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The hydrogen evolution method and animal experiments were deployed to investigate the effect of trace
impurity elements on the degradation behavior of high-strength Mg alloys of type ZX50 (Mg-5Zn-0.3Ca).
It is shown that trace impurity elements increase the degradation rate, predominantly in the initial period
of the tests, and also increase the material’s susceptibility to localized corrosion attack. These effects are
explained on the basis of the corrosion potential of the intermetallic phases present in the alloys. The
Zn-rich phases present in ZX50 are nobler than the Mg matrix, and thus act as cathodic sites. The impu-
rity elements Fe and Mn in the alloy of conventional purity are incorporated in these Zn-rich intermetallic
phases and therefore increase their cathodic efficiency. A design rule for circumventing the formation of
noble intermetallic particles and thus avoiding galvanically accelerated dissolution of the Mg matrix is
proposed.
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1. Introduction

Magnesium alloys are of special interest in the context of struc-
tural lightweight applications in the transport and aerospace
industries, and for temporary implants in medicine because of
their biocompatibility and biodegradability [1,2]. One of the major
obstacles to widespread application of magnesium alloys, however,
is their high corrosion rate [3,4], which is often attributed to the
presence of specific impurity elements. Elements such as Fe, Ni,
Cu and Co can significantly accelerate Mg corrosion when their
concentrations are above their tolerance limits [5-9]. Fe, for exam-
ple, is the most common impurity element; its tolerance limit is
reported as 170 ppm in unalloyed as-cast Mg [3] and roughly
5 ppm in wrought Mg [6,9]. Below this limit, when no Fe-rich par-
ticles are formed and thus no electrochemically active cathodic
sites exist to accelerate corrosive attack, the corrosion rate
decreases dramatically. Recent studies have added silicon (Si) to
the above-mentioned reactive impurity elements detrimental to
corrosion. Si plays a critical role in promoting the formation and
growth of Fe-rich particles and should thus also be considered as
corrosion-provoking element [9,10].
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For osteosynthesis implants and stent applications, not only
electrochemical and biocompatible requirements are crucial, but
also mechanical properties [1]. Recent studies have demonstrated
that the alloying system Mg-Zn-Ca offers simultaneous high
strength and high ductility, with values of Ryo,>250 MPa,
Rn>300MPa and Ar>20%. These attractive large values were
achieved within a composition window of 5-6 wt.% Zn and 0.2-
0.4 wt.% Ca [11,12]. Recently the in vivo behavior of an alloy with
5wt.% Zn and 0.25 wt.% Ca (ZX50) of conventional purity (CP)
was investigated, and undesired rapid degradation was observed
[13]. In the present study, the alloy ZX50 was chosen again, but this
time raw materials of two different purities were used. The first
alloy was made of CP Mg identical to that used in [13], but the sec-
ond was synthesized using ultrahigh-purity (XHP) Mg [14]. The
research aim of this study was to compare the in vitro and in vivo
behavior of the two alloys CP ZX50 and XHP ZX50, and to clarify
the influence of trace elements on degradation characteristics
and mechanisms. The in vitro corrosion was determined via the
hydrogen evolution method [15], deploying a newly designed test-
ing device [9]. For the in vivo examination pins of each alloy were
implanted in the femoral shafts of rats and their degradation was
studied over a period of 12 weeks (see also Ref. [13]). A few pins
were also explanted after two weeks to investigate their surface
topography and elucidate the degradation mechanisms.
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2. Experimental methods
2.1. Materials and methods

