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(57) Abstract: An alloy and an implant having a three-dimensional structure based on such alloy. The alloy comprises a MgZnCa al -
loy containing nanosized precipitates being less noble than the Mg matrix alloy and having a Zn content ranging 0.1 wt. % Zn to 2
wt. % Zn and a calcium content ranging from 0.2 wt. % to 0.5 wt. %, and having one or more other elements, with the remainder be -
ing Mg. Any second phase generated during the solidification process may be completely dissolved by a solution heat treatment.
Finely dispersed nanosized precipitates can then be generated by a subsequent aging heat treatment step. These precipitates are used
to "pin" the grain boundaries and to prevent the coarsening of the grain structure during further processing to achieve grain sizes be-
low 5 pm.
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MAGNESIUM ALLOY WITH ADJUSTABLE DEGRADATION RATE

CROSS REFERENCE TO RELATED APPLICATIONS
[6001] This application claims priority to U.S. Provisional Application No. 61/783,554,
filed March 14, 2013; U.S. Provisional Application No. 61/909,100, filed November 26, 2013; and
U.S. Provisional Application No., 61/942,951, filed February 21, 2014; the disclosures of which are

hereby tncorporated by reference in their entireties.

BACKGROUND OF THE INVENTION
[6682] Magnesium implants were clinically used for the treatment of bone fractures by
several surgeons back in the 1930s. For instance, J. Verbrogge (1934) used both pure magnesium
and Mg-8% Al alloy implants on 21 patients. However, after the Second World War, the use of
magnesiiim as a resorbable implant material foll into oblivion. In recent vears, researchers have
rengwed their interest in resorbable magnesium implants. A main focus of magnesium rescarch i3
the development of alloys and coatings. The major goals are to control the degradation rate, to
avoid the formation of gas bubbles during degradation and to avoid potentially harmful alloying
clements. Thercfore, a need exists for magnesium alioys with a homogenous degradation behavior
whose rate of degradation can be controlled and/or tuned as desired.
6683 Commercial grade purc magnesium (3N-Mg) has poor mechanical properties in
comparison with alloys like AZ91 or WE43. The possibilitics to harden pure magnesium are guite
limited. Hardening might be achieved by refining the grain microstructure using plastic deformation
to induce dynamic recrystallization {c.g. by cxirusion}. The finc grained microstructure 15 not only
necessary to achicve a better strength level but also necded to avoid mechanical anisotropy (strength
difference between tension and compression). The microstructure might not he stable, though.
[6004] Embodiments of the present invention overcome onc of more of above-noted

challenges.
BRIFF SUMMARY OF THE INVENTION

LHHIRY The present disclosure provides several exemplary embodiments of the present

invention, some of which are discussed below.
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[6006] In an aspect, the present invention provides an MgZinCa alloy composition and an
implant having a three-dimensional structure based on such alloy composition,

[6067] In one embodiment, the alloy composition comprises a Mg matrix; and,
optionally, nanosized precipitates; wherein the composition has a Zn content ranging from 0.1 wt. %
o 2.0 wi, % Zn; a Ca content ranging from 0.2 wi. % Ca to 0.5 wi. % Ca; a content of one or
more other elements; and a remainder content being Mg; wherein the nanosized precipitates are less
noble or more noble than the Mg matrix, or a mixture thereof. In another embodiment, the MgZnCa
alloy composition consists essentially of a Mg matrix; and, optionally, nanosized precipitates;
wherein the composition has a Zn content ranging from 0.1 wt. % Zn to 2.0 wit. % Zn; a Ca content
ranging from 0.2 wt. % Ca to 0.5 wt. % Ca; a content of one or more other elements; and a
remainder content being Mg; wherein the nanosized precipitates are less noble or more noble than
the Mg matrix, or a muxture thereof. In another embodiment, the MgZnCa alloy composition
consists of a Mg matrix; and, optionally, nanosized precipitates; wherein the composition has a Zn
content ranging from 0.1 wt. % Zn to 2.0 wt. % Zn; a Ca content ranging from 0.2 wt. % Cato 0.5
wt. % Ca; a content of one or more other clements; and a remainder content being Mg; wherein the
nanosized precipitates are less noble or more noble than the Mg matrix, or a mixture thereof.

LiHIRY In some such embodiments, the alloy composition is substantially free of
microgalvanic clements. In other such embodiments, the alloy composition is monophasic. In other
such embodiments, the total of other clements is ess than about 0.1 wt% of the composition. In
other such embodiments the one or more other clements are located in a secondary phase. In other
such embodiments, the nanosized precipitates are fess noble than the Mg matrix and comprise

(Mg, Zn),Ca. In other such embodiments, the nanosized precipitates are more noble than the Mg
matrix and comprisc MgsZn:Cax. In some such embodiments, the alloy comprises nanosized
precipitates that are less noble than the Mg matrix and nanozized precipitates that are more noble
than the Mg matrix.

[6G09] In some cmbodiments of the alloy according to the present invention, the alloy
has g grain size of: less than 10 pmy; less than 5 pm; or less than 2 um. In some embodiments of the
alloys of present invention, the alloy has a vicld strength of at least 180 MPa. In one embodiment,
the allov has an ultimate tensile strength of at least 240 MPa. In another embodiment, the alioy has
at least 10 % clongation at break. In vet another erobodiment, the alloy has an in vitro degradation
rate of less than 0.5 mg/em”/day as rocasured in a simulated body fluid.

[6018] In other erobodiments, the implant is an orthopedic implant. In such

embodiments, the orthopedic implant comprises one or more of the following: a nail, a screw, a

2



WO 2014/159328 PCT/US2014/023047

staple, a plate, a rod, a tack, a bolt, a bolt to lock a intramedullary (“IM”) nail, an anchor, a dowel, a
plug, a peg, a sleeve, a mesh, a transconnecior, a nut, a shaped body, spinal cage, a wire, a K-wire, a
woven structare, clamp, splint, scaffold, foam and honeveorb structure. In some other
embodiments, the roplant has a lower degradation rate compared fo magoesiom alloy iraplanis
containing microgalvanic impuritics.

(8011} In other embodiments, the implant 18 a non~orthopedic implant, In such

embodiments, the non-orthopedic includes a cardiovascular stent, a neuro stent and a vertebroplasty

stent.

