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all oy The present invention relates to inplants nmade of a bi odegradabl e
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hi gh bi oconpatibility, i.e., a high degree of tissue conpatibility of the
nmedi cal product inserted into the body. Frequently, only a tenporary
presence of the inplant in the body is necessary to fulfil the medical
purpose. I nplants nade of materials which do not degrade in the body are
often to be renoved again, 15 because rejection reactions of the body may
occur in long termeven with highly bioconpatible permanent materials. One
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material. The term bi odegrada- 20 tion as used herewith is understood as
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Especially, the tensile properties of drawn tubes in the process of

manuf acturing stents are deteriorated and fractures appear during
processing. In addition, a large scatter of the mechanical properties espe-
5 cially the elongation at fracture (early fractures of the tubes bel ow
yield strength during tensile testing) was found in the final tube.
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5 di ssol ved during usual recrystallization heat treatnment (300 to 525C) of
the specific alloys. As a consequence, the ductility for further
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menti oned above, magnesi um has nmany adgintages for biomedi cal applications,
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At om ¢ number El enent RT 300C 400C 500C 71 Lu 10-12 19.5 25 35 70 Yb ca. O
0.5 1.5 3.3 69 Tm10-12 17.6 21.7 27.5 68 Er 10-12 18.5 23 28.3 67 Ho 8-10
15.4 19. WP201/B869By ca. 5 14 17.8 22.5 65 Tb 1-2 12. 2 PETEP21.105648 Gd ca.
0 3.8 11.5 19.2 3.

and inhomogenecous properties 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 elongation 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 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 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.
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Surprisingly it now has been found that precipitation still happens to occur although the
temperature regime is high enough that one would expect dissolution of all existing parti-
cles. This indicates that intermetallic phases predominantly formed with LRE cannot be
s dissolved during usual recrystallization heat treatment (300 to 525°C) of the specific al-
loys. As a consequence, the ductility for further deformation processes or service cannot be

restored sufficiently.

As mentioned above, magnesium has many advantages 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 WES54. 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,



Tab. 1: Solid solubility of various LRE and HRE in nmagnesi um The solubility
of RE in magnesi um varies considerably; see Table 1. It may be expected
from one whi2biied7ion the art, that the volunme of coarse partirediednsqmesent
woul d be primarily 15 rel ated to the content, due to the | ow solid
solubility of this element. Therefore the amount of RE addition may be
expected to affect the anount of retained clusters and particles present in
the mcrostructure. WO 2011/117298PCT/ EP2011/ 054448 8 - Exam nation of
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char acteristics although the total anbunt of RE is significantly increased.
IS .pr i i Y i ard
part ¢l o el By crlib if FREKBTE N (8 Rpoty NG o I P Bl Bve bl oog
by wei ghttion&t pfobicntn. )T,heltehe acdentaad tfond bh()diegraddrtée Mg alldyolyaviige n@rovedp@es by

wei ght ; referred 3.0 - 4 %b Keeping the content of Y.

wi t hi n tﬁésaiaﬁbéépe@wi'aresn%&rgh 3h 8o @5&?@%@ BPBICHA-BErusngands dhy ¢ er
during tepsiidasid aﬁf@ﬂoogd nreehmambarp@ef&s o't:‘tﬁet Rekrials &ﬁ&ﬁaté&eﬁgrﬂ &&rtﬂlgs !11&1{‘
behaviour 1s inproved. Wien the content of Y is above 10. 0% by

ducti | i t ytrain handenaig, @ypa@cuﬂex, én carcatfaélbic imPamthe astmt, anafﬁdﬂmlgcﬁtnengthhﬁﬂn@
alloy is = 4.5% by wei gh r ef.er abl 0] 5% b nthe
cont et PRI SRR AShiog HRURG Riorteits Eﬂl&frrrw BotF ko8 s
deteriorated due to a limted sol ubrlrty of Nd in . 20 The content of
in the My aIon is 0 - 9.0%hby wei preferably 0 - 4.0% by weight. &d
can redudefyrHist gengehelathe dnveption ey, er T@)FnithOSBFe cesesiomrrdisiangs o theimateEAC