CP and XHP ZX50 were each processed to extruded rods, from
which specimens for the in vivo and in vitro tests were machined.
Conventional pure Mg (99.95%), Zn (99.5%), and Ca (99.5%) were
used as raw materials for CP ZX50. Mg and the alloying elements
were melted in an electric furnace at a temperature of approxi-
mately 690 °C, treated with MnCl, to reduce the Fe-content [16],
and then cast by vertical direct chill casting on an industrial scale
(billet diameter: 185 mm) at a speed of approximately 1.6 mm/s
with continuous water cooling. The alloy XHP ZX50 was produced
using XHP Mg (99.999%), Zn (99.999%), and Ca (99.99%). The
ultrahigh-purity (XHP) Mg was produced using an in-house vac-
uum distillation setup to reduce the impurity content of
conventional-pure (CP) Mg. High-purity graphite crucibles were
used to avoid any contamination [9,14]. The raw materials of
XHP ZX50 were synthesized using a protective gas mixture (pure
Ar with 1 vol.% of SFg) at 750 °C. The melt was poured into a gra-
phite crucible of approx. 150 mm in height and 55 mm in diameter.
Directional solidification was achieved by cooling the bottom of
the mold, which ensures cavity-free shrinkage. The CP and XHP
ZX50 cast billets were both homogenized at 330 °C for 12 h, cooled
with pressurized air and machined to extrusion billets. The sizes of
the extrusion billets were 120 mm in diameter and 250 mm in
length for CP ZX50, and 50 mm in diameter and 120 mm in length
for XHP ZX50. Direct extrusion was performed at 325 °C with a ram
speed of ~0.5 mmy/s for both alloys. The extruded rods had diame-
ters of 20 mm for CP ZX50 and 8 mm for XHP ZX50, which corre-
sponds to extrusion ratios of 36:1 and 39:1, respectively. Table 1
shows the chemical compositions of the alloys, determined by
glow discharge mass spectrometry in the as-cast state.

Samples for in vitro tests were prepared from the extruded rods;
the sample surfaces were 857 +2.8 mm? for CP ZX50 and
459 +12.8 mm? for XHP ZX50. These surface areas result from
the different rod diameters used to ensure similar extrusion ratios.
Pins for the in vivo tests were machined to 1.6 mm in diameter and
8 mm in length, corresponding to a total surface area of approx.
44 mm? and an initial volume of ~16 mm?>. The in vitro samples
were ground using abrasive SiC paper of granularity 4000 and then
polished with a 1 pm polishing cloth. The samples were cleaned in
an ultrasonic bath using isopropyl alcohol and dried in hot air just
before immersion. The specimens for the in vivo tests were cleaned
in a cascade of pure ethanol in an ultrasonic bath and dried with
hot air.

The microstructure analysis of the as-extruded material was
performed by optical microscopy (OM) after etching with picric
acid. The average grain size was determined using the linear inter-
cept method. Elemental distribution maps of alloy microstructure
and the surfaces of explanted pins were recorded using a Hitachi
SU-70 scanning electron microscope (SEM, Schottky-type field
emission gun), equipped with an X-Max energy dispersive X-ray
(EDX) detector from Oxford instruments. The SEM was operated
at 15 kV in the secondary electron (SE) and back-scattered electron
(BSE) imaging modes. For SEM investigations, the pins were
embedded longitudinally in Bakelite with some bony material at
their surfaces. The embedded samples were coated with an
8-nm-thick carbon layer using a Balzers SCD 050 sputter coater.
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2.2. In vitro testing

The in vitro degradation of each alloy was analyzed using the
hydrogen evolution method [15]. Three samples per batch were
tested in CO,-buffered simulated body fluid (SBF) [17] over two
weeks of immersion. The immersion tests were performed using
a special setup, designed in-house, for slow-corroding material
and investigated under the conditions given in Ref. [9]. This setup
has the advantages of very stable pH and temperature control, and
the possibility to correct for atmospheric pressure fluctuations and
gas dissolution [9]. It has already been shown to adequately simu-
late the in vivo situation of pure Mg, Y-containing Mg alloys, and
other Mg-Zn-Ca alloying systems [9,18,19]. The pH was set to
7.44 +0.043 with a temperature of 36.8 £0.34 °C, and the atmo-
spheric pressure was 1008.72 + 6.86 mbar during the two weeks
of immersion. All data points were corrected for pressure fluctua-
tions and gas dissolution, and the mean hydrogen amount was
evaluated to ml/cm? [9].

