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Influence of high-pressure torsion deformation on
the corrosion behaviour of a bioresorbable
Mg-based alloy studied by positron annihilation
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The effect of high-pressure torsion (HPT) on the corrosion behavior of extruded ZX00 (Mg—0.45wt%Zn—
0.45wt%Ca) in phosphate buffered saline solution is investigated. MgCaZn alloys are promising candidates
for the use as bioresorbable implant materials and, therefore, are in the focus of current research. To
improve their strength, severe plastic deformation, e.g. via the technique of HPT, can be used. Positron
lifetime spectroscopy (PLS) is applied as sensitive tool for studying open-volume defects which evolve
during HPT processing and subsequent corrosion. The studies were complemented by electrochemical
impedance spectroscopy (EIS). In the uncorroded state, grain boundaries are the major type of positron
trap as quantitatively analysed by means of diffusion-reaction models for positron trapping and annihil-
ation in fine-grained alloys. Upon corrosion, positronium formation and annihilation indicate larger open-
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volume structures, such as pores and cracks, in the emerging corrosion product and oxide layers. Both
PLS and EIS clearly show that HPT-deformation strongly reduces the resistance against corrosion.
Evidence is found for corrosion-induced open-volume defects, presumably related to hydrogen, in
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. Introduction

Magnesium (Mg) and its alloys are promising candidates for
the use as bioresorbable implant materials and therefore in
the focus of current biomaterials research. For non-permanent
applications, such as fracture fixation, they offer major advan-
tages compared to the commonly used implants made of tita-
nium or stainless steel. Mg-based implant materials support
fracture healing by continuously transferring load back to the
bone as they are resorbed. Additionally, they do not need to be
explanted after the healing process has finished.'™ Further
advantages are their bio-compatibility, nontoxicity, low specific
density and an elastic modulus close to that of human bone.*”
The Mg”" release during the dissolution supports osteogenesis
and therefore promotes the formation of healthy bone near
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deeper parts of the material below the corrosion layer.

the implant tissue interface.® Nevertheless, pure Mg suffers
from a low strength for load-bearing implants and dissolves
quickly in physiological environments, accompanied by a
rapid evolution of hydrogen. The produced hydrogen causes
troubles like a delayed healing process, necrosis of the sur-
rounding tissue or can lead to encapsulated gas cavities.>*’
Using suitable Mg alloys allows to both increase the materials
strength and slow down the degradation rate and therefore
improves the performance as implant material.>

Here we investigate the alloy Mg-0.45wt%Zn-0.45wt%Ca
(zX00), which only contains elements, naturally present in the
human body. This material has been shown to be biocompati-
ble with adequate degradation rates, along with a yield
strength of 285 MPa."” One technique, suitable to further
improve the strength of Mg alloys, is grain refinement® via
severe plastic deformation, such as high-pressure torsion
(HPT).? The effects of grain refinement on the corrosion behav-
ior are under debate.’®'® Corrosion preferentially takes place
along crystalline defects, such as dislocations and grain
boundaries, but also along second phase particles. Some
authors found that the higher grain boundary density and the
fragmentation of potentially present second phase particles
after severe plastic deformation provide more homogeneously
distributed sites for corrosion attack. Therefore a change from
a localized towards a more uniform degradation process is
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observed. This leads to a compact corrosion product layer,
which protects the underlying matrix from the corrosive
environment and slows down the degradation process.">'® On
the contrary, other authors claim that the formed corrosion
product layer after severe plastic deformation has no improved
passivation ability and delivers therefore no protection against
the corrosive environment. The additionally introduced crystal-
line defects then cause an enhanced corrosion rate."’

In the present study, positron lifetime spectroscopy (PLS) is
applied for studying open-volume defects which evolve during
HPT processing and subsequent corrosion. A comparison of
the positron lifetime measurements performed on ZX00 with
and without HPT-deformation in dependence of corrosion
time in phosphate buffered saline solution aims to assess the
influence of HPT-deformation on the corrosion-induced open-
volume defects. The high sensitivity of about 1 to 100 atomic
ppm towards defects in the sub-nanometer range make PLS to
a powerful tool for detecting vacancies, dislocations or micro-
voids and pores in all kinds of solids, especially in metals and
semiconductors.””? Since PLS with conventional positron
sources probes the materials bulk, potentially arising corrosion
induced open-volume defects deeper inside the sample can be
investigated. As an example, evidence for crack formation
inside the material in the context with hydrogen embrittle-
ment during corrosion comes so far from, e.g., electron
microscopy or stress corrosion cracking tests.’®?’ Due to its
sensitivity to defects in the sub-nanometer range, PLS has the
capability of providing insights to very early states of this crack
formation.

Positron annihilation studies of corrosion-related phenomena
have been performed so far primarily by means of monoener-
getic beams (see, e.g. ref. 22-24), to a lesser extent only by means
of PALS using conventional positron sources (see, e.g, ref. 22
and 25-28). The present ¢ annihilation studies are the first on
the corrosion behavior of an HPT-deformed alloy and also the
first on this type of Mg alloy (ZX00). The studies are complemen-
ted by electrochemical impedance spectroscopy (EIS), a well-
established technique for studying corrosion phenomena.*

lI.  Experimental

The used alloy Mg-0.45wt%Zn-0.45wt%Ca (ZX00) is the same
that has been studied recently by one of the coauthors."” After
solution and ageing-treatments, the alloy was indirectly
extruded at 325 °C. From this material, denoted ZX00gxr hen-
ceforth, disks with a diameter of 15 mm and a thickness of
about 1 mm were cut, serving as reference samples as well as
raw material for subsequent high-pressure torsion. For HPT a
total of 10 revolutions with a nominal pressure of approxi-
mately 2.6 GPa was applied at room temperature, denoted
ZX00pr henceforth. The ZX00gxr and ZX004pr discs were cut
in 4 pieces and kept in a vacuum-desiccator with silica gel as
desiccant.