(6012} In vet another embodiment of the implant, cach alloy has an in vitro degradation
rate of fess than 0.5 mg/em”/day as reasured in a simulated body fhuid.

(6013} In an aspect, the present invention provides a method of producing an alloy

according to the embodiments deseribed herein. In one embodiment, the method comprises: (a)
casting an alloy containing (i) commercially pure magnesiiom having a purity of at feast 99.96 wt. %,
and (i1} from 0.1 to 2.0 wt.% zinc having a purity of at Jeast 99.9 wt.% and (ii1) from 0.2 to 8.5 wit%
calcium having a purity of a least 99.9 wt%, said casting preferably being performed in an inert
atmosphere and an inert reaction vessel; {b) solution heat treating the cast alloy at two different
temperatures wherein a first temperature is below an cutectic temperature of Mg-Zn and a second
temperature is above the eutectic temperature of the ternary Mg-Zn-Ca system to thereby form a
MgZn(a alloy containing from 0.1 wt. % Zn to 2 wt.% Zn and (.2 wt% Ca to 0.5 wt% Ca {(¢) aging
heat treatment between 100° C and 300° C; and (d} extruding the alloy into a desired shape.

(8014} The impurity limits for the magnesium are preferably: Fe < 30 ppm, Cu < 20
ppm, Ni < 5 ppm, Mn < 200 ppm, St < 200 ppm whercas the total amount of these impurities should

preferably be below 400 ppm.

BRIEF DESCRIPTION OF THE DRAWINGS
[B015] FIG, 1 is a graphical representation of mean hydrogen evolution versus time of
certain Mg alloys.
[6016] FIG, 2 depicts uCT reconstructions (2-D slices) of Mg-pins implanted into the
temur of Sprague-Dawley rats 12 weeks post operation.
(6017} FIG. 3 depicts the surface topography of implant samples after immersion in

simulated body Huid (SBF).

(O8]
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[6018] FIG. 4, comprising FIGS 4A-4B, are a (A} graphical representation of an
isothermal section of an Mg-Zn-~Ca systern at 300°C and (B) illastration of the constitution of an
MgZnl1Cal.3 alloy according to the present disclosure.

[8019] FIG. 8 15 a graphical representation of roean hydrogen evolution during
immersion in TRIS buffered simulated body fluid versus time of certain Mg alloys that were
subjected to certain heat treatments.

[6028] FIG. 6, comprising FIGS 6A-6B, is a bar graph depicting mean hydrogen
evolution during immersion in TRIS buffered sinmilated body fluid for certain Mg alloys that were
subjected to ¢ertain heat treatments.

(80211 FIG. 7 is a bar graph depicting grain size for certain extruded Mg alioys that were

subjected to ¢certain heat treatments.

DETAILED DESCRIPTION OF THE INVENTION

[BG22] eference will now be made in detail to the various embodiments of the present
disclosure. In one embodiment, the MgZnCa alloy composition coroprises a Mg matrix; and,
optionally, nanosized precipitates; wherein the composition has a Zn content ranging from 0.1 wt. %
Zunto 2.0 wt. % Zin; a Ca content ranging from 8.2 wt. % Ca to 0.5 wt. % Ca; a content of one or
more other elements; and a remainder content being Mg, wherein the nanosized precipitates are less
noble or more noble than the Mg matrix, or a mixture thereof. In another embodiment, the MgZnCa
alloy composition consists essentially of a Mg matrix; and, optionally, nanosized precipitates;
wherein the composition has a Zn content ranging from 0.1 wt. % Zn to 2.0 wit. % Zn; a Ca content
ranging from 0.2 wt. % Ca to 0.5 wt. % Ca; a content of one or more other elements; and a
remainder content being Mg, wherein the nanosized precipitates arce less noble or more noble than
the Mg matrix, or a mixture thereof. In another embodiment, the MgZnCa alloy composition
consists of a Mg matrix; and, optionally, nanosized precipitates; whercin the composition has a Zn
content ranging from (.1 wt. % Zn to 2.0 wt. % Zn; a Ca content ranging from 0.2 wt. % Cato 0.5
wt. % Ca; a content of one or more other elements; and a remainder content being Mg; wherein the
nanosized precipitates are less noble or more noble than the Mg matrix, or a mixture thereof

2% <o

[8623] The terms “compaosition,” “alloy composition,” “MgZnCa alloy,” and “alloy” arc
uscd interchangeably hercin. Unless otherwise stated or indicated, the amounts disclosed herein are

bascd on the weight of the alloy composition.
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[6024] As used herein, the term “Mg matrix” refers to the bulk Mg portion of the alloy
composition in which the constituent parts of the alloy, ¢.g., Zn, Ca, and/or impuritics {referred to
herein also as “other elements”) are dissolved. For m@mpic. the Mg matrix may comprise pure Mg
or Mg in sohid solution with Zn, Ca, and/or impurities, or moixtures thereof. The Mg matrix would
not include secondary phases, i.¢., undissolved components, including precipitates.

[B025] The Mg matrix 15 also referred to as the Mg remainder, remainder Mg, or the
surrounding Mg phase. For example, for certain embodiments, the composition may be described as
a MgZnCa alloy containing nanosized precipitates, having a Zn content ranging from 0.1 wt. % Zn
10 2.0 wt. % Zn and a calcium content ranging from (.2 wt. % to (.5 wt. %, less than .04 wt. % of
one or more other elements, the other elements optionally located in a secondary phase, and with the
remainder of the alloy being Mg, wherein the nanosized precipitates are less noble than the
remainder Mg,

[6026] In some aspects of the present invention, the composition may be substantially
free of microgalvanic elements. In other embodiments, the composttion may be free of secondary
phases, including precipitates. A compaosition free of secondary phases can be achieved when all
components of the composition are dissolved, thus forming a monophasic composition.