2.3. In vivo testing

The animal experiments were conducted according to
established principles of ethical respect for animals, and
authorized by the Austrian Ministry of Science and Research
(BMWEF-66.010/0087-11/3b/2011). Eight male Sprague-Dawley®
rats with body weights of 140-160 g and 5 weeks of age were used.
Under general anesthesia each rat had two identical pins
implanted in its femur shafts. An accurate description of the
surgical procedure and postoperative treatment is given in Ref.
[13]. Micro-computer tomography (1CT) scans were performed
at four prearranged times after pin implantation: 1 week, 4 weeks,
8 weeks and 12 weeks. During the puCT examinations the animals
were anesthetized using volatile isoflurane (Forane®, Abbot AG,
Baar, Switzerland). The rats were scanned using a Siemens
Inveon Acquisition Workplace (version 1.2.2.2). Scans were
performed at 70 kV voltage, 500 pA current, and with 1000 ms
exposure time. The volume of each implant was measured by
3-D morphometric analysis and quantified using the software
program ‘Mimics® (Version 15.0, Materialise, Leuven, Belgium);
for more details see Ref. [13]. Two rats were euthanized after
2 weeks to inspect the surface topography and elemental
distribution in the near-surface regions of the pins. Note that for
the present study only the alloy XHP ZX50 was used for
the in vivo testing. UCT data and explanted pins for surface
topography investigations of the alloy CP ZX50 were taken from
Kraus et al. [13]. Both the CP ZX50 [13] and XHP ZX50 studies were
conducted according to Standard Operation Protocols (SOPs),
which were established in the same working group using the
same infrastructure, software and animal model. They are thus
comparable.

3. Results
3.1. Microstructure
Fig. 1 shows the microstructure of the alloys tested. The grain

size D of CP ZX50 is slightly smaller (D ~ 6 um) than that of XHP
ZX50 (D~ 7.5 um). Both alloys contain second-phase particles,

Table 1

Chemical compositions of CP ZX50 (conventional purity) and XHP ZX50 (ultrahigh-purity), where ppm relates to parts per million by weight.
Alloy Zn (Wt.%) Ca (wt.%) Mn (ppm) Si (ppm) Fe (ppm) Cu (ppm) Ni (ppm) Co (ppm)
CP ZX50 5.24 0.27 1630 440 42 9 8 8
XHP ZX50 5.26 0.31 0.8 29 0.5 0.09 0.05 <0.05
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Fig. 2. SEM/EDX images of the microstructure of CP ZX50 extruded at 325 °C.

examples of which are shown in SEM images of CP ZX50 in Fig. 2.
These intermetallic particles (IMPs) contain Zn and Ca, and in the
case of CP ZX50 also Fe and Mn. Si- and Ca-containing IMPs were
also detected very sporadically in CP ZX50. In XHP ZX50, however,
only Zn and Ca were found to be present in the IMPs (not shown
here). Because the grain size in both alloys is similar, the potential
effect of grain size on corrosion rate can be disregarded, in contrast
to the effects of impurities and IMPs.

3.2. In vitro immersion testing

The degradation rates of CP and XHP ZX50 characterized by
hydrogen evolution revealed clear differences between the alloys.
Fig. 3a shows the mean hydrogen evolution as a function of immer-
sion time for both alloys. Conventional-pure CP ZX50 clearly
degrades faster than XHP ZX50, monitored by the fact that the for-
mer releases much more hydrogen than its counterpart XHP ZX50
after an initiation time of 4 days. The alloy CP ZX50, depicted in the
upper insert to Fig. 3a, exhibits strongly inhomogeneous degrada-
tion. This inhomogeneity is also illustrated in the optical micro-
scopy cross-section image in Fig. 3b, which demonstrates the
corrosion attack at the surface of the sample. The alloy XHP ZX50
shows much more homogeneous degradation behavior (at least
during the test period of 16 days), as illustrated in the lower insert
of Fig. 3a and the cross-section image of Fig. 3c.

