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Abstract

Magnesium-yttrium-rare earth elements alloys such as WE43 are potential
candidates for future bioabsorbable orthopedic implant materials due to their
biocompatibility, mechanical properties similar to human bone, and the ability to
completely degrade in vivo. Unfortunately, the high corrosion rate of WE43 Mg alloys in
physiological environments and subsequent loss of structural integrity limit the wide
applications of these materials. In this study, the effect of chemical heterogeneity and
microstructure on the corrosion resistance of two alloys with different metallurgical states
were investigated: cast (as in traditional preparation) and as-deposited produced by
magnetron sputtering. The corrosion behavior was studied by potentiodynamic
polarization and electrochemical impedance spectroscopy tests in blood bank buffered
saline solution. It was found that the as-deposited alloy showed more than one order of
magnitude reduction in corrosion current density compared to the cast alloy, owing to the
elimination of micro-galvanic coupling between the Mg matrix and the precipitates. The
microstructure and formation mechanism of corrosion products formed on both alloys
were discussed based on immersion tests and direct measurements of X-ray
photoelectron spectrometry (XPS) and cross-sectional transmission electron microscopy
(TEM) analysis.
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1. Introduction

Biodegradable WE43 Mg alloy with major alloying elements of yttrium (Y, 4.1 wt%),
neodymium (Nd, 2.1 wt%), and zirconium (Zr, 0.56 wt%) has received much interest lately
for potential applications as temporary cardiovascular stents [1, 2] and bone implants [3,
4]. Mg alloys exhibit good cell adhesion in physiological environment and can safely
degrade in the human body; hence no post operation is required once the damaged tissue
is healed, minimizing procedure cost and risks [5, 6]. In contrast to conventional medical
metallic materials such as titanium, cobalt-chromium, and stainless steel, the mechanical
properties of Mg are close to that of human bones [7, 8], thus minimizing the stress shield
effect [9] and increasing implant stability [7]. Moreover, Mg is an essential element for
human metabolic processes and has been shown to enhance bone growth when used as
implants [10-12].

Unfortunately, the high degradation rate of Mg alloys in physiological environments
[13, 14] and subsequent loss of structural integrity and extensive hydrogen evolution to
balance the anodic dissolution [15, 16], limit their wide application. When tested in vivo,
Witte et al. [17] found that WE43 Mg alloy completely degraded within 18 weeks.
Corrosion of Mg occurs mainly per the half-cell reactions shown in equations 1 and 2.
The electrons released by the anodic reaction are consumed by the cathodic reaction to
generate H, gas [18]. The Mg2* and OH-ions formed by the anodic and cathodic reactions,

respectively, will then combine to form a Mg(OH), film according to equation 3 [19, 20];

Mg—Mg?*+ 2e" (anodic), (1)
2H,0+2e —H,+ 20H- (cathodic), (2)
Mg2++20H — Mg(OH),. (3)

The selection of proper alloying elements with specific composition is a common
approach to enhance the mechanical properties and corrosion resistance of Mg [21], as
reflected in the composition of WE43 Mg alloy. The addition of Y promotes precipitation
strengthening [21, 22], In combination with other rare earth elements Y also enhances
the creep resistance [21]. Nd was found to be biocompatible [23, 24] and effective in

enhancing the corrosion resistance of Mg alloys by reducing micro-galvanic effects due
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to the presence of intermetallic compounds [25-27]. Nd also enhances the mechanical
properties of Mg by forming intermetallic phases at the grain boundaries [25, 28, 29]. Zr
addition increases the strength of Mg mainly by grain refinement [12]. Due to the limited
solubility of Zr in Mg, the undissolved Zr particles act as selective nucleation cites during
solidification. The corrosion resistance of Mg was found to be enhanced when the
concentration of Zr is kept below 2% [21].