The microstructure of the uncorroded material was charac-
terized by scanning electron microscopy (SEM) along with
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EDX-analysis using a ZEISS Ultra 55 FESEM with an EDAX
Super Octance detector. The used setup was described in
detail previously.>**! Micrographs were recorded in channel-
ing contrast mode. For the SEM-studies, the samples were
mechanically precut and then finally prepared by ion beam
technique.

The e' lifetime measurements were performed with a con-
ventional positron lifetime spectrometer (in so-called fast-fast
set-up) with a time resolution of 160 ps, a description of which
can be found elsewhere.’”> A **Na radioactive isotope encapsu-
lated between 5 pm thick Al foils was used as a e" source. The
recorded spectra contained at least more than 10° counts and
were analyzed by means of the program PALSFIT*® after source
correction. An annealed ultra high purity (XHP) Mg sample
pair was used to determine the source contribution consisting
of two components of 408 ps and 1500 ps with relative intensi-
ties of 16% and 3%, respectively. The ZX00gxrppr-sample
platelets with an initial thickness of 0.9 mm were stepwise cor-
roded between 12 s and 48 h by immersing in phosphate
buffered saline (PBS) solution, the corrosive medium used in
this study. After removing the samples from the corrosive
environment, they were carefully rinsed with distilled water, so
that the overall well adherent corrosion product remained on
the sample surface. After drying the samples in a desiccator,
they were weighted with a Sartorius™ Cubis™ microbalance
using a 6.6S weighting module. The PBS was prepared via dis-
solving a phosphate buffered saline tablet (ROTI FAIR PBS 7.4)
in 200 ml highly pure water (ROTIPURAN p.a., ACS).

The onset of corrosion at the alloy surface was also charac-
terized by electrochemical impedance spectroscopy (EIS).
Spectra of ZX00gxrupr were recorded after 10 min of immer-
sion, using an AUTOLAB potentiostat (AUT85934, METROHM)
equipped with an EIS module (FRA32M). For this purpose, the
ZX00gxr,ypr-samples were contacted with a gold wire using
commercial conduct silver. To ensure a stable contact and to
avoid unintended exposure to PBS, the contact was sealed with
a two-component epoxy glue. A three-electrode electrochemical
cell was used for the measurements at room temperature, with
the ZX00gxr,upr-samples serving as working electrode, a curled
platinum wire as counter electrode, and an Ag/AgCl electrode
in 3M-KCl as reference (RE), to which all given potentials are
referred to. To reduce artifacts due to the high impedance
response of the reference electrode,* a platinum wire in series
with a 1 pF capacitance was parallel connected to RE, as rec-
ommended by the manufacturer. The EIS measurements were
performed at open circuit potential (OCP) in a frequency range
between 100 kHz and a few mHz with six points per decade
and a 0.01 V single sine amplitude. The recorded spectra were
analyzed via the NOVA 1.11 software.

[1l. Results

A. Microstructurural characterization

The base alloy material ZX00gxr used in the present study has
recently been characterized in detail by Holweg et al.' To a

This journal is © The Royal Society of Chemistry 2021
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great extent (ca. 80%) the material exhibits a recrystallized
structure with an average size of 1.7 + 0.8 pm. The Mg matrix
contains nanometric intermetallic particles composed of a Ca-
rich phase, presumably of Laves-type Mg,Ca. An average inter-
metallic particle size of 80 + 35 nm was reported by Cihova
et al.>® for Mg-Zn-Ca alloys with a little higher concentration
of Zn.

Fig. 1(a) and (b) show scanning electronmicrographs of
ZX00ext and ZX00ypr, respectively, which were taken in the
framework of the present study. For ZX00gxt, structural fea-
tures were found similar to that denoted above.' The average
grain size is between 2 and 3 pm. The bright spots in the
micrograph indicate the intermetallic particles (Fig. 1a), which
with few exceptions are of nanometric size in the range of
about 100 nm. They consist mainly of Mg (72.4 at%) and Ca
(26.6 at%) and to a minor fraction of Zn according to EDX
measurements (not shown), indicating the presence of a
Mg,Ca Laves phase, as expected from literature." These par-
ticles are mostly formed discontinuously along grain bound-
aries, but some are also found within the grains. The average
interparticle spacing is estimated to 1-2 pm, which is in the
same range as found by Cihova et al.*® for Mg-Zn-Ca alloys
with a little higher concentration of Zn. After HPT processing,
smaller grains, elongated along the deformation axis with an
average width of 1 pm and length of 2 to 3 um, are observed
(see SEM-micrograph of ZX00upr, Fig. 1b). No significant
change in the intermetallic particle size due to fragmentation
of the precipitates is found after HPT deformation.