(86271 In other aspects of the invention, the composition comprises a pharality of
nanosized precipitates, wherein the precipitates are less noble than the Mg matrix. In some such
embodiments, the nanosized precipitates that are less noble than the Mg matrix comprise

(Mg, Zn),Ca. In other cmbodiments, the composition compriscs a plurality of nanosized precipitates
that are more noble than the Mg matrix. In some such embodiments, the nanosized precipitates that
arc morc noble than the Mg matrix comprise MgeZn;Ca,. The nanosized precipitates are typically
less than 1000 nanometers and more typically less than 500 nanometers. In some embodiments, the
nanosized precipitates range from about 1000 nanometers to about 100 nanometers, from about 500
nanometers to about 100 nanometers, or from about 300 nanometers to about 200 nanometers.
[6G28] With respect to implants of the present invention, the iroplant has a three-
dimensional structure and comprises an MgZnCa alloy disclosed herein, For example, in an
embodiment, the implant has g three-dimensional structure made from a MgZnCa alloy comprising a
Mg matrix and a plurality of nanosized precipitates, wherein the alloy has a Zn content ranging from
0.1 wt. % Zo to 2 wt. % Zn, a calciom content ranging froro 0.2 wt. 9% to 0.5 wt. %, has less than
(.10 wt. % of one or roore other clements, with the remainder being Mg, wherein the plurality of
nanosized precipitates are less noble than the Mg matrix. In avother embodiment, the implant has a

three-dimensional structure and comprises a composition consisting essentially of a MgZnCa alloy

(941
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comprising a Mg matrix and a plurality of nanosized precipitates, wherein the alloy has a Zn content
ranging from 0.1 wit. % Zn to 2 wi. % Zn, a calcium confent ranging from 0.2 wt. % to 0.5 wt. %,
having less than 0.10 wi. % of one or more other elements, with the remainder being Mg and
wherein the plurality of nanosized precipitates are less noble than the Mg matrix. In another
embodiment, the implant has a three~-dimensional structure and comprises a composition consisting
of'a MgZnCa alloy comprising a Mg matrix and a plurality of nanosized precipitates, wherein the
alloy has a Zn content ranging from 0.1 wi. % Zn to 2.0 wi. % Zn, a calciom content ranging from
(3.2 wt. %o to 0.5 wt. %o, has less than 0.10 wt. % of one or more other clements, with the remainder
being Mg, wherein the plurality of nanosized precipitates are less noble than the Mg matrix. In such
embodiments, the less noble nanosized precipitates comprise (Mg, Zn)Ca.

[6029] Generally, the Zn content in the various embodiments of the MgZnCa alloy and
an implant based on the various embodiments of the MgZnCa alioy, according to the present
fnvention, can be any suitable amount between (L1 wt.% to 2 wt.%. In an embodiment, the MgZnCa
alloy has Zn content which may be independently selected from ranges from 0.1 wt.% to 2 wt.%; 0.5
wit.% to 2 wi.%: 0.6 wi % to 0.8 wt%; 1 wit % to 2 wit.%; 0.1 wit.% to 0.5 wt.9%; 0.1 wt.% to 1 wt.%;
and any subsct of ranges sot forth hercin.

[8036] Generally, the Ca content in the various embodiments of the MgZnCa alloy and
in an implant based on the various embodiments of the MgZnCa alloy, according to the present
invention, can be any suitable amount between 0.2 wt.% to 0.5 wt. %. In an embodiment, the
MgZnCa alloy has Ca content which may be independently selected from ranges from 0.2 wt.% to
0.5 wi. %; 0.2 wt. % t0 0.3 wit.%; 0.2 wt.% to 0.4 wt.%: 0.3 wt% to 0.4 wt.%, and 0.4 wt %% 10 0.5
wt. %,

(8631} Generally, the alloy compositions of the present invention are bascd on a material
free of secondary phases which otherwise act as cathodic microgalvanic cells. Often times the
presence of a single impurity can decreasc the solubility of the other impuritics. During the
solidification process, the impuritics can accumulate in the interdendritic spaces of the alloy and
induce the formation of secondary phases. To achicve the necessary purity level of the MgZnCa
alloy embodiraents described herein, the acceptable amnount of other clements within the alloy is
hioited.

[6032] For example, the amount of total other elements within the alloy composition is
typically less than 0.10 wt % based on the weight of the composition, typically less than 0.06 wt %
hased on the weight of the composition, and more typically less than 0.04 wt % based on the weight

of the composition. The other elements may be dissolved in the Mg matrix or may be in a secondary
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phase, or both. Typically, the alloy comprises less than .04 wt % of other elements in a secondary
phase.

[6033] In one embodiment, the MgZnCa alloy, having a plurality of nanosized
precipitates being less noble than the Mg matrix, contains less than 400 ppm (by weight) of total
other elements. In another embodiment, the MgZnCa alloy, having a plurality of nanosized
precipitates being less noble than the Mg matrix, contains less than 200 ppm of total other clements.
In yet another embodiment, the Mg#nCa alloy, having a plurality of nanosized precipitates being
tess noble than the Mg matrix, contains less than 100 ppm of total other elements. In still yet
another embodiment, the MgZnCa alloy, having a plurality of nanosized precipitates being less
noble than the Mg matrix, contains less than S8 ppm of total other elements,

16634] In such embodiments, the other elements can inchude one or more of Fe, Cu, Ni,
Co, Si, Mn, Al Zrand P.

[6035] The umpurity level is maintained at low levels to control the corrosion rate once
an implant, based on such alloys, is placed in the body. 1t 1s necessary to control the corrosion rate
so that the implant possesses sufficient strength over a period of time to allow healing and so not to
interfere with the healing process. Although the degradation by-products from the magnesinm
alloys of the present invention are non-toxic, as the metal corrodes the pH near the implant increases
to a basic pH. Likewise, hydrogen gas produced during the corrosion process must be eliminated.
In the case of endovascular implants, these concorns are insignificant as the constant blood flow
over the implant romoves the hydrogen gas and other degradation by-products.

16836] Generally, the rare earth content in the various embodiments of the MgZnCa
alloys compositions used in an implant, according to the present invention is limited. In such
embodiments, the rare carth clements include Sc, Y, the Lanthanide clements, atomic numbers
ranging from 57-71 and the Actinide clements, atomic numbers ranging from 89-103. In onc
cmbodiment, the rarc carth content is less than 10 ppm. In another embodiment, the rare carth
content is loss than 5 ppm.

