubes were laser beam cut to the shape of
stents, electro-polished, crimped on balloon catheters, sterilized and expanded into hoses of
appropriate size where they were surrounded be flowing SBF. Samples from the test solu-
tion were taken at different time points and subject to quantitative Mg ion evaluation by

25 means of an ion chromatographic procedure described elsewhere. Drawn tubes of WE43

and the respective stent served as reference.
Results of Salt fog test
30 Surprisingly the results of the salt fog test in NaCl atmosphere clearly indicate that an in-

creasing content of Er (Ho, Lu, Tb, Tm) reduces the corrosion resistance significantly. The

more surprising is the oppositional corrosion behaviour of the inventive alloys in SBF, a



195 283 24 173 261 29 DF9561 218 309 23 189 316 26 MI0023 276 348 14 227 364 20 M10012 299
369 11 206 361 16 Tab. 3: Mechanical properties of extruded bulk material and respective
micro-extruded mgégll‘ib]ﬂé??plications, the extruded bulk material is often M&%@%@dﬁﬁﬁﬁﬁ to achieve a
product. This processing can include drawing, rolling ahd bending steps and other advanced processing
techniques. It has now been discovered that surprisingly, alloys of the invention show an improvement
during such subsequent processing steps for example micro extru- imsion. The comparison of the tensile
properties betwidHgfhriaravaatie 2a1u3/sbiplacisl refsiehervireer) pefereubdarepthiBrslextrusion
clearly Iindicate EB@MH&M‘K@@HME@&M@ gm&gwmm&@&@@hﬁm@m?mm%hmﬁa?ﬁts, in oral
particular micro-extrusion. 15 The inventjv ow a signjficant drop -30% in yield strength for a
Fostod invent < LTSy EAAHDS EhHUE BRSNS AT 6% T RintAe Ctronii AEBEN g b the
inventive alloy ancdighificamtidsg afdlOtb065 the durstilibsSovithl itestethinventtivieodllmysor2 ® A%6f these
effects are desifable.hecays e #ect of AIOWRL Y GORPIREANIRL MRLG:Rh 5SS the same UTS leads to
a significantly lower (minus 5-30%) yield-to-tensile strength ratio of less than 0.6 which together with the
higher ductility is beneficial, for example, in terms of developing stent designs with for example
homogenous opgRing behiauieryiac Bgher radial strength. WO 2011/117298PCT/EP21111/054448 - 17
- The reference material in contrast exhibits about 20% drop in yield strength, about 10% drop in ultimate
strength and about 20% drop in ductility. Microstructure Figures | through 5 show microstructures of
exemplary samptes (kliGuctMOOBE, oG a1 My 08 the Ei@nBoiD@drates-{iat dieMiQB201 é11@Geds: MI0O046)
after extrusjon. They,provide,aB R0t ihs efseh ot alloy,campasiinn Yren sirsagiland.ductiity of
some of the alloys examples. A microstructure which is free of large particles and clusters ("clean
10microstructur@greaipsdfran the indvalemgfowrigiprtvdera deihlg imprewsnsis/pegticiidare brittle. Figure
1 is a comparatively "clean microstructure" despite a 12.7% addition of Er - ductility is good (19%). 15
Figure 2 shows the effect of adding Nd to the (aaléoy of Figure 1. The microstructure has more clusters and
ducily falls (10REJ°R HNTRObRR I 56 Hid CRAE e LSy igtie T HRSESE HIGHEPESRLRE properties.
20Figure 3 conteiisaadeigheritgwelof, ke (I8%)cthardheasdtysobdeiguee lbwEhimngsuttlim meretlusters and
despite an mproygmeqtistiengif, USRS iRV e IOHIEYE 1) Theralowof Fiaure 4
illustrates that a combination o? ower Er compared to the alloy of Figur 8% Ervs. 13% Er) can
achieve a comparatihsiy cefetin pHierastringiyrauadye vsithioia s peopes theg sonersarateafioyior midure 1, by
combining Nd vgth-thisiQmearELamiensal Guwek Bpattateathe efigabofde Uyndishiappsars ta provide a

similar manner to Er, however aggears more tolerant to Nd additions in terms of freedom of particles and

clusters compaPBB Y 'SHSBFESgure 4.