While alloying is a convenient method to enhance the mechanical properties of
Mg, its effect on corrosion resistance is often complicated and detrimental. For example,
most Mg alloys exhibits corrosion rate much higher than that of high purity Mg [30]. This
is because the formation of precipitates and secondary phases often leads to undesired
micro-galvanic coupling between the precipitates and a-Mg matrix, considered to be a
dominating corrosion mechanism of Mg alloys. For precipitate-containing Mg alloys,
corrosion of the Mg matrix often dominates the overall corrosion behavior of the alloy.
Since most (although not all [31]) precipitates are nobler than the Mg matrix, the latter
normally serves as micro-anode and the precipitates as cathodes. Thus the size and
distribution of precipitates might affect the precipitate-matrix galvanic coupling and hence
control the corrosion rate. In this work, to evaluate the roles of precipitates on the
corrosion rate of WE43, corrosion study was performed on WE43 of two metallurgical
states: cast and as-deposited. The commercially produced cast samples contain
extensive precipitates due to limited solubility of alloying elements in Mg, hence
representing a microstructure with high level of chemical heterogeneity. The deposited
samples, prepared using a non-equilibrium processing technique (i.e. physical vapor
deposition), contain supersaturated solid solution of all elements, hence representing a
microstructure nearly without chemical heterogeneity. Corrosion testing, in-situ image
monitoring, and post-corrosion microstructure characterization were combined to
determine the roles of chemical heterogeneity and microstructure on the corrosion

mechanism of the alloy in a simulated physiological environment.

2. Materials and methods

2.1. Materials synthesis
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Cast WE43 Mg sheets (1 mm thickness) and sputtering targets with the same
global composition of 4.1 wt.% Y, 2.1 wt.% Nd, 0.56 wt.% Zr, and balance Mg, were
obtained from AEM Products. The cast sheets were cut into several 25x15 mm?
rectangles for the electrochemical tests. Prior to corrosion testing, the cast samples were
mechanically polished using a series of SiC abrasive papers down to 2400 grit size,
followed by 0.3 um alumina polish suspension (Pace Technologies), rinsed with di-water,
and air dried. The thin film samples were prepared by DC magnetron sputtering (CRC-
100 sputter coater) on (100) Si wafers. Prior to sputtering, the Si wafers were chemically
etched using hydrofluoric acid to remove the native oxide film. Sputtering was conducted
inside a vacuum chamber (5 mTorr working pressure) with argon atmosphere at 100 pA

current for 3hr hours to achieve a nominal film thickness of ~ 570 nm.

2.2. Microstructure characterization

The microstructure of cast and as-deposited (hereafter referred as CT- and AD-
WE43) samples, was studied by grazing incidence x-ray diffraction (GIXRD, X'Pert
PANalytical), using Cu Ka (1.5404 A) radiation at 40 kV and 40 mA. Data was collected
over 20 values of 20-80°, 0.015° step size, and 3.5 s per step. The diffraction patterns
were then analyzed using X'Pert Highscore software. The surface morphology and
composition were characterized using scanning electron microscopy (SEM, Hitachi SU-
70) and calibrated energy-dispersive X-ray spectroscopy (EDS, EDAX-Phoenix). EDS
analysis was carried out using acceleration voltage of 10 kV. Transmission electron
microscopy (TEM) analysis of AD-WE43 samples, including bright-field (BF), dark-field
(DF) imaging, and selected area diffraction (SAD) were performed using a (Tecani F20)
TEM operated at 200 kV. Plane view TEM samples of AD-WE43 samples were prepared
by directly sputtering the alloy on continuous carbon film TEM grids for 15 min, which
resulted in a sample thickness of ~150 nm. Cross-sectional TEM samples of AD-WE43
samples were prepared by focused ion beam microscope (FIB, Quanta 200 3D Dual
Beam) on as-deposited AD-WE43 sample using standard lift-out methods. Prior to the
lift-out, a carbon protective layer (~ 500 nm) was e-beam deposited, followed by an ion-

beam deposited Pt layer (~ 1-2 micron).
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2.3. Electrochemical tests

An effective area of 1 cm? of all samples was obtained by using a Gamry
PortHole™ electrochemical sample mask for the electrochemical tests. All
electrochemical measurements were performed at room temperature (21 £ 2 °C) using a
Gamry Reference 600® potentiostat with the conventional three electrode configuration
in naturally aerated and stagnant blood bank buffered saline (BBBS) having a pH of 7.0-
7.2 and composition in g/L NaCl: 8.5, Na,HPO4: 1.67 and Na,HPO,: 0.39. The sample,
mixed metal oxide coated titanium mesh, and a commercial silver-silver chloride electrode
(1 M KCl internal solution) were used as the working, counter, and reference electrodes,
respectively.