B. Electrochemical impedance spectroscopy

For studying the corrosion behavior, electrochemical impe-
dance spectroscopy is applied complementary to positron
annihilation. Fig. 2 shows electrochemical impedance spectra
for ZX00gxr and ZX00y4pr in the Nyquist plot representation
recorded 10 min after immersion in PBS at their OCP values
(for further details see Fig. 2). For ZX00gxy two capacitive
loops, one in the high and the other in the medium frequency
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Fig. 2 (a) Impedance spectra in the Nyquist plot representation of
ZX00gxt (blue) and of ZX00ypr (red) after 10 min of immersion in PBS at
the OCP values of —1.705 V and -1.579 V, respectively. Frequency
ranges of 100 kHz to 2.1 mHz and 100 kHz to 9.5 mHz are chosen for
ZX00gxt and ZX00ypr, respectively. The black lines represent the fits to
the equivalent electrical circuit of Fig. 3. (b) Zoomed spectrum of
ZX00ypt. hf denotes the high frequency, mf the medium frequency, and
If the low frequency range.

range, as well as an inductive loop for low frequencies can be
discerned. After HPT processing, the measured spectrum of
ZX00hpr changes significantly in terms of its shape and size
(Fig. 2). The high frequency loop is hardly pronounced as com-
pared to ZX00gxt, whereas the capacitive loop in the medium

Fig. 1 SEM channeling contrast images of (a) ZX0Ogxt and (b) ZX00ypt microstructure. The ZX00gxr micrograph is recorded in extrusion direction,

the ZX00upt micrograph in the direction of the torsion axis.

This journal is © The Royal Society of Chemistry 2021
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frequency range and the inductive loop at low frequencies is
clearly visible.

According to literature (e.g. Baril et al.>® or Gomes et al.’’),
the high frequency capacitive loop corresponds to the charge
transfer resistance parallel to the interface capacitance and the
capacitive loop in the medium frequency range to the
diffusion of dissolved Mg>" through the porous Mg(OH), layer.
The low frequency inductive loop corresponds to the relaxation
of the adsorbed intermediates Mg', which are formed during
the dissolution of Mg and which cover the film free surface.

The measured spectra are analyzed by means of an equi-
valent electrical circuit (EEC) shown in Fig. 3, similar as used
by Baril et al.,*® King et al.,”® or Liu et al.*® The EEC takes into
account the electrolyte resistance R. and the charge transfer re-
sistance R, associated with the cathodic hydrogen evolution at
cathodic sites. The double layer capacitance at the film free
areas is neglected®® since most of the surface is covered with a
thin MgO layer. The capacitance of the MgO layer is rep-
resented by the constant phase element Y., . The resistance
Rgigr and the parallel constant phase element Y., are used to
describe the diffusion of Mg®" through the porous corrosion
layer. The inductive behavior at low frequencies is fitted by the
inductance L in series with the resistance R;. As indicated in
Fig. 3, R, Rair and Y¢, can be summed up to the cathodic
impedance Zc, L and Ry to the anodic impedance Z,.*°
According to King et al.,*® the corrosion rate is inversely pro-
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Fig. 3 Equivalent electrical circuit used for fitting the measured
electrochemical impedance spectra in Fig. 2. Parameters (for results see
Table 1): anodic impedance Z, consisting of the inductance L and the
resistance R| to fit the inductive behavior in the low frequency range.
Cathodic impedance Z¢ consisting of the charge transfer resistance R
associated with hydrogen evolution and the resistance Ry with the
constant phase element Y, with nc, ascribed to the diffusion of Mg2+
through the Mg(OH), layer. R, denotes the electrolyte resistance and
Ye,, With n¢, the constant phase element used to fit the capacitance of
the MgO film.
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portional to the polarization resistance Rp. Rp corresponds to
the impedance at zero frequency and reads therefore:

et M

. 1
with — = ————
Rc  Ret + Raite

andR, = Ry,
where R, and R; denote the anodic and cathodic resistance,
respectively.

Table 1 shows the various parameters which are deduced
from fitting the measured spectra (Fig. 2) with the EEC of
Fig. 3. The obtained fit parameters are in the following ana-
lysed according to Baril et al.,*® or Liu et al** The smaller
charge transfer resistance R fitted for ZX00ypt, as compared
to ZX00gxt, corresponds directly to the hardly pronounced
high frequency loop in Fig. 2. The smaller value of Y., for
ZX00ypr indicates a smaller fraction of MgO formed on the
sample surface. Together with the smaller R value, this
points towards a lack of protection from the oxide layer after
HPT deformation. Since ng, is smaller than 1 for both
samples, deviations from an ideal capacitive behavior can be
assumed and attributed to some inhomogeneities on the
surface.’® The smaller Ry value fitted for ZX00pr indicates a
decreased resistance of the corrosion product layer against the
diffusion of Mg”>* and therefore points towards a less compact
corrosion layer formed after HPT deformation. As shown in
Table 2, the significantly decreased Rp value indicates, accord-
ing to King et al.,*® an enhanced corrosion rate for ZX00gpr.
Furthermore a more dominating anodic activity can be
observed due to the decreased R, value after HPT processing
leading to a faster dissolution of ZX00zpr as compared to
ZX00gxT-

Table 1 Characteristic values deduced from the measured impedance
spectra (Fig. 2) by means of fitting the equivalent electrical circuit (EEC)
shown in Fig. 3. The EEC elements are defined in the caption of Fig. 3

Rayigr
L(Hcem?) R (Qem?®) Yo (usem™) ng, (Qem?)
ZX00gxr 37339 2833 3086 0.98 197
ZX00ypy 273 21 32 0.98 47
R.(Qem?) R (Qem?) Yo (psem™)  ng,,
ZX00gxr 19 585 M 0.86
ZX00ypy 14 10 17 0.89

Table 2 Polarization resistance Rp, cathodic resistance Rc, and anodic
resistance R, according to eqn (1) obtained from the fit values given in
Table 1

Rc (Q cm?) Rx (Q cm?) Rp (Q cm?)
ZX00gxr 782 2833 613
ZX00upr 57 21 15

This journal is © The Royal Society of Chemistry 2021
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C. Positron lifetime measurements

The results of the e’ lifetime measurements are summarized
in Table 3. For pure, annealed Mg a single ¢' lifetime 7, =
226 ps is found which represents the e bulk lifetime in Mg
(see Discussion and Table 4).