20
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as reference. Results of Salt fog test 30Surprisingly the results of the salt fog test in NaC1 atmosphere
clearly indicate that an in- creasing content of Er (Ho, Lu, Tb, Tm) reduces the corrosion resistance
significantly. The more surprising is the oppositional corrosion behaviour of the inventive alloys in SBF, a
WO 2011/117298PCT/EP21111/054448 - 21 - solution simulating the actual biological service



5to 14 wt%. From about 18 wt% Er on the corrosion rate deteriorates further. Results of Immersion in
SBF Tests in immersed SBF, of the alloys of the invention, illustrates that the reduction on
deg-10radation %?ez?l:]dﬂa"s%n). This is best viewed as a % of the reference’ Sifbwizp.zﬂjilt/ﬁ%"ﬁ‘ést case
examples from the invention show a greater than 10-f&ldt improvement in degradation. Generally
speaking, as Er, Ho, Lu, Gd (as well as for Tb and Tm) increase, the degradation resistance also
improves, i.e. the measured mass loss becomes lower compared to the ref- 15 erence. Within the alloy
additions mentiBsSHARE¥A GREL As8BIppears to be some differences between the elements individually,
with some showing better performance. It would be expected that combinations of some of the HREs

could provide s gistic benefits at ropriate allo tents. 20 W :
o111 17206P BT AS 5o b B WIS B e B A W FUTE TS Reference
alloy ejcc 09I tZcd® BT 4211 thaD@0HOFIR D OROB0IRE6E, 00 1bS01OC0I& Tt @t Be M AeZIA0hik tOOIW

Experimentgl Aﬂ%ﬁ)%l‘heﬁ? is Ql?so_os%el§ (3 9 Jk? OMQIQQ‘BQ{ E?@QR'% th%rrggé?lal:vgllggi[%ste'&'i§ aiL 89i- 197, |
ou 1691 ZSI> lor z | st- Corrosion Properties A, of WE 43 Reference

(no SBF media effect). The closer this value is to 100%, the less the fracture is related to

the media and therefore the less prone the material is likely to be to EAC (SCC) in that

media.

10 Er additions perform well to at least 14wt %, however at 18 wt % the performance is re-
duced to beneath that of the reference WE43 type alloy. Other HREs perform in different
ways, for example only 4% Gd addition gives the best EAC resistance of the alloys tested,

and Lu also appears good, Ho performs poorly.

15 Figure 8 shows the fracture appearance of alloy DF9400. The fracture shows primary and
secondary cracking. This type of cracking with secondary cracking remote from the pri-

mary crack can be representative of SCC.

Discussion: Mg-Ion release from micro-extruded tubes and fully processed stents

20

ID Bulk material Micro-extruded tube Stent
in % of respective reference
DF9546 79 52 12
MI10029 47 29 49
MI10023 42 29 9
MI0012 39 62 13
MI10026 20 13 12

Tab. 5

Table 5 shows a comparison of the Mg ion release from bulk material, extruded tubes and
the respective stents from these extruded tubes. Values are given in percentage of the re-
25 spective reference material (reference WE43 bulk materials from Table 2 as reference for

the inventive bulk material, drawn tube of WE43 for the extruded tubes of the inventive
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alloys and stents from drawn tube of WE43 for the stent manufactured from extrude tubes

of the inventive alloys).

The Mg ion release tests with micro-extruded tubes and the respective stents as well as
s with drawn tube and the respective stents as the respective references revealed that the in-
ventive alloys exhibit significantly less Mg ion release (20-80% less Mg ion release than
the reference material) indicating a significant higher corrosion resistance. Furthermore the
inventive alloys become about 20% to 80% more corrosion resistant than the drawn refer-
ence material when processes by micro-extrusion. Further improvements (50-90% less Mg
10 ion release than stents from drawn reference material) can be gained through proper elec-
tro-polishing to produce a stent. While the inventive alloys show improved corrosion prop-
erties after processing the corrosion properties of the reference material drop during tube-

drawing and polishing.

15 This can be explained by the microstructure of the bulk materials (see section "Mechanical
properties and metallurgical description of the alloy”) resulting from the inventive changes
of the composition and the processed material where the drawn reference tube shows sig-
nificantly more precipitates than the micro-extruded material. These precipitates (known to
be electrochemical more noble) also exist on the polished surface creating galvanic couples

20  that accelerate dissolution rates.