3.3. Animal studies

Fig. 4 illustrates the in vivo degradation performance of CP and
XHP ZX50 after 1, 4, 8 and 12 weeks of implantation in the rat’s
femoral shaft. Fig. 4a displays the volume loss as a function of
implantation time. The standard deviations in this plot are rela-
tively high. This is the consequence of using different animals with
different feeding behaviors and movement activity, and thus differ-
ent weights and growth [20]. This has an effect on metabolism,
healing processes, and blood flow, and thus also on implant degra-
dation. All pins had an initial volume V; of approx. 16 mm? and
their volumes decreased within the study period. After 1 week,
the volume loss was 6.6% for CP and 3.4% for XHP ZX50, i.e. during
the first period CP ZX50 degraded significantly faster than XHP
ZX50. With prolonged degradation time, the difference in absolute
volume loss between CP and XHP ZX50 increased monotonically
until week 8, but then decreased between weeks 8 and 12.
Related to the actual pin volume, however, the volume loss rate
was always higher for CP than for XHP ZX50: between weeks 1
and 4, it is calculated to be 8.8%/week for CP and 5.3%/week for
XHP ZX50; between weeks 4 and 8 it is 15.8%/week for CP and
9.5%/week for XHP ZX50; and between weeks 8 and 12 it is
17.3%/week for CP and 16.0%/week for XHP ZX50. These numbers
illustrate that the difference in degradation rate caused by the dif-
ference in purity is high at the beginning and diminishes with
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Fig. 3. (a) Mean hydrogen evolution as a function of immersion time for the alloys
CP and XHP ZX50 immersed in CO,-buffered SBF at 37 °C. The upper insert shows
CP ZX50 after 380 h of immersion in SBF. The lower insert depicts XHP ZX50 after
the same immersion time. Three error bars per alloy are included to demonstrate
the data scatter. (b, c) Optical microscope cross-sections illustrating the corrosion
attack at the surface of (b) CP ZX50 and (c) XHP ZX50 after two weeks of immersion.

increasing degradation time. Thus, localized degradation is more
pronounced for CP ZX50 than for XHP ZX50 during the first period
after implantation, as also observed in the in vitro studies. With
increasing test duration, however, both alloys exhibit considerable
local corrosion attack, and sections of the pins suffering from pro-
nounced localized corrosion degrade faster than other regions dis-
solving uniformly (see Fig. 4b).

4. Discussion

The results of the investigation reveal clearly the influence of
the trace impurity level (see Table 1) on the degradation rate of
ZX50 alloys. The alloy made with XHP Mg degrades more slowly
in vitro and in vivo than the alloy with an increased impurity level,
but primarily during the first period after implantation. The degra-
dation difference between CP and XHP ZX50 is most significant in
the first period of immersion, as can be observed from the optical
microscopy cross-sections of the in vitro samples in Fig. 3. With
increasing test duration, the difference in degradation rate
between CP and XHP ZX50 becomes less pronounced, as demon-
strated by the in vivo results shown in Fig. 4a. Interestingly, despite
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Fig. 4. (a) Pin volume loss for CP ZX50 and XHP ZX50 after 1, 4, 8 and 12 weeks of
implantation in the femoral shaft of Sprague-Dawley rats. (b) pCT reconstructions
(two-dimensional slices) of CP and XHP ZX50 from four different time periods (1, 4,
8, 12 weeks). CP ZX50 has a higher degradation rate in the first period following
implantation; however, nearly complete degradation was observed in both cases
after 12 weeks. pCT reconstructions for CP ZX50 were taken from [13].

its high purity, XHP ZX50 also exhibits a high degradation rate rel-
ative to Mg-Zn-Ca alloys with low Zn content [19] or unalloyed
Mg [9]. These observations are discussed in detail below. A hypoth-
esis for the steady in vitro degradation of XHP ZX50 at the end of
the immersion test (Fig. 3a) is also presented, explaining the more
severe localized corrosion of the in vivo pins compared to the
in vitro samples after two weeks.

Fig. 5 depicts the constitution of the alloy CP ZX50, calculated
using MatCalc simulation software with database mc_mg_v1.009
[21]. Two types of intermetallic particles, IM1 and IM3, are present
at the extrusion temperature (325 °C) [22]. Their chemical compo-
sitions at 325 °C are calculated for IM1 as 53% Zn, 30.5% Mg, and
16.5% Ca, and for IM3 as 77% Zn, 15% Mg, and 8% Ca (in wt.%), i.e.
both IMPs contain a high Zn content. The MatCalc Mg database
does not list Fe, and thus the impact of the trace elements Fe,
Mn and Si on the microstructure was simulated using the Pandat
software package with the PanMg2013 database [23]. The presence
of 0.12 mol-% CaMgSi and 0.028 mol-% bcc (92% Mn, 7% Fe, 0.5% Si,
and 0.5% Zn; in wt.%) phases was predicted at 325 °C.
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Fig. 5. Constitution of alloy CP ZX50 with 5.24 wt.% Zn and 0.27 wt.% Ca. The
intermetallic phases IM1 and IM3 are present at the processing (extrusion)
temperature of 325 °C.