In the uncorroded states of ZX00gxr and ZX00ypr, mean e”
lifetimes 7, of 232 ps and 241 ps are found, respectively. A
two-component analysis reveals for ZXO00gxr the trap com-
ponent 7 = 254 ps with an intensity of 58.9% which will be
attributed to e' trapping and annihilation in grain boundaries
(GBs) of the extruded sample (see Discussion). The uncorroded
state of ZX00ypr can be well described by a single e lifetime
component, presumably because the fraction of e" annihilat-
ing in the free bulk state cannot be resolved due to strong e*
trapping. In fact, a two-component analysis with the trap com-
ponent 7 = 254 ps, found for ZX00gxr, being fixed yields a high
trap intensity I, = 75.2% for ZX00ypr.

The ¢ lifetime measurements reveal substantial differences in
the corrosion behavior of ZX00gxr and ZX00ypr as demonstrated by
their different variations of 7, with corrosion time f.,, (see
Fig. 4). For ZX00ypy, 7, starts to increase after 60 s of corrosion
already, whereas for ZX00gxr faint changes can be discerned only
after 5 min. Particular pronounced differences occur with pro-
longed corrosion of 2 h and longer, where 7,;, of ZX00ypr strongly
increases, by nearly 80 ps in total up to 48 h of corrosion, in con-
trast to ZX00gxt which exhibits a total z,,-increase of 7 ps only.

According to e' lifetime spectroscopy, a trap component
with long e lifetime exceeding 500 ps emerges for ZX00ypy

View Article Online
Paper
Table 4 Positron lifetimes in free state (z,) and defect-trapped state in

vacancy (r,) and dislocation (zg) in pure Mg according to literature.
Experimental values unless stated

7, (pS) 225 Hautojarvi et al.>®

225 Cizek et al.>”

226 Dryzek et al.”®

233 Cizek et al.,”” theoretical

237 Puska and Nieminen,'® theoretical
7, (ps) 255 Hautojarvi et al.>®

297 Cizek et al.,”” theoretical

307 Nieminen and Manninen,* theoretical
74 (p9) 256 Cizek et al.**

257 Cizek et al.**

after 60 s and for ZX00gxr after 5 min of corrosion (Table 3).
The components 7; and 7, can no longer be separated for
ZX00gxr when the long component emerges (see, e.g., the data
set for 25 min and 48 h). Therefore, the GB component 7, =
254 ps had to be fixed. To minimize the numerical uncertain-
ties associated with the small intensity of the long component
73, also this component was fixed to the value of 903 ps found
in the unconstrained two-component analysis of the spectrum
with t.or = 25 min. The intensity I3 of the long component
deduced in this way exhibits a maximum value of 1.2%. For
ZX00ypr, the intensity of the long component increases more
strongly and even a second long component exceeding 500 ps
is found for ¢, > 10 h. For comparison of ZX00gxr and

ZX00ypr, the variation of the intensity I; of the long com-

Table 3 Results of positron lifetime spectroscopy of ZX00gxr and ZX00ypr along with the relative change Am/mg of the sample mass in depen-
dence of corrosion time t.o,: mean e* lifetime z,,, = /;z; and e lifetime components 7; with relative intensities /; (i = 1, 2, 3); value in bracket: numeri-
cal uncertainty, fix: component fixed for analysis. The result obtained for pure annealed Mg is given for comparison

Leorr 71 (ps) I (%) 72 (ps) I (%) 73 (ps) I; (%) m (PS) Am/mq
ZXO00gxy

0s 201(22) 41.1(35.8) 254(17) 58.9(35.8) 232

12's 198(4) 40.3(3.2) 254(fix) 59.7(3.2) 231

60 s 190(4) 34.3(2.3) 254(fix) 65.7(2.2) 232 0.0000
5 min 210(4) 52.2(5.5) 254(fix) 47.4(5.6) 903(fix) 0.4(0.1) 233 0.0003
25 min 229(1) 98.8(0.2) 903(79) 1.2(0.2) 237

25 min 212(5) 56.4(7.7) 254(fix) 42.6(7.7) 903(fix) 1.0(0.1) 236 0.0023
2h 211(5) 56.1(7.6) 254(fix) 42.9(7.7) 903(fix) 1.0(0.1) 236 0.0029
10 h 206(5) 47.0(5.5) 254(fix) 52.6(5.6) 903(fix) 0.4(0.1) 234 0.0036
24 h 212(5) 55.4(6.6) 254(fix) 44.0(6.6) 903(fix) 0.6(0.1) 235 0.0057
48h 229(1) 98.5(0.2) 886(65) 1.5(0.2) 239