In addition the grain size is significantly reduced from ca. 15-20 um in the as extruded and

drawn condition to 2-15 um in the micro-extruded condition.
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Example: Mg-4Y-2Nd-8Er-0.6Zr (M10029) & Mg-4Y-8Er-0.6Zr (DF9546)

High purity (>99.9%) magnesium ingots are smelted in steel crucibles at 500-800°C. The
melt is protected from burning and sludge formation using fluxless techniques with mix-
tures of protective gases, e.g. CO,/2% SFs or argon/2% SFg. After smelting the pure mag-
nesium ingots the temperature is raised to 680-860°C and the respective amounts of alloy

ingredients of Y, Nd and Er and Zr are added.

Before casting in a water-cooled mold to form bars with a nominal diameter of 120 mm
and a length of 300 mm the melt is homogenized by stirring. After casting and cooling the
bars are machined to a nominal diameter of 75 mm with a length of 250 mm and homoge-

nized for 8 hours at approximately 525°C.

The material is then reheated to 400-500°C, preferably 450°C, and extruded with the help
of a hydraulic press. The resulting round rods have a diameter of 12.7 mm. Before further
processing or testing, 30 cm long pieces are removed from the start and end of the extru-

sions. The mechanical properties of the extruded bulk materials are:

MI0029:

YTS =246 MPa which is ca. 35 MPa higher than for WE43.
UTS = 322 MPa which is ca. 30 MPa higher than for WE43.
E = 18% which is ca. 8% less than for WE43.

The corresponding microstructure is depicted in Fig. 4.

DF9546:

YTS = 195 MPa which is ca. 15 MPa less than for WE43.
UTS = 283 MPa which is ca. 7 MPa less than for WE43.
E =24% which is 2% less than for WE43.

In particular for medical applications as vessel scaffolds (also stents) in the vascular field
the extruded material must be further processed into tubes, e.g. by drawing or micro-

extrusion. A Stent is an endoluminal endoprosthesis having a carrier structure that is
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formed of a hollow body which is open at its ends and the peripheral wall of which is
formed by a plurality of struts connecting together which can be folded in a zig-zag or me-
ander-shaped configuration, where the struts have typical dimensions in width and thick-

ness of 30-450um

Further processing of the extruded alloys into such above mentioned tubes is accomplished
by a micro-extrusion process. For micro-extrusion slugs are machined from the bulk mate-
rial. These slugs are processed by a hot pressing process at elevated temperatures between
200°C and 480°C and extrusion speeds of 0.001 mm/s to 600 mm/s. Typical dimensions
10 for micro-extruded tubes for vessel scaffolds have length of not less than 30 mm, a diame-

ter of ca. 2 mm and a wall thickness between 50 and 400 pum.

Beside of the already described mechanical and corrosion properties the mechanical prop-
erties of the micro-extruded tubes of these particular alloys compared to the WE43 tubes

15 arc:

MI10029:

YTS = 189 MPa which is ca. 25 MPa higher than for drawn WE43 tubes.

UTS = 316 MPa which is ca. 66 MPa higher than for drawn WE43 tubes.
20  E=26% which is ca. 6% higher than drawn WE43 tubes.

The corresponding microstructures are given in Fig. 7.

DF9546:

YTS = 173 MPa which is ca. 10 MPa higher than for drawn WE43 tubes.
25 UTS =261 MPa which is ca. 11 MPa higher than for drawn WE43 tubes.

E =29% which is ca. 9% higher than drawn WE43 tubes.

To evaluate the susceptibility to environmental assisted cracking in particular corrosion
fatigue upon an in vivo like, cyclic loaded vascular scaffold, we produced actual stents

30 from the micro-extruded tube by laser cutting and electro polishing.
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Prior to testing the stents were crimped on balloon catheters to a diameter of less than 1.5
mm and sterilized, e.g. ETO (Ethylene Oxide Sterilization) or e-beam (electron beam ster-
ilization). The stents were than over-expanded to their nominal diameter plus 0.5 mm into
mock arteries with respective diameters which were previously filled with simulated body
s fluid (SBF). Previous tests have shown that over-expansion to about 1 mm in diameter is
possible for the new alloy while the same stent manufactured from WE43 tolerates signifi-
cant less over-expansion. The improved dilatation reserve of the inventive alloys contrib-

utes significantly to device safety in clinical practice.