Potentiodynamic polarization (PD) measurements were conducted in a single
upward scan at a constant scan rate of 1 mV/s, starting from a cathodic potential (~ 150
mV below the open circuit potential Eoc) to an anodic potential (~ 300 mV above Eqpg).
Electrochemical impedance spectroscopy (EIS) tests of all samples were conducted after
15 min of immersion in the electrolyte at Eq¢ in the frequency range of 100 kHz to 100
mHz, 5 points per decade, and 10 mV rms sinusoidal potential excitation. The EIS data
were then fitted using Gamry E-chem software. The evolution of H, gas during immersion
test was measured for both samples during an exposure period of 24 hrs using an
experimental setup shown in Figure 7(a). The BBBS volume to specimen’s surface area
ratio of 30 ml/cm?2 was used for both samples and the immersion solution was renewed
every 8 hr to avoid the pH increase due to hydroxides formation [32, 33]. All exposures
were conducted at room temperature. All results reported hereafter correspond to the
average from at least three separate samples at each test condition. Variability is reported

here and for the other observations in this paper as the range of the replicate test results.

2.4. Corrosion products characterization

The post corrosion surface and cross-sections of samples were characterized
using scanning electron microscopy (SEM, Hitachi SU-70) and calibrated energy-
dispersive X-ray spectroscopy (EDS, EDAX-Phoenix). The cross-sectional samples were
prepared by focused ion beam microscope (FIB, Quanta 200 3D Dual Beam) operated at

20 kV using Ga ions. The chemical state analysis of corroded samples was conducted by
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x-ray photoelectron spectroscopy (XPS, Perkin ElImer 5100) using Al Ka radiation source
at constant pass energy of 89.45 eV, step size of 0.5 eV and 10 total sweeps.
Transmission electron microscopy (TEM) analysis and EDS line scans were performed
on sample cross-sections after electrochemical tests, using a Tecani F20 TEM operated
at 200 kV. The TEM samples were prepared by FIB using standard lift-out methods. Prior
to the lift-out, a carbon protective layer (~ 500 nm) was e-beam deposited, followed by an
ion-beam deposited Pt layer (~ 1-2 micron), on the sample surface to protect the

outermost (corroded) surface from ion beam damages during FIB.

3. Results and discussion
3.1. Microstructure characterization

Figure 1 (a) shows the surface morphology and the corresponding EDS element
maps of CT-WE43. The microstructure consists of a solid solution of a-Mg matrix and
randomly distributed intermetallic precipitates with high Y, Nd, and Zr content [34], which
were formed during solidification. These precipitates have three different shapes;
longitudinal, cuboidal, and spherical, as indicated in Figure 1(a). The average length of
the longitudinal precipitates is 22.0 + 3.0 um, while the average size of the cuboidal and
the spherical particles is 3.5 £ 0.5 and 6.0 + 0.7 ym, respectively. EDS element maps in
Figure 1(a) show that the longitudinal and spherical precipitates are rich in Nd while the
cuboidal particles are rich in both Y and Zr. Table 1 summarizes the compositions of these
precipitates. It can be seen that the longitudinal and spherical phases have higher Nd
concentration, while the cuboidal phase showed enriched Y and Zr concentration. These
findings agree with those of Liu et al.[35], who found that the longitudinal, cuboidal, and
spherical phases are enriched in Nd, Y, and Zr, respectively.

The surface morphology of the AD-WE43 (Figure 1(b)) exhibited dense faceted
angular structures, which are often associated with the formation of a nanocrystalline
phase having columnar through thickness grains [36]. The EDS analysis in Table 1
suggested that the global composition of AD-WE43 is very close to that of CT-WE43. The
corresponding EDS element maps in Figure 1(b) indicated that all alloying elements are
homogeneously distributed within the a-Mg matrix, without detectable precipitation at the
EDS resolution limit (~ 200 nm).