behavi our I I | | oy
reduce duc L'fr‘&% Sﬁe&ﬁcaﬁg fbp%ﬁ’ \9@1%%3}] en(ftano ’S[g,f% %%éogé?grb% ? ngtﬁl%lr}(gﬁ IS
nore t hal’ize&uﬁP/Iaib@t avel ghessepthefgdalpey eSution. dn tharofa. Ot @hml@ﬂﬂw 061‘16-
content of Dyrnthel\/PaIIo is O - 8.0%hby wight, preferably 0% by
vei ghtt, risstrepptancs wiyicpgthent W}ra? vrlreregthfhe lmphré C%Ibar%rrr%e S&rfﬁqlalt Sﬁafffcﬁé My
alloy is wei ght, preferably 4.0 - 15.0% by 30 wei ght, nost

pr ef erre&p%a lﬁgrlgf‘g%% by weight. Ho can reduce the degradation of the alloy
in SBF and increases st rengt h. WD 2011/ 117298PCT/ EP2011/ 054448 9 - The

15, 096 by ARSI PAPIST M Byeal bRy RS 1o SHanooqly b RETEOTEY e bbby ne

degr adat Iaoadﬁfg thie cahlbeﬂeﬂmm%ﬁgaﬂa%ﬁh@Bardsrmrl%eudtr S EAC behaVI our and
strength. The content of Lu in the My alloy is O - 25.0% by wei ght,

prefelr)ably 4.0 - 15.0% by wei ght, nopst preferred 6.0 - 14.0% by wei ght Lu

can redu t he degr.adation of .th s ,and

benavi oo aitF ah ot sRaieRT Shr it Ehinh 6 SR pn R o Ry s o
- 21. 0% Biyventb@hthe ipv@itiot alabhnthis Onade IO ihalQoib Yarted O biod é@sdabRy @i @Ickieh 6. 0 -
12.0% by weight. For Tb and Tmthe sane effect on degradation of the alloy
and i npr @verre@mpmlng he EAC behavi our and strength is expected. A total
content of Ho, Er, Lu, Tb and Tmin the My alloy is nore than 5.5% by

wei ght . Preferably, the total content of Ho, Er, Lu, Tb and Tmin the My

al l oysi s 6.5¥%: 29.-0%®y bywweilght, nost preferred 7.0 - 15.0% by wei ght.
Preferably the taotal ? ntent. includes Dy as additional elenent. In

addi tion, t h&Goft-ént” V%‘rlglinthewgalloyrs01- 1.5% by wei ght,
preferably 0.G4:- 0Q. @{-y W&Lght, nost preferred 0.2 - 0. 4% by wei ght. For
magnesi um zi rconi um a ySs, 20 zirconi um has a si gnificant benefit of

reduci ng theDyrarOPr &O%da}orfvelg’mgnesr um al | oys, especially of the pre-extruded
mat eri al np t he uctility of the alloy. Further, Zr renoves
cont am nantstOro&tjr?oe{r%;ytw The content of Ca inthe My alloy is O - 2.0%
by wej,ght, preefepabd/oR by weilf by weight, 25nmpst preferred 0.1 - 0.8% by
weight. Ca has a significant benefit of reducing the grain size of

magnesi um al ILays 0 — 25746 tyoneightt of Zn in the My alloy is 0 - 1.5% by

wei ght , prefeIrany ?1 (y% 5/o1 wei ght, nost preferred 0.1 - 0.3% by wei ght.
Zn can contri butg ? |W€f%at| on and can also affect 30general corrosion.
WO 2011/ 117298PCT/ EP2011/ 054448 - 10 - The content of Inin the My alloy is
0 - 12.0% by weight, preferably O - 2.5% by weight, nost preferred 0.0 -
0.8% by weight. In has a benefit of inproving the corrosion performance of
magnesi um al | oys. Additionally In has a benefit of reducing the grain size
of magnesiumalloy. 5 A total content of In, Zr, Ca and Zn in the My all oy
|s preferably |n the range of 0 2 - 2.0%by wei ght, preferably 0 2 - 0 8%