10 The mock arteries with the stent inside are placed in a test chamber where a cyclic physio-
logical load is applied. After certain periods of time (14 and 28 days) some arteries are
transferred into another test chamber where the radial strength of the stent can be meas-
ured. Some other arteries are filled with epoxy resin for metallographic determination of
the remaining load bearing cross section of the stent struts. For comparison we used the

15 same stent design manufactured from WE43 tubing.

The results of the relative degradation score, which is defined as the percentage of metal
remaining during corrosion normalized to the respective value of the reference, depicted in
Fig. 10, impressively indicate that the inventive alloys exhibit significantly less uniform

20 corrosion (-25%) than the reference when cyclic loaded in a corrosive environment.

The results of the relative collapse pressure measurement, which is defined as the absolute
collapse pressure normalized to the initial collapse pressure of the reference, depicted in
Fig. 9, also impressively indicate that stents manufactured from inventive alloys exhibit a
25 significant higher initial collapse pressures (+10%) as an result of the higher strength, the
lower yield ratio and the higher strain hardening. Furthermore the stents maintain that high
initial level of scaffold ability over a significant longer period of time without fractures or
fragmentation, indicating significant less susceptibility to environmental assisted cracking
in particular corrosion fatigue.
30
The positive effect of the addition of highly soluble Er to Mg-Y-Zr and Mg-Y-Nd-Zr-

alloys becomes also obvious especially when comparing the microstructure after micro-
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extrusion with the microstructure of micro-extruded WE43. In Fig. 6 can be seen that a
large portion of linear agglomerates of large precipitates (stringers) is present in the WE43
tube (Fig. 7) while the particles are significantly finer and more evenly distributed in the
MI0029 tube. Those particles may act as cathodes for galvanic corrosion as well as crack

s ignition sides during static or cyclic loading and therefore unfavourable.
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LCOOM I c'POOTTLT 100t6,4(1 | zzoom WO 2011/117298PCT/EP21111/054448 - 23 - Results of
EAC/SCC in SB‘!‘—‘OI'%F@W?POVideS data on EAC tests. Taking WE43 type aﬂﬁgy%ﬁ@%(féf“ﬁs a reference,
it can be seen that as the HRE content increase, the-d@Bsolute tolerable stress increase. This improvement
is also seen as a % of the actual strength of the material when tested in air (no SBF media effect). The
closer this value is to 100%, the less the fracture is related to the media and therefore the less prone the
material is likelyPtSTHEND €M C) in that media. Er additions perform well to at least 14wt %, however
at 18 wt % the performance is reduced to beneath that of the reference WE43 type alloy. Other HREs

perform in different ways, for example only 4% G%a .di%%n ives the best EAlC resistance of the alloys
tested, and Lt diso ABBRVYSEA 96 LEBAL SAAMP LT B YRS AT A earance of alloy
DF9400. The fractur® shavsl prifrédry aeidhsecondary cracking. This type of cracking with secondary
cracking remote fromthe @[igjs'agr%ybgy%l%ﬁgn be representative of SCC. Discussion: Mg-lon release from

micro-extruded tubes and fully processed stents 20 ID Bulk material Micro-extruded tube Stent in % of
respective reference®ro846 P83y ¥2IEM 0029 47 29 49 M10023 42 29 9

Dy: 0-8.0% by weight
Ho: 0-19.0% by weight
Er:  0-23.0% by weight
10 Lu: 0-25.0% by weight
Tm: 0-21.0% by weight
Tb: 0-21.0% by weight
Zr: 0.1 —1.5% by weight
Ca: 0-2.0% by weight
15 Zn: 0-1.5% by weight
In:  0-12.0% by weight
Sc: 0-15.0% by weight

incidental impurities up to a total of 0.3% by weight;

20 wherein the condition is, that
a)  atotal content of Ho, Er, Lu, Tb and Tm is equal or more than 5.5% by weight;
b) atotal content of Y, Nd and Gd is equal or more than 2% by weight
c) atotal content of all alloy compounds except magnesium is equal or more 8.5%
by weight; and
25 d) the balance to 100% by weight being magnesium.

2. The implant of claim 1, wherein the content of Y is 1.0 - 6.0% by weight.

3. The implant of any one of the preceding claims, wherein the content of Nd is 0.05 -

30 2.5% by weight.