Page 6 of 33



Page 7 of 33

Journal of Materials Chemistry B

Figure 2 shows the XRD results of both alloys. In CT-WE43, phases correspond
to a-Mg as well as Mg41Nds and Mg,4Y5 precipitates were observed. While the current
XRD data base does not include results from Mgo4(Y, Zr)s phases, it is likely that the XRD
identified Mg,4Y s phase also contains Zr, as indicated by prior EDS results (Figure 1 and
Table 1), also reported before [37]. On the other hand, only a-Mg phase was observed in
AD-WE43, indicating the supersaturation of Y, Zr, and Nd in the a-Mg matrix [38, 39]. It
is also noted that the AD-WE43 exhibited a strong (1120) fiber texture in the film thickness
direction, similar to those reported in other PVD deposited Mg alloys [40]. To further
characterize the microstructure of the AD-WE43, TEM analysis was performed on both
plane-view and cross-sectional samples, as shown in Figure 3. It can be seen that
columnar through thickness grains were observed, with an average in-plane grain size of
46.6 = 12.4 nm, measured using line-intercept method from multiple DF images. The SAD
pattern (Figure 3(b) inset) exhibited diffraction rings of a single hcp phase, in agreement
with the XRD results.

3.2. Potentiodynamic polarization study

Figure 4 shows representative PD results of both alloys after immersion in BBBS
for 20 min. The anodic and cathodic branches of the PD curve are assumed to represent
the anodic dissolution of Mg and cathodic hydrogen evolution, respectively. Both alloys
showed significant corrosion activity, as is common with Mg alloys [41]. However, it can
be seen that AD-WE43 exhibited a shift of both anodic and cathodic branches towards
lower corrosion current densities (icr), wWith only moderate change in the crossover
potentials for zero current (E,. , which was close, as expected, to Epqc). This pattern
indicated a decrease in both anodic and cathodic kinetics of the AD-WE43 compared with
those of the CT-WE43 [20, 42]. This relative trend was clearly reproduced on triplicate
testing as illustrated in the inset of Figure 4. In addition, the anodic branch of CT-WE43
showed very little polarizability, indicative of a strongly active dissolution. In contrast, the
anodic branch of AD-WE43 showed comparatively modest polarization up to about -1.4
Vagiage, suggesting the presence of a somewhat protective film on the alloy surface that

breaks down above that potential [8, 43].
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Table 2 lists Eoc and the electrochemical parameters obtained from PD tests. The
average values of Eoc of both alloys were about -1.5 Vagagc. These values were
comparable to those reported elsewhere for cast WE43 Mg alloy tested at 37 °C in NaCl
aqueous solutions (-1.9 to -1.8 Vagagci), Simulated body fluids (SBF) (-1.9 to -1.6 Vagagci)
and complete cell culture medium (-1.7 to -1.6 Vagagci) [3, 8, 9, 44, 45]. Due to the
asymmetry of the anodic and cathodic branches of the PD curves, in this work nominal
values of i, were estimated by Tafel extrapolation of only the cathodic region, using data
from potentials that were more than 50 mV more negative than Eqc [44, 46]. As shown in
Figure 4 and Table 2, AD-WE43 exhibited a strong (more than one order of magnitude)
reduction in the corrosion current density (uA/cm?), compared to that of the CT-WE43.
Additional tests (not shown here) of CT-WE43, which included a return scan at an apex
potential of -300 mV vs. Eqc showed a return loop, indicating the susceptibility of the alloy
to localized corrosion. In contrast, those from AD-WE43 revealed no significant hysteresis
between the forward and reverse curves. That observation suggested that the chosen
scan rate of 1 mV/s during PD tests was appropriate for representing the cathodic kinetics
used for icor estimates. It is interesting to note that the i values of as-deposited alloy
reported here is as well remarkably lower than that reported for plasma ion implanted
WE43 Mg alloy in SBF solution [8, 44, 47].

3.3. Electrochemical impedance spectroscopy study

To further evaluate the corrosion mechanisms of both alloys, EIS measurements
were conducted after Eqc stabilization for 15 min in BBBS. Short exposure periods were
used on account of the relatively rapid rates of the cast alloy wastage, which might have
prevented useful comparison with the deposited alloy at later ages. The Nyquist diagram
for representative results is shown in Figure 5. The diagrams of both alloys were generally
similar in having a single capacitive loop shape, comparable with what could be expected
from a polarization resistance resulting from Faradaic processes, coupled with an
interfacial charge storage process. Secondary differences, such as a minor inductive
component at low frequencies for the cast alloy may be dismissed as possible artifacts
from fast interface evolution during the EIS test run. The experimental data were

interpreted using the analog equivalent circuit model shown as inset in Figure 5. A
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constant phase element (CPE) was used instead of a capacitor due to the depression of
the Nyquist curve at low frequencies. Rs represents the ohmic solution resistance. In the
simplest form, the solution/metal interface includes a polarization resistance (Rp) and a
CPE. The Nyquist results showed that both alloy exhibited similar corrosion mechanism,
but the significantly larger capacitive loop of the as-deposited alloy compared to that of
the cast alloy indicated an enhanced corrosion resistance[3, 44] that might be achieved
by reducing the chemical heterogeneity.
The impedance of the non-ideal capacitance CPE is represented as:

Zepg = Y5 ' (jw) ™, (4)
where Y, is a constant, j = (-1)"2, w is the angular frequency and n is a real number
between 0 and 1. As shown in Figure 5, the fitted results closely matched the experimental
behavior for much of the frequency range for both alloys. It was found that Rp for the AD-
WE43 is 3,700 £ 750 Q.cm?, significantly larger than that of the cast alloy (250 £ 90
Q.cm?), indicating that the former exhibited reduction in the electrochemical reactions
occurring at the metal surface, hence enhancing the resistance to Mg dissolution.

The corrosion current density (icorr) from EIS tests was estimated from the Rp using
Stern-Geary equation: [41, 48]
icorr = B/Rp. (5)
B is the apparent Stern-Geary coefficient and can be estimated from:

BaBc

B=236.+p 6)

where B, and B, are the anodic and cathodic Tafel slopes, respectively. It is also noted
here, that the validity of corrosion current densities estimated from Stern-Geary equation
depends on the correct determination of the coefficient B and whether Mg dissolves
directly to Mg?* or through Mg* intermediate [41, 49, 50]. In this work the value of B was
chosen to be equal to 0.026 V, representing the condition of an active metal. As listed in
Table 2, the corrosion current density (uA/cm?) of the AD-WE43 is much lower (less than
10 times) than that of CT-WE43, in good agreement with the PD tests.

3.4. Immersion test
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Results in Section 3.2-3.3 showed that eliminating precipitates in AD-WE43 led to more
than one order of magnitude reduction in corrosion current density compared to CT-
WE43. To understand the differences in anodic and cathodic reaction kinetics during
corrosion of both alloys, E,. and hydrogen (H,) bubble evolution during immersion test
are presented in Figures 6 and 7. Figure 6 shows the evolution of E, for both alloys (test
was repeated for at least two samples) during immersion tests up to 15 min. It can be
seen that for AD-WE43, E,. increased from ~ -1.67 V vs. Ag/AgCIl to ~ -1.52 V vs.
Ag/AgCl in the first ~ 180 sec. Such fast increase in Eo. is often associated with
passivation of the surface and formation of a protective and continuous surface film [51].
In the same experiments, a cotton-tipped thin rod (Q-tip) was used to frequently scrub the
sample surface so as to introduce a local disturbance. Such disturbance had negligible
effect on E,. of CT-WEA43. Interestingly, for AD-WE43, such disturbance led to a sudden
decrease in E, followed by a gradual recovery once scrubbing stopped. This behavior
is characteristic of a typical depassivation-repassivation behavior upon sufficient
disturbance or break down of a passive film [52]. Thus the presence of a somewhat
protective surface layer is believed to act as a passive film and lower the anodic reaction
kinetics of AD-WE43. This surface layer may consist of loosely adhering corrosion
product. Upon disturbance with a soft Q-tip, such oxide layer may be fragmented and
become temporarily non-protective. The relatively fast repassivation that follows quickly
afterward is possibly due to an associated pH rise in the surface area [53]. Figure 7
shows the hydrogen evolution of both samples up to 24 hrs. During the entire immersion
period, AD-WE43 developed less amount of H, bubbles and sites of corrosion compared
to the cast alloy, indicating a decrease in cathodic kinetics of the AD-WE43, in agreement
with the PD test. The hydrogen evolution rate of CT-WE43 is ~ 0.6 ml/cm?2- hr,
comparable to those reported for the same alloy elsewhere [54], and those of AD-WE43
sample is ~ 0.02 ml/cm?-hr, comparable to the values reported for magnetron sputtered
Mg-Y alloys immersed in 3.5% NaCl solution at 25 °C [38].