(8637} In some embodiments, the alloy is substantially free of microgalvanic clements.
For the purposes of this application “microgalvanic clement” refers to a secondary phase, including
a precipitate, with a higher potential than the magnesiom matrix (i.e. that are electrochenmucally more
noble). For the purpose of this application, “substantially free” refers to the murber of
microgalvanic eleroents that is small enough not to change the overall degradation behavior of the

alloy from an overall homogeneous degradation to a localized, pitted degradation.
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[B038] The mechanical properties of the commercially pure magnesium are improved by
solid solution hardening with high purity zine without affecting the homogencous nature of the
alloy. A fine grained microstructure can be achieved by plastic deformation and stabilized with
secondary phases, including precipitates, which are less noble than the magnesium matrix. For
example, the less noble (Mg, Zn)Ca phase can be obtained by small addifions of high purity calcium
and adequate heat treatment. If needed, the degradation rate can be accelerated, while maintaining a
uniform corrosion profile, by modification of the composition and the aging heat treatment to form
precipitates which are more noble than the magnesium matrix, such as fine MgeZnCa, precipitates.
{6639 Also disclosed are implants, such as implantable medical devices, made from the
compositions disclosed hercin. The disclosed implants have advantageous physical properties,
including high yield strength, high ultimate tensile strength, and clongation at break. In some
embodiments, the alloy has the yield strength of at least 180 MPa. In somge embodiments, the alloy
has the yield strength of at least 200 MPa. In other embodiments, the alloy has a yield strength of at
feast at least 220 MPa. In some embodiments, the allov has an ultimate tensile strength of at least
240 MPa. In other cmbodiments, the alloy has an ultimate tensile strength of at least 260 MPa, at
fcast 280 MPa, at lcast 300 MPa, at least 320 MPa, at least 340 MPa, at least 360 MPa, or at lcast
380 MPa. In some embodiments, the alloy has at least 10 % clongation at break. In other
embodiments, the alloy has clongation at break values of: at least 12%, at least 14%, at least 16%, at
least 18%, at least 2%, and at least 22%.
[(3348] Implants according to exemplary embodiments of the present invention also have
advantageous chemical properties in vitro and in vivo. In some embodiments, the alloy has an in
vitro degradation rate of less than 1.0 mg/en’/day. In other cmbodiments the alloy has an in vitro
degradation rate of less than 0.5 mg/cm”/day as measured in a simulated body fluid. In other
embodiments, the alloy has an in vitro degradation rate of less than .05 mg/cm’/day, less than 0.1
mg/om’/day, less than 0.15 mg/cm™/day, less than 0.2 mg/cm”/day, less than 0.25 mg/em*/day, les
than 0.3 mg/em¥/day, less than 0.35 mg/cm’/day, less than 0.4 mg/cm®/day, or less than 0.45
mg/em’/day, as measured in a simulated body fluid.
G041} Implantable medical devices based on the compositions described herein can be
manufactored for a variety of medical/clinical applications, including replacing a missing biological
structure, to support a damaged biological structare, or to cohance an existing biological stracture.
The composition of the implants and/or the surfaces of the implants that contact the body/’body
fissues can be varied depending on the particular application under consideration. Surgical implants

can be manufactured for medical/clinical applications in the arca of orthopedics, neurosurgery,
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among others. Non-limiting examples of surgical umplants include: neurosurgical implants, ¢.g.
hvdrocephalus shunts and components; infracranial ancurysm clips; bone and joint replacements,
e.g., partial and total hip joint prostheses and total knee-joint prostheses; osteosynthesis and spinal
devices, ¢.g., metal bone screws, metal boue plates, medullary pins, metallic skeletal pins and wires,
and total intervertebral spinal disc prostheses; oral and maxillo facial surgery implants; and spinal
and pelvic systems such as Universal Spine Syster, Harrington System, and conventional systems.
Accordingly, surgical iroplants that can be manufactured based on the corpositions described hercin
can include a wide range of products varying tn composition as described herein, stroctural
complexity and medical/clinical applications. As such, implaunts for use in accordance with
exemplary embodiments of the present invention can vary in size, shape, and other physical and
chemical characteristics depending upon the context of use.

(8042} In some embodiments, the implant is an orthopedic implant. In such
embodiments, the orthopedic implant comprises one or more of the following: a natl, a screw, a
staple, a plate, a rod, a tack, a bolt, a bolt to lock an IM nail, an anchor, a dowel, a phug, a peg, a
sleeve, a mesh, a transconnector, a nitt, a shaped body, spinal cage, a wire, a K-wire, a woven
structure, clamp, splint, scaffold, foam and honcycomb structure. In some other embodiments, the
implant has a lower degradation rate compared to magnesium alioy implants containing
microgalvanic clements.

[8043] In other embodiments, the implant is a non-orthopedic implant. In such
embodiments, the non-orthopedic implant includes a cardiovascular stent, a neuro stent and a
vertebroplasty stent.

[6044] in vitro degradation tests in simulated body fluid (SBF) with Tris buffer show
that a uniform degradation with extremely low degradation rate can be achicved when using the
MgZnCa alloys of the present disclosure (see, e.g., FIG. 3C). These alloys, however, would have
poor mechanical propertics in comparison to alloys like WE43 if no particular mcasures arc taken.
This limitation, it has been discovered, can be overcome by strict control of the grain size during all
processing steps including casting. The hardening of the alloy can be achieved by refining the grain
microstructure using plastic deformation (extrusion, forging, cqual channel angular compression,
ete.}). Tn addition to achieving a better strength level, the fine grained microstructure was also found
to avoid mechanical anisotropy (strength difference between tension and compression).

[3045] The present disclosure further provides for methods of making various
embodiments of the MgZinCa alloy described herein. o one embodiment, the wethod includes the

steps of: {8} casting an alloy containing (i) commercially pure magnesium having a purity of at least
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39.96 wt.%; and (11} from 0.1 to 2.0 wt.% zinc having a purity of at least 99.9 wt.% and (311} from
(.2 to 0.5 wit¥% calcium having a purity of a least 89.9 wt%, said casting preferably being performed
in an inert atmosphere and an inert reaction vessel; (b} solution heat treating the cast alloy at two
different temperatares wherein a first teroperature is below an cutectic temperature of Mg-Znand a
second ternperature is above the eutectic temperature of the ternary Mg-Zn-Ca system to thereby
torm a MgZnCa alloy containing from 0.1 wi. % Zn to 2 wt.% Zn and 0.2 wt% Ca to 0.5 wi% Ca (c)
aging heat treatment between 100° C and 300° C; and (d) extruding the alloy into a desired shape.
In some embodiments, the MgZnCa alloy is monophasic. In some embodiments, the method may
further inclade the step of a second aging heat treatment of the shaped alloy to improve either
strength or ductility of the alloy. In other embodiments, the method includes a low temperature heat
treatment of the shaped alioy, e.g., from about 150°C to about 250°C, to adjust the degradation
profile of the alloy. Asused above, the eutectic temperature of Mg-Zn refers to a psendobinary Mg-
Zu system with 0.2 to 0.5 wt% Ca, wherein pseudobinary is the cut through the ternary phase
diagram for a given calcium content,

[8046] The impurity limits for the magnesium are preferably: Fe < 30 ppm, Cu < 20
ppm, Ni << 5 ppm, Mn < 200 ppm, St < 200 ppm whercas the total amount of these impurities should
preferably be below 400 ppm. In certain embodiments, (Mg, Zn},Ca precipitates are formed and are
one of the few phasces which are clectrochemically fess noble than pure magnesium.