M10012 39 62 13 M10026 20 13 12 Tab. 5 Table 5 shows a comparison of the Mg ion release from bulk
material, extruded tubes and the respective stents from these extruded tubes. Values are given in
percentage of tﬁ’%oré(-"i@éﬂé’ﬁtive reference material (reference WE43 bulk rﬁﬁ?é]?fa%lff%sr#“%able 2 as
reference for the inventive bulk material, drawn tube-30WE43 for the extruded tubes of the inventive WO
2011/117298PCT/EP21111/054448 - 24 - alloys and stents from drawn tube of WE43 for the stent
manufactured from extrude tubes of the inventive alloys). The Mg ion release tests with micro-extruded
tubes and the réspediivei@Rlpts elsaneiPas efithedPErte tib sl aims thdivecip dhtivenseeh&f 4¥tie%espective
references revealed 44, thevweuantive alloys exhibit significantly less Mg ion release (20-80% less Mg ion
release than the reference material) indicating a significant higher corrosion resistance. Furthermore the
inventive alloys become about 20% to 80% more corrosion resistant than the drawn reference material
when processes$.by fierongidntisicmy feucthéthiepeosdnganis (§O+BE%nlesstM o @nonfréledsenthan stents
from dravv_n 5referenc%m§tﬁg§»gcaqﬂ)p% %ﬁqgamg%d/g.@)p&%pgq{teIectro-polishing to produce a st_ent. While
the inventive alloys show improved corrosion properties aftér processing the corrosion properties of the
reference material drop during tube-drawing and polishing. 15This can be explained by the microstructure

of the bulk mateyialstaeensaetons Medmrnicahpinpaidias anchiyaialtmicat deserptiomefithe alloy”)
resulting from the inve p’ve cha qes of the composition and the processed material where the drawn
reference tube show@@{’;hﬁi@'ﬁ more precipitates than the micro-extruded material. These precipitates
(known to be electrochemical more noble) also exist on the polished surface creating galvanic couples
2otnat acceleraie dispolufigfeige.d) UGS R SORIIGAMY tealireddignca. 15-20 min
the as extruded and drawn condition’to 2-15 t.im'in t%e icro-extruded condition. WO
2011/117298PCT/ER29¥ay0s8lg - 25 - Example: Mg-4Y-2Nd-8Er-0.6Zr (MI0029) & Mg-4Y-8Er-0.6Zr
(DF9546) High purity (>99.9%) magnesium ingots are smelted in steel crucibles at 500-800C. The melt is

protected from burning and sludge formation using fluxless techniques with mix- 5 tures of protective
Gases, e.q. COY/2% SEATHULEHBY S RRdPSHURNG R plIS TR STHTINGbE e thiperature is
raised to 680-860C dndthéyespestive amounts of alloy ingredients of Y, Nd and Er and Zr are added.
Before casting in a water-cooled mold to form bars with a nominal diameter of 120 mm 10 and a length of
300 mm the melt is homogenized by stirring. After casting and cooling the bars are machined to a nominal
diameter of 75 fhm witls @nelgtirbrpsonnat isdPrsaibesiven.fohertiaubs seuprokiktate/525C. The
material is then rehepsed19,400:500C, preferably 450C, and extruded with the help 15 of a hydraulic
press. The resulting round rods have a diameter of 12.7 mm. Before further processing or testing, 30 cm
long pieces are removed from the start and end of the extrusions. The mechanical properties of the
extruded bulk materidle arelMLO02Y: A BT hep24o dibl amihichwbetan 3bcMbrachigiierthiant or WE43. =
322 MPa WE]iCh is CaI?&MP‘%lei h[er than for WE43. E = 18% which is ca. 8% less than for WE43. The
corresponcilng microstructure Is depicted in Fig. 4. 25DF9546: YTS = 195 MPa which is ca. 15 MPa less
than for WE43. TITS = 283 MPa which is ca. 7 MPa less than for WE43. E = 24% which is 2% less than
for WE43. 30In partiqglaifersmestieal appligatiensasdrgsealiscaialdsitalrostiantsbinthe vegcular field the
extruded material must be further processed into tubes, e.g. by drawing or micro- extrusion. A Stent is an
endoluminal endoprdtA&s W&#RG a carrier structure that is WO 2011/117298PCT/EP21111/054448 -
26 - formed of a hollow body which is open at its ends and the peripheral wall of which is formed by a
plurality of strutssconpecting together which.can be folded in a zig-zag,or meander-shaped.configuration,
here the Sruts Fav B e A S e T g of e
extruded alloys into $iichuahbvadrientiondbictiipes 9§ GécormpPlisieaveight micro-extrusion process. For
micro-extrusion slugs are machined from the bulk material. These slugs are processed by a hot pressing
process at elevated temperatures between 200C and 480C and extrusion speeds of 0.001 mmis to 600
mails Typical difdensiBR<ISF Aliars-enerobiely Risesding clauay wbsiEldhh R Rt of bt less than 30
mm, a diame- ter of 0&%2byimeattd. a wall thickness between 50 and 400 gm. Beside of the already
described ggechanical and corrosion properties the mechanical properties of the micro-extruded tubes of
these particular alloys compared to the WE43 tubes 15are: MI0029: YTS =189 M Pa which is ca. 25 M
Pa higher than 1dr dreweniwizas afilbes oo of thg IBaudagvimis vhcee: MR xdtitshe otHen fob drawn WE43
tubes. 20 E = 26% whigh is GRif%o higher than drawn WE43 tubes. The corresponding microstructures
are given in Fig. 7.