48 h 210(6) 52.9(7.2) 254(fix) 45.9(7.2) 903(fix) 1.2(0.1) 239 0.0047
ZXO00ypy

0s 241(1) 100.0 241

0s 203(7) 24.8(3.4) 254(fix) 75.2(3.4) 241

12's 241(1) 100.0 241

60 s 240(1) 99.6(0.1) 1500(206) 0.4(0.1) 245 0.0000
5 min 240(1) 99.7(0.1) 2180(429) 0.3(0.1) 247 0.0005
25 min 241(1) 99.1(0.1) 1663(129) 0.9(0.1) 254 0.0036
2h 242(1) 99.0(0.1) 1408(89) 1.0(0.1) 254 0.0074
10 h 242(1) 94.8(0.6) 686(82) 4.4(0.5) 2514(688) 0.8(0.2) 279 —0.0089
24 h 242(1) 92.6(0.5) 687(47) 6.2(0.3) 2052(290) 1.2(0.3) 290 —0.0720
48h 239(2) 85.0(1.5) 573(52) 12.0(1.1) 1590(157) 3.0(0.6) 319 —0.1490
Mg

0s 226(1) 100.0 226

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Results of positron lifetime spectroscopy of ZX00gxt (blue) and
ZX00ypt (red) along with the relative change Am/mg of the sample mass
in dependence of corrosion time t.,,: Mean e* lifetime z.,; Intensity /5
or I + I3 of long e* lifetime components (z3 > 500 ps, I + I5 refers to
the intensity sum for t.o, > 10 h of ZX00upt). Complete data set and
numerical uncertainties see Table 3.

ponent, respectively the sum I, + I; of the two long com-
ponents in ZX00gpr for teorr > 10 h, is shown in Fig. 4.

Finally, we note that the component 7; found for ZX00gpr
in the analysis of the spectra after corrosion has to be con-
sidered as averaged value between the trap component 7 =
254 ps and the annihilation in the bulk which cannot be
resolved as outlined above for the spectrum of the uncorroded
state of ZX00ypr-

Supplementary to the e annihilation measurements, after
each corrosion step the mass m of each sample pair was deter-
mined in order to assess the fraction of corroded material
evolved on the sample surfaces. The relative mass variation
Am/m, for the two sample sets ZX00gxr and ZX00ypr with cor-
rosion time is shown in Table 3 and Fig. 4. Both samples show
a pretty similar increase of Am/m, up to 2 h. Upon continuing
corrosion, Am/m, of ZX00gxr further increases up to 24 h,
whereas that of ZX00gpr strongly decreases. This is due to a
peeling off of the corrosion product.

From the increase of Am/m,, an estimate can be given on
the fraction of positrons expected to be stopped in the cor-
rosion layer. For simplicity, it is assumed that as single cor-
rosion product a Mg(OH), layer is formed at the surface. The
sample mass is therefore given by:

m = Mg + Myig(on), = (Mo — XMyig) + X(Myig + 2My + 2Mo) =
my + 2x(MH + Mo)7
(2)

where x denotes the number of moles of corroded Mg, m,
the initial mass, myg and mygon), the mass of Mg and the
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Mg(OH),-layer, respectively, and My, Mo and My, the mole

mass of hydrogen, oxygen and magnesium, respectively. From
eqn (2) the mass of the corrosion product layer:

(m — mo)(MMg + ZMH + ZMo)

Myg(on), = 2(My + Mo) (3)
and its thickness:
Myg(oH)
dugion), = —— (4)
g(OH), ng(OH)ZA

follows with the density pugomy = 2.34 g cm™° (ref. 40) and
the sample area A. From the area density mMg(OH)ZA_l =
Pug(on)2dmgion)2 of the Mg(OH), layer, the fraction of e' beeing
stopped in the layer can be calculated as follows:"”

. _ng(OH)ZdMg(OH)Z
fercom=1 exp< —ZSmgcm—Z . (5)

Assuming that the e diffusion length in the corrosion layer
is small due to a high defect density, f.: corr also corresponds to
the fraction of e" beeing annihilated in this layer.

The increase of dygom), and fecorr With corrosion time
deduced from the measured mass increase Am/m, of ZX00gxr
is shown in Fig. 5. For the initial mass m,, the sample mass
after 60 s is used as no change in e’ annihilation data up to
5 min of corrosion could be observed. A maximum corrosion
layer thickness of ca. 4 pm with a corresponding maximum
fraction fi+ corr Of ca. 3% is estimated.

IV.  Discussion
A. Open-volume defects prior to corrosion

We start the discussion with a consideration of the character-
istic e' lifetime in the Mg alloy and the type of open-volume
defects in the extruded (ZX00gxr) and HPT-deformed
(ZX00gpr) state prior to corrosion. The literature value 7, =
225/6 ps reported for the bulk e’ lifetime in the defect-free
state of Mg (Table 4) could be well reproduced in the present
study (Table 3). For ¢' annihilation at dislocations values of

4 | —o— dugon, 14
— =— fe*,corr
E 3} 13 ~
3 2
gy =
S 2f 12 8
()] \Q
2
1k 11
0 : ; : ; ; : o

25min  2h 10h
Corrosion time

5 min 24 h 48 h

Fig. 5 Thickness dmg(on), Of corrosion product layer (eqn (4)) and frac-
tion fe+ corr Of €* being stopped in the layer (egn (5)) in dependence of
corrosion time deduced from the measured mass increase Ammg™" of
ZX00gxT-
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256/7 ps are reported by Cizek et al.** similar to the trap com-
ponent 7, = 254 ps found here for ZX00gxr. This trap com-
ponent is considered to arise from e' trapping and annihil-
ation in grain boundaries of the recrystallized microstructure.
Positron lifetimes similar to that of dislocations and smaller
than that of lattice vacancies (Table 4) are typical for GBs.