. " Y 1 A A . ANz

t he



Vascul ar inplants, especially stents, are preferably to be designed in
regard to the alloys 10 used in such a way that a nechanical integrity of

t he i npl awo 2081/118398t @i ned for 2 through 20 weeks. | npl arC3/ER01an0548E| uder
are preferably to be designed in regard to the biodegradable in such a way
that the nmechanical integrity of the inplant is maintained for 6 through 12
nont hs. Orthopedic inplants for osteosynthesis are preferably to be
designed in regard to the magnesiumalloy in such a way that the nechani cal
integrity of Tbhe Oi-rl-Qntbyiwcighii n- 15t amed for 6 through 36 nonths. The
present disclosurg i $<6X | in greater detail in the followi ng on the
basi s of exerrzgl aroj'?1 e?}gé’dﬁgflﬁ&yand the associated drawings. 20FIG 1 -
7show mi cr ostQaucur 26%y wéighl es; and FI G 8shows an exanpl e of secondary
cracking caused by EAC in SBF solution. FIG 9shows the evolution of the
relative col IzélpsQ_p]r-ééstD’r‘éelBht stents during corro- 25sion fatigue testing.
FI G 10shows {t.he pev A the relative | oad bearing cross section of
stent;5 dur - ihtrlfg gor?d%?éﬁ“?’ﬂ%?tgue testing. 30Several nelts with different
al | oy conposiSct 0ls- W&08&; beiweghicast, and extruded and subse- quently
subject to different investigation wth the enphasis on the mcrostructure
(grain size, Rgigatal imgeiticsirdnd tetghefds3 tiyrivdehtor eci pi t at es), the
respective therno-nechanical WO 2011/117298PCT/ EP2011/ 054448 - 12 -
properties (tensile properties) and the corrosion behaviour with and

W t hout supethafpdaed bomghspncedlimland dndé¢mhaddiditiconthd oconpati bility tests
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tenperature was raised to 7/60C to 800C before the melt was honobgeni zed by
stirring. The) nelttotabhsontas of ald afloy corbpoumdsexdeptmagmdsnvan isdheneehar 8.6%0 K20 nm
and a length of 300 .mm Next the bars were nmachined to a nom nal dianeter
of 75 mmwth a Iwé’ﬁﬁﬁt'h of 150 mmto 250 mm and honogeni zed for 4-8 hours at
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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)  atotal 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 inventive 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 19.4 242
66 Dy ca. 5 14 17.8 22.5
65 Tb 1-2 12.2 16.7 21.0
64 Gd ca. 0 38 11.5 19.2
63 Eu 0 0 0 0
62 Sm ca. 0 0.8 1.8 43
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| 128 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 inventive 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.

s 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).

10 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, ¢.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 is deteriorated.

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 dete-
riorated due to a limited solubility of Nd in Mg.

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 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 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 6.0 - 14.0% by weight. Ho can reduce the degradation of the alloy

in SBF and increases strength.
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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.

5 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.



oLZ Stz 877 Chem cal Analysis , WF 1109A4 g % 6.0 6.0 8.0 L*O

9.9 z*L 17.8 LL 8z 1| C 171 181 8*Z1 8Z1 S | S zZI1 S Z|I
S. Z 1 twe208/87299. 8 CO Z00.0 ZOO'0 ZOO'0 ZE@OrEP20iZ@&H3s 000
ZOO*0 000 0.

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 perform-
ance of magnesium alloys. Additionally In has a benefit of reducing the grain size of mag-

nesium 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 should be less than 0.3% by weight, more pre-
ferred less that 0.2% by weight. In particular, the following maximum impurity levels
should be preserved:
15— Fe, Si, Cu, Mn, and Ag each less than 0.05% by weight
— Ni less 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 For purposes of the present invention, alloys are referred to as biodegradable in which deg-
radation 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 described according to EN ISO 10993-15:2000 for biodegra-
dation assays (composition NaCl 6.8 g/l. CaCl, 0.2 g/l. KC1 0.4 g/l. MgSO, 0.1 g/l. Na-

25 HCO; 2.2 g/l. Na;HPO4 0.126 g/l. NaH,PO4 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 behav-
iour to be expected-of a few hours up to multiple months, the sample is removed and ex-

30 amined for corrosion traces in a known 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 erably 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



10

15

20

(¢) cc

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% SFg). 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 YS 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
s 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.

10
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

15 shows an example of good ductility with 14 % Er addition.

Small changes in other RE additions may affect ductility — for example Gd and Dy
(M10023 vs. DF9561).

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.

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

25 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.

30
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 slon.

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: MI0031 / FIG. 2:
MI0030 / FIG. 3: M10037 / 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
10 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%).

15
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.

20 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-

25 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.

30
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 M10029. It clearly can be seen
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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 um for the drawn condition.