DF9546: YTS =173 MPa which is ca. 10 MPa higher than for drawn WE43 tubes. 25 UTS = 261 MPa
which is ca. 11 MPa higher than for drawn WE43 tubes. E = 29% which is ca. 9% higher than drawn
WE43 tubes. TO'SVAILKE #HE susceptibility to environmental assisted crackﬁf&rfﬁpﬁglrﬁaﬁ"lﬁ‘rscorrosion
fatigue upon an in vivo like, cyclic loaded vascular seaffold, we produced actual stents from the
micro-extruded tube by laser cutting and electro polishing. WO 2011/117298PCT/EP21111/054448 -27 -
Prior to testing the stents were crimped on balloon catheters to a diameter of less than 1.5 mm and
sterilized, e.g. ETO (Ethylene Oxide Sterilization) or e-beam (electron beam sterilization). The stents were
than over-expanged tadhgipiaoinaldiametenplpre Qo B mdHe, MockAriaseswiin sesnedive diameters
which were previouséy t)i”%d with simulated body 5 fluid (SEE). Previous tests have shown that
over-expansion to a 0% %Wﬁlﬁgtdiameter is possible for the new alloy while the same stent
manufactured from WEA43 tolerates significant less over-expansion. The improved dilatation reserve of the
inventive alloys gontipuigs significantiv e deyisesafenen.siniap BrAgtce, AATHEMosk artaries with the
stent inside are placed in a test chamber where a cyclic physio- logical load is applied. After certain
periods of time (14 al?id"%gé&ys) some arteries are transferred into another test chamber where the radial
strength of the stent can be measured. Some other arteries are filled with epoxy resin for metallographic
determination of the remaining load bearing ¢ross section af the stent struts, For comparison we used the
I2same stent dbtion N ERACKSHLPH GF SO TETAG S S PR Ak R HEPLAAUOh score,
which is defined as the perZentag¢hofmgtalfiemahiig duwmgleorrosion normalized to the respective value
of the reference, depicted in Fig. 10, impressively indicate that the inventive alloys exhibit significantly
less uniform 20corrosion (-25%) than the reference when cyclic loaded in a corrosive environment. The
results of the rel&tivelBoliapkatbasuraantisuresdine aries. iy hiasindbedaplatEb8ofaté collapse pressure
normalized to the initial collapse pressure of the reference, depicted in Fig. 9, also impressively indicate
that stents man éactured rom inventive alloys exhibjt a 25 significant higher initial collapse pressures
(+10%) as an ri ult SPEHR ﬁgﬂ&%ﬁ‘figﬁ RAHETOWET Vief@ TAYiS'8%d the higher strain hardening.
Furthermore the stents mant&in%hiat Wwigghinitial level of scaffold ability over a significant longer period of
time v_vithpqg frapture&&):r f(f‘-%ﬂ%%r“&@i’ indicating signi_ficant_ less sus_ceptibility to envir_onmental assisted
cracking in particular corrosion fati ue.g&O -28 - extrusion with the microstructure of micro-extruded
WEA43. In Fig. 6 can 96:sédent&t Bylaijehportion of linear agglomerates of large precipitates (stringers) is
present in the WE43pybe(Figo¥) yyhilgdhe particles are significantly finer and more evenly distributed in
the M10029 tube. Those particles may act as cathodes for galvanic con-osion as well as crack ignition
sides during static of &clft T0adiRgPANE#Erefore unfavourable. WO 2011/117298PCT/EP2011/054448
-29 - PATENT CLAIMS 10mphdtahadeightotal or in parts of a biodegradable magnesium alloy
comprising; Y: 0- 10,0% ight Nd: 0 - 4.5% by weight Gd: 0- 9.0% by weight Dy: 0- 8.0% by weight
Ho: 0- 19.0% by Weig]E)Ht é{r):/_(\gé%%%% va)?l%/hetight Lu: 0- 25.0% by weight Tm 0 - 21.0% by weight Tb: 0-
21.0% by weight Zr: &1 -0-5% B Wetghglta: 0- 2.0% by weight 15 Zn: 0 - 1.5% by weight In: 0- 12.0%
by weight Sc: 0- 15.0% by weigh;ip¢ideial impurities up to a total of 0.3% by weight; 20wherein the
condition is, that a) a total content of Ho, Er, Lu, Tb and Tm is equal or more than 5.5% by weight; b) a
total content of Y, Ndand’@d i%‘%lﬁ’il%?lﬁ}i‘ﬁre than 2% by weight c¢) a total content of all alloy compounds
except magnesium i€ equal-aroviose St by weight; and 25d) the balance to 100% by weight being
magnesium, The implant of clajm | gvvheﬁgn the content of Y is 1.0 - 6.0% by weight. WO
2011/1172898PCT/E Ell?ollg;ﬁhg Y38 4. The implant of any one of the preceding claims, wherein the
content of Gd is 0 - 410% By Weljhbs wrHimplant of any one of the preceding claims, wherein a total
content of Y, Nd ands@d ip the g glqusiishmore than 3.0% by weight. 6. The implant of any one of the
preceding claims, wherein the content of Dy is 0 - 6.0% by weight. 107.The implant of any one of the
preceding claims, wHEFSHIHARRHIER B 198 194! 0% 8- 5908y 78t 8.The implant of any one of the
preceding claims, wherein the content of Er is 4.0 - 15.0% by weight. 15 The implant of any one of the
preceding claims, wherein the content of Lu is 4.0 - 15.0% by weight.  10. The implant of any one of the
preceding claims wherein the content of Tm is 4.0 - 2015.0% by weight. 11. The implant of any one of the
preceding claims, wherein the content of Th is 4.0 - 15.0% by weight. 2512. The implant of any one of the
preceding claims, wherein the total content of Dy, Ho, Er, Lu, Tb and Tm is in the range of 6.5 - 25.0% by
weight. 13. The implant of any one of the preceding claims, wherein the content of Zr is 0.2 - 0.6% by
weight.