3.5. Nature of the surface layer

Figure 8 shows the surface morphologies and EDS analysis of both alloys after

immersion in BBBS for 4 hours. This relative short duration of immersion was chosen to
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ensure AD-WE43 was not completely dissolved due its limited thickness and high
corrosion rate. The surface morphology of CT-WE43 showed a thick corrosion product
film with extensive cracks, similar to that reported for the same alloy in Ringer’s solution,
cell culture and simulated body fluid [44, 47]. EDS maps in Figure 8 (a) shows that the
corrosion film on CT-WE43 were enriched in Zr and Y. In contrast, the surface of AD-
WE43 was still smooth without noticeable corrosion product formation (Figure 8(b)). The
corresponding EDS maps indicated that all the alloying elements remained in solution
after 4 hours exposure. Figure 9 shows the cross-sections of corroded samples. While
the CT-WE43 shows cracks of ~ 1.65 um deep, the AD-WE43 exhibited a uniform
thickness (with reduced overall thickness) after 4 hrs immersion test.

To characterize this surface layer, surface XPS analysis of both samples, before
and after corrosion tests was performed, as shown in Figure 10. It can be seen that after
corrosion, Mg and Y peaks shifted towards higher binding energy values for both
samples, indicating that Mg and Y were oxidized to become MgO, and Y,03, respectively.
In addition, a high P content was observed in the corroded AD-WE43, but not in CT-
WE43. The observed shift in binding energy is an indicative of the formation of MgO layer
on both alloys after exposure to BBBS, similar to that encountered in WE43 Mg alloys
exposed to acellular SBF, cell culture medium, and Ringer’s solutions with pH range of
(7.2 — 7.8) [8, 44, 47, 55]. The presence of Y in the outermost layer of the AD-WE43
before and after exposure in its metallic and oxide states, respectively, indicated that
alloys produced by magnetron sputtering in this work has the advantages of not altering
the global composition of WE43 Mg alloys, similar to that observed in Ti ion implanted
WE43 alloys [8].

To further evaluate the structure and thickness of the corrosion layer, cross-
sectional TEM analysis were carried out for both alloys after immersion in BBBS for 90
min. The cross-sectional TEM sample of the corroded cast alloy was prepared by the
standard FIB lift-out method. The lift-out location was selected from a representative
region showing clear evidence of corrosion product formation, yet away from the cracks
(Figure 11.a). To protect the surface layers from Ga ion beam damage during milling, a ~
50 nm carbon film was first deposited by e-beam evaporation followed by ion beam
deposition of a Pt layer of 1-3 um. Figure 11(b-d) shows that ~ 33.6 + 15.8 nm thick
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surface oxidation layer was formed on the corroded CT-WE43. To reveal the crystal
nature of this layer, SAD was performed at three locations: the top (right below the
surface), middle (~ 10 nm below the surface), and bottom (~ 15 nm below the surface),
as shown in Figure 12. The analysis of SAD patterns resulted in lattice constant (d11 =
2.431 A) that is indicative of the formation of MgO and the absence of Mg(OH), in all three
locations, consistent with the prior XPS results.

Cross-sectional TEM samples of the corroded AD-WE43 were prepared from an
arbitrary location on the surface as no apparent corrosion product was detected on the
whole surface, as indicated in Figure 13(a). The inset in Figure 13(a) shows that extensive
grooves were formed on the surface, with average spacing of 84 + 15 nm, similar to the
size of the surface nodules (~ 91 + 20 nm) in Figure 1(b). Fig. 13(b) shows that these
groves, ~ 200-300 nm deep and 252 £ 86 nm wide, formed preferentially along the colony
boundaries. In deposited nanocrystalline metallic thin films, the presence of surface
nodules have been widely reported, where the characteristic width of the surface nodule,
w,, is often orders of magnitude higher than the grain size d [56]. These colonies, which
are often composed of crystallographically related grains, grow competitively during thin
film growth. For example, Ruan and Schuh [56] showed that the intercolony boundaries
of electrodeposited Ni-W are chemically and structurally different from the colony interior
due to preferred segregation of W at the boundaries, resulting in their highly susceptibility
to etching and cracking. In our study, a similar mechanism might also be present that
result in preferred corrosion of the intercolony boundaries. In contrast to the cast alloy,
the HRTEM image of the AD-WE43 (Figure 13(c)) did not reveal the formation of a well-
defined oxidation layer of corrosion products. Instead continuous atomic planes were
clearly observed from the outermost surface to the sample interior. The absence of a well-
defined corrosion product layer was also revealed by the electron diffraction analysis
(Figure 13(d)), where the diffraction pattern of the outermost surface layer is formed from
a crystalline Mg phase only.