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 pum 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.

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

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.

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
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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Immersion in SBF

The corrosion resistance also depends on the corrosion medium. Therefore, an additional
test method has been used to determine the corrosion behavior under physiological condi-

tions in view of the special use of the alloys.

For storage 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 Mg2+, 1 mmol/l SO4~, 1 mmol/l HPO4,
109 mmol/l CI' and 27 mmol/L HCOs™ cylindrical samples of the extruded material are
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
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).

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.

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.

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
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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
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This processing can include draw ng, rolling and bendi ng steps and ot her
advanced processing techniques. It has now been di scovered that
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changes of ca. plus mnus |nate strength epe I'ng on the
inventive alloy and significant rlse of 10 -50%in ductility for all tested

I nventi V‘i{esuits $fImmersion in SBF

Tests in immersed SBF, of the alloys of the invention, illustrates that the reduction on deg-
10 radation rate (corrosion). This is best viewed as a % of the reference alloy. In the best case

examples from the invention show a greater than 10 fold 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 mentioned above, there also appears to be some differ-
ences between the elements individually, with some showing better performance. It would
be expected that combinations of some of the HREs could provide synergistic benefits at

appropriate alloy contents.
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MI10023 42 29 9
MI0012 39 62 13
MI0026 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
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
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.

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

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-
s tures of protective gases, ¢.g. CO,/2% SFs or argon/2% SFe. 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
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 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
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 extru-

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

MI0029:

20 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.

25 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.

30 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
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

arc:

MI0029:

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.
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.
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

from the micro-extruded tube by laser cutting and electro polishing.

000
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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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WO 2011/ MG2908ACTIRP2011/ 054448 - 23 - Results of EAC SECrinr2@bBlsdiabl e 4
provi des data on EAC tests. Taking V\E4§9t_ype all oy (DF9319) as a reference,
it can be seen that as the HRE content “increase, the absolute tolerable
stress increase. This 5 inprovenent is also seen as a % of the actual
strength of the nmaterial when tested in air (no SBF nedia effect). The

cl oser t AATENT/LAEMSo 100% the less the fracture is related to the nedia
and therefore the I ess prone the material is likely to be to EAC (SCC) in
that nedia. 10 Er additions performwell to at |east 14w % however at 18

wt % t he Iper filprmnaadd & tordocRhatte obebRatFratldtaé magndshen bkdecanetsidE43 type
alloy. Qther HREs performin different ways, for exanple only 4% &d
addi tion gives t Re 19dEp bEAcighisi st ance of the alloys tested, and Lu al so

appear.s good 40 gper 091 rly. 15 Figure 8 shows the fracture appearance
of al Isoy DFQ%%bOThégﬁPg‘éA{eggg shows primary and secondary cracking This

type of cracK}mQO\MQ.h%slgcmighjry cracking renote fromthe primary crack can

be representative o . Discussion: Mg-lon rel ease from m cro-extruded
t ubes and fuftm/ @r‘oég%dwgﬁétnts 20 I D Bulk material M cro-extruded tube

Stent in % gfy.r @&pp;;@%\{g, \{,@é@(r ence

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.



DF9546 79 52 12 ML0029 47 29 49 ML0023 42 29 9 ML0012 39 62 13 ML0026 20 13
12 Tab. 5 Table 5 shows a conparison of the My ion rel ease from bul k

mat eri al ,wexbrwiderdst ubes and the respective stents frompPChareoiansssugied
tubes. Values are given in percentage f the re- 25spective reference
material (reference WE43 bulk material 3 from Table 2 as reference for the
inventive bulk material, drawn tube of WE43 for the extruded tubes of the
inventive WD 2011/117298PCT/ EP2011/ 054448 - 24 - alloys and stents from
drawn tulde ofhpEaplangpf ape ose @httherirpgeding ghadws.f weerriaxthe gaetcnupesdos &t he

i nventive alqug%gﬁgg My ion release tests with mcro-extruded tubes and

the respectivé ‘st as well as 5 with drawn tube and the respective
stents as the respective references revealed that the inventive alloys
exhibit significantly |less My _.ion rel ease (20-80%I|ess My ion release than

the ref edencd hgamplapaeh any e o4 thenpyeeedinggilrimse whereH okl cerfentgdionNd and
resi stance. Ry itheL ﬁk&hﬁnbgyﬁﬂﬁhY@fﬂ§k%¥ ;beconme about 20%to 80% nore
corrosion resistant than’the drawn reference material when processes by

m cro-extrusion. Further inprovenents (50-90%|ess My 10 ion rel ease than
stents fromdrawn reference mateyial an be gai ped. t hrough pronper.