168471 In certain embodiments, the first temperature is in a vange from about 200°C to
about 400°C, from about 300 °C to about 400°C, or from about 330 °C to about 370 °C. Typically
the cast alloy is heated at the first temperature from about 6 to about 24 hours. The second
femperature 18 typically in the range of about 400°C to about 600°C, from about 400°C to about
500°C, or from about 400 °C to about 460°C. The sccond temperature is preferably above the solvus
temperature of any potential precipitates in order to make sure all clements of the alloy are in solid
solution. Typically, the cast alioy is heated at the second temperature from about 4 hours to about
16 hours. The aging heat treatment is typically between 100°C and 300°C, and, in certain,
embodiments between about 130°C and about 250°C. Typically, the aging heat treatinent is done
for about 0.5 hours to about & hours. Such aging treatment creates fine and homogenously
distributed nanosized precipitates prior to the extrusion process.,

[6048] Phase calculations of the MgZnCa alloy system have shown that a compositional
window exists for low Zn and Ca contents where complete dissolation of the alloying elements is
possible and no second phase, from the casting process, remains after a solution heat treatment (see,

e.g., FIG. 4B). While not wishing to be bound by theory, it was believed that advantageous

1o
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properties could result from a stable fine grained microstracture within the alloy and that such a
microstructore could be obtained if the grain boundarics are pinned by the presence of fine
precipitates. [t was found that an aging heat treatment, prior to exirusion, results in the formation of
nanosized precipitates which are not visible ander an optical roicroscope but which are large enough
o prevent the grains from coarsening due to static recrystallization. These precipitates do not
influence the dynamic recrystallization behavior during the extrusion process. Grain refinement,
therefore, remains possible whereas coarsening is prevented or at least retarded. Furthermore, as the
precipitates are less noble than the magnesium matrix and have no 3-dimensional connectivity
among themselves, the precipitates do not deteriorate the degradation performance of the alloy.
Without wishing to be bound by theory, it is believed that the magnesium matrix has no 3-
dimensional connectivity because the precipitates are not formed during solidification, but rather
after complete dissolution of the elements and subsequent heat treatment.  The MgZnCa alloy
system, having the less noble fine precipitates, exhibits fine grain sizes less than 5 um after
extrusion of the casting billet, including less than 2 pm, and less than 1 pm .

80491 For example, with the addition of 0.1 wt. % t0 2.0 wt. % Zn and 8.2 wt. % to 0.5
wt. % Ca to Mg, such finely dispersed precipitates can be created by an aging heat treatment
foliowing the initial solution heat treatment. The weight percentage of calcium and zine can be
adjusted to control the degradation rate of the alloy. f the degradation rate of the alloy is too slow
and needs to be aceclerated, MgsZnsCa; precipitates can be formed by slightly changing the alloy
composition. As an exampie, for a Mg alloy with T wt. % Zn and §.35 wt. % Ca, mainly
(Mg.Zn,Ca nanoparticles are precipitated by an aging heat treatment at 200° C whereas for a Mg
alloy with 1.5 wt. % Zn and 0.25 wt. % Ca, mainly MgeZn:Ca, nanoparticles precipitate at the same
temperature.

[6356] In an alternative embodiment, the aging heat treatment step may be replaced with
a heat treatment performed during the extrusion step, e.g., during preheating and extrusion.
Prcheating for extrusion is typically carried out at the extrusion temperature in a scparate oven until
the billet has reached a uniform temperature. The preheated billet is then transferred to the preheated
extrusion chamber and extrusion is carricd out. If precipitates form during this preheating step, it
would be considered an aging treatment,

[B051] After the alloy 1s shaped, a low temperature heat treatroent, such as an anncaling
step, can be performed. In some embodiments, a low temperatore anncaling step is performed after

the extrusion sie
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[B052] For example, low temperatare annealing 18 a heat treatment, typically of the
shaped alloy, at a temperature and time sufficient to affect precipitate formation, and, as a result,
degradation properties. In particular, it has been found that low temperature annealing can lead to
the growth of more noble precipitates, such as MgsZn:Cay precipitates, that accelerate the overall
degradation of the alloy. Tu addition, a low temperature anncaling process also can affect the
microstructare of the alloy, with a longer anvealing process leading o increased gran size.

[B053] In some embodiments, the low temperatore annealing is performed 1o a range
from about 100°C to about 300°C, or from about 150°C to about 250°C. For example, in some
embodiments, the low temperature annealing is performed at 200°C. Typically the low temperature
annealing is performed from about 1 to about 100 hours.

[6054] The magnesium alloys in the exemplary embodiments described above have
especially favorable properties for processing and for their later intended purpose in comparison
with traditional magnesiom alloys: the ductility of the magnesium alloys is greatly ¢levated. For
purposes of the present disclosure, the term “ductility” (or tonghness, deformation capacity} refers to
the ability of a metallic material to undergo permancnt deformation under sufficiently high
mechanical foads before cracking occurs. This ability is of great importance for many construction
parts because only a ductile material is capable of dissipating local mechanical stress peaks by
undergoing permanent deformation without cracking and with simultancous cold solidification.
This aspect, in particular, makes it especially advantageous to use the inventive magnesium alloys as
a material, for example, for biodegradable implants, in particular, bicdegradable bone fixation
implants. With a given material, the ductility depends on the temperature, the stress rate, the multi-
axle character of the acting mechanical stress state and the environment. Characteristic values of
ductility include, e.g., the clongation at break and necking, the notched impact strength and the

fracture toughness as described clsewhere herein,

Examples

{3055} For purposcs of further disclosure, certain high Zn-containing alloys
(MgZn5Cal.25), referred to as ZX50, were prepared along with lower Zn alloys as disclosed herein,
such as MgZnlCal.3, referred to as ZX10. The alloys were also prepared with varving degrees of
purity: “Conventional purity” (CP), “high purity” (HP), and “vacuum-distilled ultra-high purity”
(XHP). Reference regarding purity level designations may also be made to ASTM standard
BO2/BO2M-11. For the particular CP ZX50 sample described herein, a Mg ingot with 99.8 wi%

purity was used. The purity of the HP and XHP samples are noted below.
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Preparation of Mg alloys