30 WO 2011/117298PCT/EP21111/054448 -31 - 15. The implant of any one of the preceding claims,
wherein the content of Zn is 0 - 0.5% by weight 16. The implant of any one of the preceding claims,
wherein the content of In is 0 - 2.5% by weight. 17 The implant of any one of the preceding claims,
wherein the total content of In, Zr, Ca and Zn is in the2range of 0.2- 2.0% by weight. 10 18. The implant
of any one of the preceding claims, wherein the implant is a stent. 19. Use of a biodegradable
magnesium alloy comprising: Y: 0- 10.0% by weight 15 Nd: 0- 4.5% by weight Gd: 0- 9.0% by weight
Dy: 0- 8.0% by weightieadcdmid¥m By, watght Er: 0- 23.0% by weight 20 Lu: 0 - 25.0% by weight Tm O
- 21.0% by weight Th: 0 - 21.0% by weight Zr; 0.1- 1.5% by weight Ca: 0- 2.0% by weight 25 Zn: 0-
15% by weight I3 O- #3959 6)GRiGhEScLio 45 50y Wb ReIFL BEMe B Y% B tFieial of
0.3% by weight b2 -abereipniatcanditiandad iBatiarquioial cRMaRhODHth ERdiehtTb and Tm is equal
or more than 5.5% by weight; b) a total content of Y, Nd and Gd is equal or more than 2% by weight c)
a total content of<all alfolP ROAHRSUHEL UGy FAPRAUIIHSEERURASRTHGM 1§ 898 WRIGR 4hd d) the
balance to 100% by weightiangdmagnesium; for manufacturing of an implant. 1020. Use of claim 19,

wherein the implant is a stent. . ) )
d) the balance to 100% by weight being magnesium;

for manufacturing of an implant.

10 20. Use of claim 19, wherein the implant is a stent.