The assignment of 7, to GBs is further supported by quanti-
tatively considering the intensity of the e annihilation com-
ponent which is expected for trapping at grain boundaries
(GBs) and matrix-precipitate interfaces based on the micro-
structural parameters quoted in section III A. For this purpose,
our models of diffusion- and reaction-limited e’ trapping at
the aforementioned defect types**™*> were applied by making
use of the solutions which are summarized in the appendix.
The used e' annihilation parameters are quoted in Table 5,
among them are the bulk e lifetime 7, = 226 ps measured on
annealed Mg and the trap lifetime component 7y, ;s = 254 ps
observed for ZX00gxr, which is considered as the e* lifetime
component in grain boundaries or precipitate-matrix inter-
faces. Using these parameters, the mean e' lifetime z,,, and the
intensities of the e annihilation component in grain bound-
aries (Iy,) and matrix-precipitate interfaces (I;) are calculated
for spherical- or cylindrical-shaped grains with various radii r
as well as for spherical-shaped precipitates using as radius r
and half distance R between precipitates the typical values
reported for the intermetallic particles in a similar Mg-Zn-Ca
alloy. The results are summarized in Table 5.

The model with e" trapping at GBs of spherical-shaped
grains with diameter of 2 um describes the measuring data for
ZX00gxr remarkably well; the intensity Iy, = 63% of the e”
annihilation component in GBs and the mean e" lifetime z,,, =
233 ps are close to the experimental values (I, = 59%, 7, =
232 ps; Table 4). Likewise the experimental results for ZX00ypr
can be well described by e' trapping at GBs of cylindrical-
shaped grains with diameter of 1 pm, as a comparison of the
e" annihilation component in GBs according to this model
(76%, Table 5) with the result from spectra analysis (I, = 75%,
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Table 3) shows. The higher experimental 7,,,-value compared to
the model may indicate that the experimental e" lifetime com-
ponent 7; does not exclusively reflect e' annihilation in the
free bulk state.

The interfaces between precipitates and matrix, on the
other hand, contribute only to a minor extent to ' trapping: a
small trap intensity Iir = 2.2% is predicted for an interparticle
distance of 1.5 pm between precipitates with diameter of
80 nm (Table 5). Fragmentation of the precipitates during
HPT-processing might increase this contribution for ZX00pr,
however, also e’ trapping at GBs is stronger in that case, com-
pared to ZX00gxt, due to the smaller grain size.

B. Corrosion behaviour

In the following section the substantially different corrosion
behavior of ZX00gxt and ZX00ypr as revealed by the comp-
lementary e’ annihilation and electrochemical impedance
measurements will be discussed. EIS is highly surface sensitive
and therefore allows the investigation of the evolving corrosion
product layer.” In contrast, by using conventional positron
sources, as done in this work, the materials bulk can be inves-
tigated with a high sensitivity of about 1 to 100 atomic ppm
towards defects in the sub-nanometer range.'”"° As a result,
also corrosion-related changes in the materials bulk can be
monitored. Therefore a more global picture of the corrosion
processes can be given by combining EIS with bulk sensitive
PLS measurements. To the authors knowledge, such a combi-
nation of these two measurements techniques has not been
used so far for studying the corrosion process of Mg alloys.

At first the results of electrochemical impedance spec-
troscopy will be discussed. For this purpose and the sake of
illustration, a scheme of the corrosion-induced prospective
microstructure is shown in Fig. 6. The corrosion products
form a loosely bonded filamentous layer consisting of
Mg(OH),, MgCO; and Ca;o(PO4)s(OH),.>>***¢ Between this
corrosion product layer and the alloy, there is a thin and more
dense oxide interlayer of MgO, where cracks can emerge in the

Table 5 Intensity of e* annihilation component in grain boundaries (Ig) or interfaces (/) with respective mean e* lifetime z,,, according to
diffusion-reaction trapping models for spherical- or cylindrical-shaped grains and for precipitate—matrix interface of spherical-shaped precipitates.
The model solutions are summarized in the appendix. Parameters: r: grain or precipitate radius, R: half distance between precipitates; D: e* diffusiv-
ity, a: specific e trapping rate at interface, 7p: " bulk lifetime: zgp, 72 €* lifetime in grain boundary or precipitate—matrix interface, respectively. The
value r for precipitates is chosen according to literature;®® for « see, e.g., references in 44

Spherical grain r (um)

0.5
1.0
1.5

Cylindrical grain r (um)
0.5
Precipitate-matrix interface r (nm)
40%

D(m?>s™)
5 x 107 (ref. 60)

Model parameters

This journal is © The Royal Society of Chemistry 2021

Tm (PS) Ly, (%)
(eqn A1) (eqn A3)
239 85
233 63
231 48
#m (pS) I (%)
(eqn A2) (eqn A4)
235 76
R (nm) Tm(PS) Lig (%)
(eqn A8) (eqn A9)
750 226 2.2
a(ms™) 7 (ps) Tap,it (PS)
3000 226 254
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H-induced