The formation of two IMPs with different Zn and Ca contents
(IM1: CasMgyZnis_y, 4.6 <x<12; IM3: CazMgsZn;3 (in at.%)
[24,25]) is confirmed by the SEM/EDX analysis shown in Fig. 2.
They appear to be interconnected with a sharp gradient between
sections of high and low Ca content (Fig. 2c). This situation can
be explained by the fact that IM1 is formed from the melt and is
subsequently partially transformed to IM3 upon annealing and
extrusion at 325 °C. Besides the phases IM1 and IM3, the predicted
formation of CaMgSi particles is also confirmed in Fig. 2¢ and d.
Interestingly and contrary to expectations, Mn and Fe are incorpo-
rated into the Zn-Mg-Ca particles. Whereas it is not completely
clear whether Mn and Fe are in solid solution or present as very
fine bcc phase combined with IM1/IM3, it is evident that they do
not form separate isolated phases. Irrespective of whether Mn
and Fe are in solid solution or incorporated as fine IMPs, however,
it can be assumed that their presence changes the electrochemical
properties of the Zn-rich IM1 and IM3 phases in the direction of
higher electrochemical potential and possibly higher cathodic

a) XHP ZX50 pin

hydrogen reduction rates. Thus, the IMPs in CP ZX50 are expected
to be nobler and more reactive than their counterparts in XHP
ZX50.

Regardless of their trace element content, Mg-Zn-Ca alloys
with high Zn content are still prone to corrosion attack in physio-
logical environments. It is generally agreed that the formation of
ternary intermetallic phases with high Zn content is the main rea-
son for increased degradation susceptibility [26-30]. Because of
their higher (nobler) corrosion potential compared to the Mg
matrix when both phases are considered separately, the IMPs
induce galvanic coupling interactions, with locally enhanced ano-
dic dissolution of the material’s matrix. Such corrosion attack is
shown for example in Fig. 6, which illustrates the near-surface
morphology of an XHP ZX50 pin explanted after 2 weeks in a rat’s
femoral shaft. The degradation attack is characterized by the local
formation of pits, with accelerated Mg matrix dissolution resulting
from the presence of the cathodic Zn-rich IMPs. Propagation of
local attack via pit formation leads in turn to a pronounced accel-
eration of the degradation rate. This ‘autocatalytic’ process is well
understood for materials such as stainless steel and aluminum
which present good cation hydrolysis properties [31], but no gen-
erally accepted description exists so far for materials with Mg
cations that are difficult to hydrolyze. Nevertheless, several argu-
ments are given in the literature which can provide a convincing
explanation [32-34]. They are all based on the description of
chemical processes that occur inside surface pits, i.e. the formation
of the previously mentioned autocatalytic corrosion mechanism
which generates a pronounced localized corrosion breakdown.
However, Mg in contact with aqueous SBF cannot solely explain
this acceleration. One more critical reason appears to be the
enrichment of ‘remaining’ cathodically reactive IMPs inside the
pits caused by the dissolution of the matrix, as shown in Fig. Ge.

In comparison with the ZX50 alloys, XHP Mg-Zn-Ca alloys with
low Zn content exhibit very slow and homogeneous degradation.
As an example, the volume loss of an alloy with only 1 wt.% Zn
and 0.3 wt.% Ca (XHP ZX10) is roughly 1% after four weeks of
implantation [19], whereas the volume loss of XHP ZX50 is ~20%
after the same time period and under otherwise comparable
in vivo conditions. The CP ZX50 volume loss is then already ~30%
at this stage. This strongly differing degradation behavior is caused

Fig. 6. Explanted XHP ZX50 pin after two weeks of implantation in a femoral shaft of a rat. (a) Optical microscopy image of the entire pin. (b) BSE image of two pits caused by
local attack at the bone-implant interface. (c) Close-up of the larger pit with EDX mapping of the elements (d) Mg, (e) Zn and (f) Ca. Zn enrichment takes place in the pits; Ca is

deposited from the environment [1] as biological calcium phosphate.
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Fig. 7. (a) Phase fraction of IMPs and (b) their chemical compositions in Mg-xZn-
0.3Ca at 325°C in dependence on the Zn content. Calculated using MatCalc
simulation software with database mc_mg_v1.009 [21].