LHIRIY For the production of HP ZX50, high-pure Mg (99.98%), Ca (99.0%), and Zn
{(99.99%) was used. For the XHP alloys ZX50 and ZX10, distilled ultra-pure Mg (99.999%), Ca
(89.99%), and Zn (99.999%) were synthesized in a graphite crucible under a protective gas mixture
at 750°C. Subsequently, the melt was poured into a conical graphite mold (average diameter 55
min, height =~ 150 nun) which was water-cooled at the bottom to force directional solidification in
order to avoid shrinkage cavities. Afterwards the billets were homogenized, i.e., solution treated
(ZX50 alloys: 350°C/12h; 2X10 alloy: 350°C/12h phus 430°C/ 8h) followed by cooling with
pressurized air. The chemical compositions of certain of the samples were determined by glow

discharge mass spectrometry (shown in Table 1)

Extrusion Procedure

HHIRY The homogenized alloys were machined to billets with 58 mm in diameter and
120 mm in length, For XHP ZX14, the biliet was aged at 250°C for 30 min in order to create fine
and homogeneously distributed intermetallic particles (precipitates) prior to the extrusion process,
Afterwards the billet was heated to 300°C and indirect extrusion was performed at a ram speed of
(.15 mmy/s to a rod profile with a diameter of 10 mm, corresponding to an extrusion ratio of 25:1.
Cooling with pressurized air was applied at the exit side of the extrusion press. For the ZX 350 alloys
the extrusion to 10 mm diameter was performed by direct extrusion at 325°C. It has been found that
indirect extrusion leads to higher rates of dynamic recrystallization.

GOS8 In order to check the influcnce of trace clements on degradation performance,
ZX50 alloys were prepared using high-purity (HP) Mg and vacuum-distilled ultra-high purity (XHP)
Mg (sec W0O2013/107644 regarding vacuum distillation of high purity Mg, incorporated herein by
reference). The chemical composition, including reference to “harmful” clements, is given in Table
I. The use of XHP-Mg and uitrapure Zn and Ca for the XHP ZX 50 synthesis results in a reduction

of the trace clement content by a factor of about 1060,

Table 1. Chemical composition of ZX50 with conventional purity {CP), high-purity (HP), and ultra-
high purity (XHP).
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Alloy 7 Vi 1) Ca ‘ Mn Si Fe Cu i 7 Co
’ fwi-%] | [we-%] | [ppm] | [ppm] | [ppm}] | [ppm] | [ppmi Ippm|
CP ZX50 5.24 0.27 1630 440 42 9 8 8
HP ZX50 5.21 0.29 160 430 31 8 7 5
XHPZXS0 | 526 0.31 0.8 29 0.5 0.09 .05 <0.05

fmmersion fesis

[B859] The degradation of the alloys was measured by the hydrogen evelution method as
described in G. Song, A. Atrens, B.H. St John, Magnesinom Technology Conference at TMS. New
Orleans, LA, USA, (2001} 255 (herein incorporated by reference) and evaluated using an in-house
improved testing setup as described in M. Schinhammer, J. Hofstetter, C. Wegmann, F. Moszner,
LE. Léftler, PJ. Uggowitzer, “On the immersion testing of degradable implant materials in
simuiated body fluid: Active pH regulation using CO,” Adv. Eng. Mater. 15 (20 13} 434-441 (hercin
incorporated by reference}. The device exhibits a high gas volume resolution and was especially
designed for slow degrading materials; it accounts also for the daily atmospheric pressure
fluctuations and gas dissolution. The specimen sizes were used with surface arcas in the range of
250+]1 mm’ to 626+6.7 mm”. Three specimens per batch were tested and their mean hydrogen
evolution was cvaluated to mbem?. All data points were corrected by the atmospheric pressure and
the gas dissolution. The ion concentration of the SBF used for the immersion tests is described in A
C. Hénzi, I. Gerber, M. Schinhammer, 1. F. Loftler, P J. Uggowitzer, “On the in vitro and in vivo
degradation performance and biological response of new biodegradable Mg-Y-Zn alloys™ 4cia
Biomater. 6 (2010) 1824-1833 (herein incorporated by reference); either CO; (99.90 vol%) or Tris
was used as buffer, During the degradation test, the pH was sct at 7.45+0.017 with a tcmperature of
36.91+0.30°C for two wecks. The samples were ground on abrasive SiC paper of granularity 4000,
Just before immersion, they were polished on a 1 wm polishing cloth, cleaned in an ultrasounic bath
using 1sopropanol and dried in hot air.

L FI1G. 1, which shows the mean hydrogen evolution versus time of the
conventional purity (CP), high-purity (HP), and ultra-high purity (XHP) ZX50 alloys imunersed in
COp-buffered simulated body fluid (SBF) with pH 7.45 at 37 °C (note the different scales at y-axis;
typical data scatier is tllustrated by error bars), illustrates the importance of imapurity level, The

amounts of hvdrogen mcerease steadily at the beginning with a slight decrease in degradation rate
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with increasing time. The XHP ZXS50 alloy evolves significantly less hydrogen than the CP and HP
alloy within the same time. This significant improvement (after 2 weeks by more than an order of
magnitude from CP to HP, and a factor of ~ 3 from HP to XHP) can be attributed to the reduced
trace element content and the related avoidance of degradation-generating cathodic sites.