Near-surface defect layer defects

covered by MgO

Corrosion product
layer

Fig. 6 Corrosion creates a near-surface defect layer in the alloy, which
is covered by a thin MgO layer, followed by further corrosion products.
Deeper inside the alloy bulk, hydrogen induced defects may form.

course of corrosion.’® The nanometric intermetallic particles,
composed of the Laves-type Mg,Ca phase (see section III A),
dissolve with no observable remnants in the corrosion pro-
ducts, as found by electron microscopy studies.*”

The impedance spectrum of ZX00ypr strongly differs from
that of ZX00gxy with respect to both size and shape (Fig. 2).
For ZX00ypr, the generally smaller spectrum and in particular
the strongly reduced polarization resistance Rp (Table 2),
which is inversely proportional to the corrosion rate, indicates
a decreased corrosion resistance of this sample type. This
faster dissolution can be considered to arise from the higher
density of structural defects, especially grain boundaries,
present in the HPT-processed material, leading to a less pro-
tective surface product film, as supported by the decreased
Raig value (Table 1). As known from literature,'® a fast for-
mation of the porous Mg(OH), layer will not effectively create a
barrier between the alloy matrix and the corrosive electrolyte.
The high dissolution activity at HPT-induced defects will cause
extensive hydrogen formation, which leads to cracks, disrup-
tions and delamination in the Mg(OH), layer. These imperfec-
tions in the Mg(OH), layer provide channels for the electrolyte
to reach the surface and thus increase the film-free surface
area, leading to the high dissolution activity and the signifi-
cant decrease in the anodic resistance R,.

This interpretation is also supported by the characteristic
shapes of the different EIS spectra: the ZX00gxr spectrum con-
sists of two clear capacitive loops (upper branch), with the high
frequency (left) loop stemming from charge transfer across the
interface in parallel to the MgO film capacitance and the low fre-
quency (right) loop representing Mg>" transport through the
porous surface layer, and one inductive loop (lower branch)
caused by Mg" intermediates at the surface and thus indicating
direct dissolution from alloy into the electrolyte.>® In contrast to
this, in the ZX00ypr spectrum, the high frequency loop is hardly
existent, only visible as a small shoulder, while the inductive
loop is more pronounced, both indicating the lack of an effec-
tively protective corrosion product layer.
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The reduced corrosion resistance of HPT-processed
samples, as deduced from EIS, strongly affects the open-
volume defects which evolve during corrosion as observed by
e’ lifetime spectroscopy. The estimated fraction f;: corr Of posi-
trons beeing stopped in the corrosion product layer (Fig. 5) up
to a corrosion time of 2 h is rather similar to the measured
intensity I3 of the e' lifetime component 73 for both ZX00gxr
and ZX00gpr. The component 73 can therefore be attributed to
e" annihilation in this product layer and the oxide layer under-
neath. The high value of 73, exceeding 500 ps, is characteristic
for positronium formation and annihilation in larger open-
volume structures such as pores and cracks. This direct proof
for larger open-volume elements supports the notion on the
defect structure obtained by other techniques, such as trans-
mission electron microscopy, small angle neutron scattering,
or gas adsorption.*” These studies reveal for the corrosion
product layer a nanoporous filamentous structure with pore
sizes ranging from 20 to 40 nm. The MgO interlayer, on the
other hand, is considered to affect e" annihilation only to a
minor extent if at all. According to studies of different Mg
alloys in corrosive environments, the thickness of this layer is
in the range of a few hundred nanometers or even less, ie.,
much thinner than the corrosion product layer.*”*°

The earlier onset of the 73-component and its higher value in
ZX00ypr (after 60 s, already) compared to ZX00gxr (after 5 min,
only) indicate a more stronger onset of corrosion after HPT as
also clearly shown by the present results from EIS (Fig. 2). The
substantially reduced resistance of ZX00yupr against corrosion
observed by EIS becomes more dramatically effective in the
defect structure formed after longer corrosion times ¢ >2 h.
The intensity sum I, + I; of the long e" annihilation components
strongly exceeds the fraction f;- corr Of € beeing stopped in the
corrosion product layer (compare Fig. 4 and Fig. 6). This is con-
sidered as clear evidence for corrosion-induced defects with
large open volume in deeper parts of the ZX00ypr-material.

The enhanced corrosion rate favors void formation within
the matrix underneath the surface Mg-oxide forming a defect-
rich layer.”® Of even more relevance here is the fact that the
major corrosion product, namely hydrogen, can be absorbed
during degradation by the Mg matrix>*>*" and may induce
defects in far deeper parts. For instance, electron microscopy
in combination with secondary ion mass spectroscopy yields
evidence of cracks in the pm-range during corrosion as a result
of the brittle fracture of MgH,.>° Also, stress corrosion cracking
tests suggest hydrogen embrittlement caused, e.g., by crack for-
mation.?" In coarse-grained metals upon hydrogen loading evi-
dence for large open-volume defects is found in near surface
regions by positron annihilation,””*® but not for the bulk
where vacancy-type defects and dislocations prevail as e
traps.*>*® Fine-grained HPT-deformed Mg, on the other hand,
is strongly absorbing hydrogen into the bulk, presumably
arising from enhanced diffusivity associated with the high
number of GBs.>! Furthermore, a faster corrosion process is
accompanied by an enhanced production of hydrogen,*®
leading to a larger amount of absorbable hydrogen. We there-
fore conclude that the strong hydrogen uptake during cor-
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rosion into the bulk of ZX00ypr combined with the reduced
corrosion resistance (monitored by EIS) and the larger amount
of absorbable hydrogen gives rise to the formation of large
open-volume defects in deeper parts which is detected in the
present study by the strong intensity increase the long e"
annihilation components.