by the different electrochemical nature of the intermetallic phases,
as illustrated in Fig. 7. At high Zn content, i.e. ~5 wt.%, IMPs of type
IM1 and IM3 are present, whereas at a Zn content <1 wt.% only the
Laves phase (Mg,Zn),Ca precipitates at T =325 °C. The phases IM1
and IM3 contain large amounts of Zn and are thus of cathodic nat-
ure, i.e. they are nobler than the matrix, whereas the phase
(Mg,Zn),Ca has a high Ca and low Zn content and is therefore less
noble than the matrix. This phase now acts as an anodic site, i.e.
does not cause accelerated galvanic dissolution of the Mg matrix
[19,35,36]. Stidholz et al. investigated the electrochemical proper-
ties of several Mg-based IMPs and all were found to be cathodic to
Mg, with the exception of Mg,Ca [34]. Based on this work, a
detailed electrochemical characterization of the IMPs is planned
in a further study. From the above discussion, it becomes clear that
Mg-Zn-Ca alloys with low degradation rates should be designed
with the provision of avoiding the formation of Zn-rich IMPs, i.e.
the Zn content should be kept at or below 1 wt.%.

The higher degradation rate of CP ZX50 compared to XHP ZX50
becomes plausible if one accepts that that (i) noble Zn-rich IMPs
accelerate anodic dissolution of the Mg matrix and (ii) trace ele-
ments such as those present in CP ZX50 (Fe, Cu, Ni, Co, Si, Mn) addi-
tionally increase the cathodic reactivity of these IMPs. The
presence of very reactive cathodic impurities in IMPs controls the
initial stage of corrosion processes and explains why CP ZX50 cor-
rodes faster than XHP ZX50 as soon as it is exposed to SBF or in vivo
conditions. The first period of the hydrogen evolution measure-
ment is related to the necessity of first degrading an initially pro-
tecting oxy-hydroxide in this buffered solution before efficient
cathodic activity can be achieved. The role of the carbonates

related to the CO, buffering in Mg or Zn hydroxide stabilization
is still under investigation and may explain the corrosion rate dif-
ferences observed in the initial stages of the in vitro and in vivo
experiments.

With increasing test duration the effect of the impurities
becomes less pronounced, because the influence of their higher
cathodic activity in ‘contaminated’ IMPs is then masked by the
additional effects of local autocatalytic corrosion in the pits
formed. In particular, the progressive increase of Zn-rich surface
area due to the release of Zn-rich IMPs in the pits (see Fig. 6¢) gen-
erates additional local cathodic sites. This in turn explains why a
lower Zn content (resulting in the absence of IM1 and IM3 IMPs)
leads to much lower degradation rate, as reported for the alloy
ZX10 in Ref. [19]. In addition, the presence of CaMgSi IMPs may
influence the local attack at the beginning of the tests, as they
are known to show cathodic corrosion behavior [37].

5. Conclusion

Bioresorbable Mg alloys of type ZX50 (Mg-5Zn-0.3Ca) exhibit
rapid and inhomogeneous in vitro and in vivo degradation. A reduc-
tion in the impurity level to very low values decreases the degra-
dation rate, but mostly only during the first period after
implantation. The ZX50 alloys are characterized by the presence
of Zn-rich IMPs. These IMPs are nobler than the Mg matrix and
therefore act as cathodic sites. Local attack and galvanically accel-
erated dissolution of the matrix cause the formation of pits, which
in turn generate autocatalytic corrosion. Impurities such as Fe and
Mn are incorporated in the Zn-rich IMPs, generating additional
cathodic reactivity. This leads to accelerated localized corrosion
of CP ZX50 and thus to a higher degradation rate in CP ZX50 com-
pared to its ultrahigh-purity counterpart. The impurities mainly
influence the initial degradation, whereas with progressive time
the release of Zn-rich IMPs in the forming pits dominates the cor-
rosion behavior. At this later stage, the degradation rates of CP and
XHP ZX50 become similar. Such Zn-rich IMPs do not form in the
Zn-lean alloy ZX10, and thus it shows much less degradation than
ZX50.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 2-7, are difficult
to interpret in black and white. The full color images can be found
in the on-line version, at doi: http://dx.doi.org/10.1016/j.actbio.
2015.05.004.
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