[6061] Changing from a COy-buffer to the organic compound Tris resulis in an increased
degradation rate and 1s accompanied by a change in the character of the corrosion morphology. For
the alloys in COp-buffered SBF, a very homogeneous degradation s observed (FI1G. 3A), while in
Tris-SBF a distinet localized corrosion attack is observed, and the local attack is most pronounced
on the fast degrading alloys ZX50 (FIG. 3B). However, such change in the degradation morphology
does not take place in unalloyed Mg, Furthermore, only very weak localized attack is notable on
alloy XHP ZX 10 (FIG. 3C}. These findings suggest a strong influence of the alloy's chemical
composition on the degradation susceptibility in specific environments.

[66a62] FIG. 3 illustrates the surface topography of samples after immersion in SBF as
follows: (8} XHP ZX50 shows no local corrosion attack after two weeks immersion in CO2-
buffered SBF and (b} distinct localized attack in Tris-buffered SBF after only 3 days; (¢) no
indication of local corrosion attack is visible for XHP ZX10 after 2 wecks immersion in Tris-
buffered SBF.

[3363] FIG. 4A illustrates the constitution of Mg-Zn-Ca alloys at 360°C, i.e. the
temperature used for extrusion in production of the ZX10 alloy (the hot forming temperature). As
used in FIGs. 4A and B, “HCP” stands for hexagonal-closed packed, and refers to the crystal
structure of the Mg matrix. In order to avoid formation of the ternary MgsZn;Ca; phase, it is seen
that the Zn content should be below ~ 1.0 wit%, but in order to also benefit from some solid solution
hardening, 1 wt% was chosen for the ZX10 alloy, and the content of Ca was evaluated along with
the grain-refining effect of Mg, Ca particles. To create a very fine particle size, a solution treatment
toliowed by an ageing procedure below or at the hot forming temperature was performed (s¢¢
extrusion method above). FIG. 4B shows (a) the width of the solution treatment window ATgy (Zn
and Ca arc completely dissolved in Mg and the solidus temperature is still not reached) ata Zn
content of T wt% and (b) the influence of the Ca content on the width of the sohution treatment
window. In this case, 0.3wt% Ca was chosen. The constitution of the Zn-lean alloy MgZn1Ca0.3
(ZX10} is shown in FIG. 4A. A1 300°C only the Mg,Ca phase s present. MgCa and (Mg, Zu)hCa
are equivalent; MgyCa can contain some Zn without changing its natare. According to their Zene
drag effect the vesulting grain size stays at low levels, i.e. ~ 2um (see extrusion parameters above).

The corresponding mechanical properties of allov ZX10 are as follows. In tension: vield strength
gl o o =
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(TYS) = 240MPa, ultimate tensile strength (UTS) = 255 MPa, elongation to fractare = 27%; in
compression: compression yvield strength (CY5) = 205 MPa, ultimate compression strength (UCS) =
245 MPa, clongation to fracture = 13%. The tension and compression conditions are determined by
ASTM or ISO standards {e.g., corapression DIN 30106 and tension DIN EN 10002-1). The ZX10
alloy features not only high strength and good ductility but also low mechanical anisotropy.

[8064] As shown 1n FIG. 2, the good mechanical properties of alloy XHP ZX10 arc
accompanied by excellent bio~corrosion behavior. FIG, 2 illustrates the in vive degradation
performance of alloy XHP ZX10 {FI1G. 2B) compared to CP ZX50 (FIG. 2A) after 12 weeks
implantation time. The fast corroding CP ZX50 has completely degraded and severe irritation of the
bone is observed, while the XHP Z2X10 exhibits a desired slow and homogenous degradation. In
this case, no hydrogen bubbles can be clintcally observed and the living organism was able to absorb

the generated low amount of hydrogen, a fact that is of high relevance from a medical point of view.

Low femperature annealing

[8065] CP 2X10 (having the following impuritics as measured by optical omission
spectroscopy (OES): Al 229 ppmy; Cur 1 ppmy; Fer 32 ppmy; Ma: 309 ppmy; Nit 10 ppmy; Si: 323
ppm; and Zn: 47 ppm) and XHP ZX10 alloys were prepared as described above for ZX10 alloys (/e
MgZnl1Cal.3). After the extrusion procedure, CP ZX 10 and XHP Z2X10 alloys were subjected to a
low temperature anncaling at 200°C for 10 hours (h) and 100 howrs (h) and immersion tests were
performed, as described above, in Tris-buffered SBF. As shown in FIG. 5, the degradation rate of
the alloys increasces as the time of the low temperature anncaling step increascs, For example, alloys
subjected to a low temperature anncaling for 100 h degrade at a faster rate than those subjected to a
low temperature annealing for 10 h. Furthermore, alloys that are subjected to a low temperature
anncaling exhibit an increased degradation rate compared to alloys that do not undergo a low
temperature anncaling step {comparc “as extruded” with 10 h and 100 h). Additionally, FIG 5
shows that CP alloys degrade at a faster rate compared to XHP alloys as a result of the low
temperature anncaling step. The results of the low temperature anncaling are further exemplified in
FIGS 6A and 6B, which show that alloys subjected to a 100 h low temperature anncaling degrade
faster than alloys subjected to a 10 h low temperature annealing after two weeks in Tris-buffered
SBF, and both of these degrade faster than alloys not subjected to low termperature anncaling {(as
extruded < 10 h < 100 ).

[6066] As shown in FIG 7, low teroperature anncaling increases the gram size of the CP

ZX 10 and XHP ZX10 alloys. For example, the as extruded CP ZX 18 alloys exhibit a grain size of
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about 2 pm {data not shown), a grain size of about 3.0 pm following low temperature anncaling for
[0 h, and a grain size of about 3.4 wm following low temperature anncaling for 100 k. Similarly, the
as extruded XHP ZX10 alloys exhibit a grain size of about 2 wm {data not shown}, a grain size of
about 4.3 pm following low temperature annealing for 10 h, and a grain size of about 4.5 o
following low temperature anncaling for 100 h. Thus, in terms of grain size, as extruded < 10 h <
F00 h. Farthermore, following low temperature anncaling, the grain size of the XHP 7ZX10 alloys is
larger than the grain size of the CP ZX10 alloys. Ervor bars represent standard deviation 1o Figures
5,6, and 7.