el ectro- ol i g'fr'i‘ie rialpiaélt of 38Y,08° tfs‘fﬁeeH’Ee?CG $ |cgaupf9,ewﬁqglgnfgp \?Egtﬁp%gg’yslﬁ&w

i mproved cor kQRk 80 wiARerti es after processing the corrosion properties of

the reference matéerial drop during tube-drawi ng and polishing. 15This can
be explained by the mcrostructure of the bulk materials (see section

"Mechani cal gperties.and nmetal]urgical description of the al "

resul 01 nd. 1 r GRS penh SEART BE ohh b&eifine RERELLEAGPR: B ARG {RERY A dessed
mat eri al wherig obhpy dicgsiip 1 ef erence tube shows significantly nore
precipitates than the mcro-extruded material. These precipitates (known to
be el ectrochem cal nore noble) also exist on the polished surface creating
gal vani c (cou e_di i on I i toi grain
arzer s & onfing bl 8F A0SR Bf sTreb R U AT sIRKER the SRl F R 405
drawn condi ti1610% by &<idht! am in the m cro-extruded condition. WO

2011/ 117298PCT/ EP2011/ 054448 - 25 - Exanpl e: Mj-4Y-2Nd- 8Er-0.6Zr (ML0O029) &
My- 4YS8Er - 0. 6Zr (DF9546) High purity (>99.9% nmagnesiumingots are snelted
| n steel &oruinlingial PO BROGE bRl {inR! AEHLPHhe ARPYF PLNG 4and

sl udge formation using uxl ess t cﬁnlq es Wih mx- 5 tures of protective
gases, e.g. QOB Rby SkGhor argon/ 2% SF6. After snelting the pure nagnesi um
ingots the tenperature is raised to 680-860C and the respective anmounts of
alloy ingredients of Y, Nd and Er and Zr are added. Before casting in a
wat er - coqled 1relighpl@t bPERY SR Sf wetp&le@dﬁgremaﬂs, FhaLRi @F cBhteA2ér THNi1G cANd a

| ength of 300 nn1phe nmelt” i s honogeni zed by stirring. After casting and
cool ing the BA&r08 by everghthi ned to a nominal diameter of 75 nmwith a length
of 250 mm and honogeni zed for 8 hours at approximtely 525C. The nmateri al
is then reheated to 400-500C, preferably 450C, and extruded with the help
15 of a hydr aukiigpRiess anyl bee b freddingOtlfichs! QhsrauR @ntndBeTeris afo 12. 7
nm Before further processing or testing, 30 cmlong pieces are renoved
from the starf.0dnby 8isiEhéf t he extrusions. The mechani cal properties of the
extruded bulk materials are: M0029: 20 YTS = 246 MPa which is ca. 35 MPa
hi gher than for WE43. UTS = 322 MPa which is ca. 30 MPa hi gher than for
VE43.2sE 4218%hwtimplant of @8 on3%fltiessretdiany laims\Weh3dreinlthe total coasgo ofDygHo,

m crostructure is depicted in Fig. 4, 25DF9546: = 195 MPa which is ca.
15 MPa | ess tiaht 'Jg’rae\‘ik@@% iofee @%%Qf@/ﬁa_ W%%yi"‘ég . 7 MPa less than for
VE43. E = 24% which is 2% | ess than for WE43. 30l n particular for nedical
applications as vessel scaffolds (also stents) in the vascular field the
ext r uded 16at dheamphns bf by dog vhére pradossddimsnivdeteubds, coptent obYr dy ARI-ng or

mero- 0.6% by weight,
30
14. The implant of any one of the preceding claims, wherein the content of Ca is 0 —

1.0% by weight.