In contrast, the intensity I; of ZX00gxr does not exceed the
fraction f;: corr Of € beeing stopped in the corrosion product
layer for longer corrosion times t.. >2 h and the z; com-
ponent can still be related to annihilation events mainly in the
corrosion product layer. Corrosion-related defects deeper into
the material are not detected during the investigated corrosion
time, which is in good accordance with the slower corrosion
rate, as found by EIS. Therefore it can be concluded, that
further grain refinement and the so additionally introduced
defects, as e.g. done in this work by HPT processing, has nega-
tive effects on the corrosion behavior of the investigated ZX00
alloy and makes it less suitable for potential biomedical appli-
cation. Corrosion-dampening strategies, which were success-
fully applied to Mg-alloys in the past,”® might be an addition
of Mn, which can be tolerated by the human body and is
known to mitigate impurity-effects on corrosion, or also a pre-
anodization treatment of the samples to delay the onset of cor-
rosion. Beside the choice of a suitable material, also the phys-
iological environment has an effect on the samples degra-
dation behavior. Adding biological ions or proteins to the cor-
rosive environment, e.g., causes changes in the degradation
morphology due to an enhanced pit formation on the
materials surface.”® Therefore adding some proteins to PBS,
e.g., will provide further insights into the corrosion behavior of
ZX00 alloys with respect to the use in the human body.

V. Conclusion

In this work positron lifetime and electrochemical impedance
spectroscopy were successfully applied to investigate the corrosion
process of a Mg-based alloy. In good agreement with electro-
chemical impedance spectroscopy, PLS shows that HPT-proces-
sing clearly reduces the corrosion resistance of the here-investi-
gated Mg-based alloy ZX00. We see that severe plastic deformation
introduces significant amounts of open volume defects, especially
grain boundaries, into the uncorroded material, which in the fol-
lowing strongly influence the degradation behavior. For HPT-
samples, structural defects such as cracks and voids formed
within the corrosion product layer, making this layer ineffective in
protecting the surface from further corrosion and leading together
with the higher grain boundary density to enhanced corrosion
rates. In addition, the HPT-deformed structure also favors hydro-
gen-uptake into the material, causing large open-volume defects
in deeper parts of the material below the corrosion layer, as
shown by positron annihilation, and leading to a further deterio-
ration of the materials properties.

Further combination of positron lifetime measurements
with an appropriate electrochemical cell, as demonstrated
recently for battery electrodes,* would allow to study dynami-
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cally and in situ the corrosion process under cathodic or
anodic polarization, e.g., and would give further insights in
the formation of corrosion-related defects.
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A. Results of diffusion-reaction
models of positron trapping at
extended defects

Diffusion- and reaction limited e" trapping at grain boundaries
has been treated by Wiirschum and Seeger’> and by
Oberdorfer and Wiirschum®® for spherical-shaped grains and
by Wiirschum™® for cylindrical-shaped grains.

The mean e lifetime reads for spherical symmetry (ref. 43,

eqn (30)):

(A1)

7oDL(y,7) }
a+7oDL(y,r)

3a
Tm = Tps 1 +7(Tgb —1Tp)

and for cylindrical symmetry (ref. 45: left part of eqn (10)
without weighting factor (r/R)?):

(A2)

2 DO(y,r
Tm = Tb{l +7(‘L'gb - Tb)w}.

a+y,DO(y,r)

The intensity of the e lifetime component 7y, associated
with trapping and annihilation at GBs reads for spherical sym-
metry (ref. 43, eqn (31)):

I 3a }lngL(ygbr)
b=~ - -
£ r [a + J/ngL(ygbr)](Tbl - Tgbl)

(A3)

and for cylindrical symmetry (ref. 45: eqn (16) without weight-
ing factor (/R)*):

2a YgpDO(ygpT)
Igb = 7 . 3 1 ) (A4)
@+ 70677 (5" — 72 )
with
o1 T 1 7,'])1
73:%7 yéb:Tg7 (AS)
the Langevin function:
1
L(z) = coth z — 2 (A6)
and
5i(z)
O(z) = , A7
©=10 (*7)

where I; (j = 0, 1) denote the modified Bessel functions.” D
denotes the e" diffusivity, a the specific e” trapping rate, 4, the
e" lifetime in the grain boundary, and r the grain radius.
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Solutions for diffusion- and reaction limited e" trapping at
precipitate-matrix interfaces of spherical-shaped precipitates
were presented by Wiirschum et al.** The mean e* lifetime
reads (ref. 44: eqn (30)):
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J. F. Loffler and M. ]J. Zehetbauer, Materials, 2019, 12,
2460.

J’Of2 - tanh(yoé) (1 — 73R

Tm = Tb{1+l((Tif —Tb)

and the intensity of the e* lifetime component t;; associated
with trapping and annihilation at the precipitate-matrix inter-
face (ref. 44: eqn (31)):

I = K vieR — tanh(y;R)[1 — y%7R]
i — _ R A A A
Ty = 7' R — tanh(yeR)[1 — y%47R] + % [y¢R — tanh(y;¢R)]
(A9)
with
—1 —1 2
2 _ T T _ Bar 5
ri=t—pt, K=g——. R=R-r, (A10)

where R denotes the half distance between the precipitates
and r the precipitate radius.
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