(6687 It will be appreciated by those skilied in the art that changes could be made to the
exerplary embodiments shown and described above without departing from the broad mventive
concept thereof. It is understood, therefore, that this invention is not limited to the exemplary
embodiments shown and described, but it is intended to cover modifications within the spirit and
scope of the present invention as defined by the claims. For example, specific features of the
exerplary embodiments may or may not be part of the claimed invention and featnres of the
disclosed embodiments may be combined. Unless specifically set forth herein, the terms “a”, “an”
and “the” are not limited to one clement but instead should be read as meaning “at least ong”.
[B0368] It is to be understood that at least some of the descriptions of the invention have
been simplified to focus on clements that are relevant for a clear understanding of the invention,
while climinating, for purposes of clarity, other clements that those of ordinary skill in the art will
appreciate may also comprise a portion of the invention. However, beeause such clements are well
known in the art, and because they do not necessarily facilitate a better understanding of the
invention, a description of such clements s not provided herein.

(83691 Further, to the extent that the method does not rely on the particular order of steps
set forth herein, the particular order of the steps should not be construed as limitation on the claims.
The claims directed to the method of the present invention should not be limited to the performance
of their steps in the order written, and one skilled in the art can readily appreciate that the stops may

be varied and still remain within the spirit and scope of the present invention,

[Rm—y
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CLAIMS
/we claim;

I. An alloy comnposition comprising:

a Mg matrix; and, optionally, nanosized precipitates; wherein the composition has a Zn content
ranging from 0.1 wt. % Zn to 2.0 wt. % Zn; a Ca content ranging from 0.2 wi. % Cato 0.5 wt. %
Ca; a content of one or more other clements; and a remainder content being Mg;

wherein the nanosized precipitates are less noble or more voble than the Mg matrix, or a mixture

thereof.

2. The composition of claim 1, wherein the content of the one or more other clements 1o the

composition is less than about 0.1 wi 9% of the composition.

3. The composition of claim 1 or 2, wherein at least some of the one or more other elements are

focated in a secondary phase.

4. The composition of claim 3, wherein the one or more other clements located in a secondary phase

are less than (.04 wt % of the composition.
5. The composition according to any one of the previous claims, wherein the alloy composition
contains less than 400 ppm of total other clements.

6. The composition according to any one of the previous claims, wherein the other clements

comprise one or more of Fe, Cu, Ni, Co, St, Mu, Al, Zr and P.

7. The composition according to any one of the previous claims, wherein the alloy is

substantially free of microgalvanic elements.

K. The composition according to any one of the previous claims, wherein the precipitates are

tess noble than the Mg matrix and comprise (Mg, Zn):Ca.

g The composition according to any one of claims [-6 or &8, wherein the precipitates are more

noble than the Mg matrix and comprise MgeZmCan.
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10, The composition according to any one of the previous claims, wherein the alloy has a grain

size of less than S wm.

t1.  The composition according to any onc of the previous claims, wherein the alioy has a yield

strength of at least 180 MPa.

12. The composition according to any one of the previcus claims, wherein the alloy has an

ultimate tensile strength of at least 240 MPa.

13. The composition according to any one of the previous claims, wherein the alioy has at lcast

10 % clongation at break.
14 An implant comprising the alloy according to any onc of the previous claims.

5. The mplant according to claim 14, whercin the implant has an in vitro degradation rate of

less than 0.5 mg/em’” per day as measured in a simulated body fluid.

I6. The maplant according to claim 14 or 15, wherein the implant is an orthopedic implant.
17. The mmplant according to claim 16, wherein the orthopedic implant comprises one or more of

the following: a nail, a screw, a staple, a plate, a rod, a tack, a bolt, a boit to lock and IM nail, an
anchor, a dowel, a plug, a peg, a sleeve, a mesh, a transconnector, a nut, a shaped body, spinal cage,

a wire, a K-wirg, a woven structure, a clamp, a splint, a scaffold, a foam and a honeycomb structure.

18.  The mnplant according to claim 14 or 1S, wherein the implant is a non-orthopedic tmplant.
19, The toplant according to claim 18, wherein the non-orthopedic implant comprises a

cardipvascular stent, a neuro stent and a vertebroplasty stent.

20, The woplant according to any one of clatius 14 1o 19, wherein the implant has a lower
degradation rate compared to noplants made from magnesiurn alloy containing microgalvanic

elements.,

21, A method of producing a composition according to any one of claims 1 to 13 comprising the

steps of:
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{(a) casting a mixture containing (1} maguoesiom having a purity of at least 39.96 wt, 9; (i) from 0.1
wt. % to 2.0 wt.% zinc having a purity of at least 9.9 wit. %, and (i1t} from 0.2 wt. % t0 0.5 wt.%

calcium metal having a purity of at least 99.9 wt, %;

(b} solution heat treating of the cast alloy at two different temperatures wherein a first temporature is
helow an cutectic temperature of Mg-Zn and a second temperature 15 above the cutectic temperature
of the ternary Mg-Zn-Ca system to thereby form a MgZnCa alloy containing from 0.1 wi. % Znto 2
wt. % Zn, and a calcium countent ranging from 0.2 wi. % to 0.5 wi. %, and having a content of one or

more other elements, with the remainder being Mg,

{c) age heat treating between 100° C and 300° C to create dispersed nanosized precipitates and

{(d} extruding the alloy into a desired shape.

22, The method of claim 21, whercin the first tomperature 18 from about 330°C to ahout 370°C.
23. The method of ¢laim 21 or 22, wherein the second temperature is from about 400°C to about
460rC.

24, The method of any one of claims 21 to 23, wherein the content of the one or more other

clements is less than about 8.1 wt % of the composition.

Z5. The method of any one of claims 21 to 24, wherein at least some of the one or more other

clements are located in a secondary phase.

26. The method of claim 25, wherein the one or more other elements located in a secondary
phase are less than 0.04 wt % of the composition.
27. The method of any one of claims 21 to 26, wherein the alloy composition contains less than

400 ppm of total other cloments.

~

28. The method of any one of claims 21 to 27, wherein the other elements comprise one or more

of Fe, Cu, Ni, Co, Si, Mn, Al, Zrand P
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29. The method of producing a composition according to any one of claims 21 to 28, further

comprising the step oft
second age heat treating of the shaped alloy to improve cither strength or ductility.

30. The method of producing a composition according to any one of claims 21 to 29, further

comprising the step of!
low temperature annealing of the shaped alloy at about 150°C to about 250°C.
31. The method of claim 30, wherein the low temperature anncaling is performed at 200°C.

32. The method of claims 30 or 31, wherein the low temperature annealing is performed from about

1 hours to about 1{3{ hours.
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