extrusion. A Stent is an endol um nal endoprosthesis having a carrier
structure that is WD 2011/ 117298PCT/ EP2011/ 054448 - 26 - forned of a

hol | ow bowto 20hi/amess open at its ends and the peri pheralPCraiPkolofosaas ch i s
formed by a plurality of struts conneggigg t oget her which can be folded in
a zig-zag or neander-shaped configuration, where the struts have typica
dimensions in width and thickness of 30-450ium5 Further processing of the
extruded all oys into such above nentioned tubes is acconplished by a

m cro-extrusion process. For mcro-extrusion slugs are nachined fromthe
bul Kk materi alw T 0 . i t
ol evat od Pembran s Stk bR g e kit d ek iaF sRReBLOGZT3: 85 oo
mi's to 600 W% by Tyepiteal di mensi ons 10f or micro-extruded tubes for vessel
scaffol ds have length of not Iess than 30 mm a diame- ter of ca. 2 nmm and
a wall thickness between 50 and 400 gm Besi de of the already descri bed
mechani c a > i i L Ca i fy theo
o1 o et P udod T Apeg oty RgRF i FecfE EFRODhED (R OB S I B0 AR S ubes
i sare: MLO02®y weihkS = 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% hi gher than drawn WE43 tubes. The
correspongi ng“h@‘if\f/lg%g bEGHHERSoBhE pHKEMg! dhifik SwhereinRhEd RABL contell of Tn, 743 MPa
which is ca. 10 MPa hi ghér than for drawn WE43 tubes. 25 UTS = 261 MPa

whi ch is ca. CelaniiZa ihimtherandead Ofor 2@Pabinwelh8 t ubes. E = 29% which is ca.
9@6hilher t han drawn WE43 t ubes. To evaluate the susceptibility to

envi ronnment al assisted cracking in particular corrosion fatigue upon an in
vivo |ikgg. cyltkiigmplagpseshy\oas 08 Hrrprécaino®dmsWehatadue peblagtivaktest ent s
30from the mcro-extruded tube by |aser cutting and electro polishing. WO
2011/ 117298PCT/ EP2011/ 054448 -27 - Prior to testing the stents were cri nped
on ballo c i £ Of 1an..1.5 mm and sterilized, e.g.
ETO (Eth??énghggﬁggﬁg%%??Wﬂég?%%%?mgﬁﬂé§§§%%$§%gectron beam sterilization).
The stents waf:e ©0hal.08%eywexglanded to their nom nal dianmeter plus 0.5 mm
into nock arteries with respective dianeters which were previously filled
wi th Si mul at S p8dyHBoPyayaehtsBF) . Previ ous tests have shown that

over - expansi 1 it in dianmeter is possible for the new all oy
while the saggLs?eﬁ?@%gﬁﬁ?gg%tred fromWE43 tolerates significant |ess

over - expansi @y: Thel.Dpryovedhdi | at ati on reserve of the inventive alloys
contri butes Eignifiﬁfﬂ;l to device safety in clinical practice. 10The nock
arteries wtHh%hd steWe WTE¥ are placed in a test chamber where a cyclic
physi o- |ogigal lpoagh % BARipRd. After certain periods of time (14 and 28
days) sone arteries are transferred into another test chanber where the
radi a0 strenduh 8 3heedtyemtightan be nmeasured. Sone other arteries are
filled with QX@_;gF@yl;or.W%tallographic determ nati on of the renaining

| oad bearing Bross sect’ion 88t he stent struts. For conpari son we used the
15 sane st entThdepi-gm omyiasgur ed from WE43 tubing. The results of the

rel ati ve degradation score, which is defined as the percentage of netal
remai ni ng durirng Ocor # 8%t Bnwaehtal i zed to the respective val ue of the
reference, depicted} 1 0...40, inpressively indicate that the inventive

al |l oys exhib?%”spgg%Pgégkgﬁgﬁﬁess uni form 20corrosion (-25% than the

ref erence whem: cycl 1.6% waedeidhit n a corrosive environnment. The results of the
relative col |l apse pressuyre neasurenent, which is defined as the absolute
col | apse pred&ur @ nbrfaly2%dshto the initial coll apse pressure of the
reference, depicied;q @,fyOyveidnt @l SO inpressively indicate that stents

manuf actured frominventi've all oys exhibit a 25 significant higher initial
col | apse pr essudasal (mpOdfesap tan totebefl @.3%Bfbytwaghti gher strength, the | ower
yield ratio and the higher strain hardening. Furthernore the stents

mai ntain that high initial |level of scaffold ability over a significant

| onger period of time without fractures or fragnmentation, indicating
significant | ess susceptibility to environnental assisted cracking in
particular corrosion fatigue. 30 WD 2011/117298PCT/ EP2011/ 054448 - 28 -
extrusion with the mcrostructure of mcro-extruded WE43. In Fig. 6 can be
seen that a large portion of |inear agglonerates of |arge precipitates
(stringers) is present in the WE43 tube (Fig. 7) while the particles are
significantly finer and nore evenly distributed in the M 0029 tube. Those
particles may act as cathodes for galvanic corrosion as well as crack
S5ignition sides during static or cyclic | oading and therefore unfavourable.
WD 2011/ 117298PCT/ EP2011/ 054448 - 29 - PATENT CLAIMS 1l nplant nmade in total
or in parts of a biodegradabl e magnesium alloy conprising: Y. 0 - 10.0% by
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302.5% by weight. WD 2011/117298PCT/ EP2011/054448 - 30 - 4. The inplant of
any one of the preceding clains, wherein the content of Gd is 0 - 4.0% by
wei ght. 5woTBhmv/iimpBant of any one of the precedi ng cl ai mey/Brb@EnAs4I4@ t Ot al
content of Y, Nd and 5Gd in the My allqQy is nore than 3.0% by wei ght. 6.
The inplant of any one of the preceding clains, wherein the content of Dy
is 0O- 6.0%by weight. 10 7. The inplant of any one of the preceding clains,
wherein the content of Ho is 4 - 15.0% by weight. 8. The inplant of any one
of the precedihstrietheiaepditighés. diah t he content of Er is 4.0 - 15.0% by

wei ght. 15 9., The | t ne-Qf nr i clai 0 rei.n the
content of L&)i S%&J')tgp 40%%31? 8@}?‘%‘;%;,\%1%?? nd Ji‘& lgfg&?%g%fen%ph?%% /8}99§]ﬁ)%h6’ne of
the precedi ng)cl aitdeml contait 6f W, Ndeng Gt ie Buadbor hidkd thad 2% by ROkht 0% by wei ght .
11. The inplant of any one of the preceding clains, wherein the content of
Thb is 4.0 - £5. 0%iofpl ateghet albatiay compoundy¢xerpt BagnghyMoin sawH of AWTHP-e¢edi ng
claing, wherein . content of Dy, Ho, Er, Lu, Tb and Tmis in the
rangg§of 6.5 - 2%93%%%&%\% ght. 13. The inplant of any one of the preceding
cl ai ms, wher ein tlrebatowrt ént009h b¥waight BeRg-mdgnbStny wei ght. 30 WO

2011/ 117298PCT/ EP2011/ 054448 -31 - 15. The inplant of any one of the
precedi ng clainms, wherein the content of Zn is 0 - 0.5% by weight. 516. The
inplant of amy: aR&iMAfuilfoPinGrpHinAg claims, wherein the content of Inis O
- 2.5%by weight. 17. The inplant of any one of the preceding clains,
wherein the total content of In, Zr, Ca and Zn is in the range of 0.2 -

2. 0% by ight. 10 .1 The i npl ant. of. any one of the preceding clains,
wher ei’n ;&ﬁe %Ioiﬁ]talqlggawg?rgﬁqﬁe Poplagidya §nt i odegr adabl e nagnesi um al | oy
conprising: Y: O - 10.0% by weight 15 Nd: O - 4.5% by weight Gd: 0- 9.0% by
wei ght Dy: O- 8.0% by weight Ho: O- 19.0% by weight Er: 0 - 23.0% by wei ght
20 Lu: 0 - 25.0% by weight Tm 0 - 21.0% by weight Th: 0 - 21.0% by wei ght
Zr: 0.1 - 1.5%by weight Ca: 0 - 2.0% by weight 25 Zn: 0 - 1.5% by wei ght
In: 0 - 12.0% by weight Sc: 0 - 15.0% by weight incidental inpurities up to
a total of 0.3%by weight - 32 - wherein the condition is, that a) a total
content of Ho, Er, Lu, Tb and Tmis equal or nore than 5.5% by weight; b) a
total content of Y, Nd and Gd is equal or nore than 2% by weight c) a total
content of all alloy conpounds except nagnesiumis equal or nore 8.5% 5by
wei ght; and d) the balance to 100% by wei ght bei ng magnesi um for

manuf acturing of an inplant. 1020. Use of claim 19, wherein the inplant is
a stent.