The composition of the corroded surfaces of both samples was further studied by
STEM-EDS analysis. Representative results are shown in Figure 14. The corrosion
product of the CT-WE43 was found to have darker contrast compared to both the

underneath alloy and protective layers, while the AD-WE43 showed homogeneous metal
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layer adjacent to the protective layer. In the corrosion product layer (~ 40 nm) of the
corroded CT-WE43 (Figure 14(b)), a higher O, Zr and Y content were detected, as
compared to the interior. On the other hand, a well-defined oxide layer was not detected
in AD-WE43 after corrosion, despite a slight increase of O content ~ 20 nm below the
surface.

The composition, structure, and thickness of the corrosion product have profound
effect on the corrosion behavior of Mg. Yet the nature of the corrosion product formed on
Mg alloys was often found to be complex and highly sensitive to pH and corrosion
conditions. Typically, MgO and Mg(OH), are observed in the surface films of corroded Mg
alloys. For example, Taheri et. al [57] found that the corrosion product of commercially
pure Mg exposed to water is composed of a bi-layer structure. Other studies showed that
the inner layer is rich in MgO, while the outer layer is rich in Mg(OH),. XPS and ToF SIMS
analysis of mechanically polished Mg alloys aged in water showed that the inner layer
was formed due to the reaction with oxygen gas, while the outer layer was formed due to
the hydration of MgO [58-60]. On the other hand, Unocic et al. [61] found that pure Mg
samples exposed to DI water for 4 hours did not show the formation of Mg(OH), layer,
this layer appeared after 24 hours of exposure. In the current study, due to the limited
sample thickness of the as-deposited alloy, immersion tests were terminated after 4 hrs,
which could explain the absence of Mg(OH), on the outermost surface of both alloys.

In terms of the MgO layer formation on the surface, contradictory results have been
reported. For example, Nordlien et al. [62] found that an inner, dense, and amorphous
MgO layer was formed naturally on a fresh Mg surface exposed to humid air and water,
whereas Taheri et. al [57] reported the formation of porous and nano-crystalline MgO
inner layer. Our study indicated the formation of nanocrystalline MgO layer on the cast
alloy, which is likely a result of the oxidation of Mg following the sequence; oxygen
chemisorption, random assembly into islands and subsequent lateral growth, oxide
formation, and finally thickening [63]. Chu and Marquis [51] found that for a commercial
WE43 Mg alloy exposed to 3.5 wt% NaCl solution at pH ~ 10, a bi-layered corrosion
product formed consisting of a porous of Mg(OH), outer layer and compact crystalline
MgO inner layer. While prior studies offer some knowledge of surface film formation in

coarse grained WE43 Mg alloy, to the best of our knowledge, that of nanocrystalline
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WEA43 alloy is not yet reported. The TEM and XPS study presented in this work, coupled
with disturbed Eqoc measurements, indicate that a delicate, easily disrupted and self-
repairing surface oxide layer is present on the as-deposited nanocrystalline alloy, which
dramatically slows down the anodic reaction kinetics of Mg. The presence of this MgO
surface layer was revealed by XPS and STEM-EDS line scans, although its thickness is
too small to be directly measured by cross-sectional TEM analysis. The formation of this
quasi-stable protective surface layer is believed to be related to the nanocrystalline nature
of the thin film. Nanocrystallization has often been found to be associated with enhanced
corrosion resistance in steel, Ni-based alloys [64], and Mg alloys [65]. The small grain
sizes promote uniform element distribution of alloying elements, which facilitates rapid
formation of compact oxide layer, promote the diffusion of passive elements in the surface
layer, and reduces the adsorption of ClI- on the surface [64, 66]. For example, deposited
nanocrystalline Mg-Ti, Mg-Cu-Y, Mg-Ni-Nd exhibit a distinct passive region when
anodically polarized in dilute chloride solution at pH of ~ 10-12 [65, 67]. On the other
hand, the preferred corrosion of the colony boundaries of the thin film sample suggested
that the dominating corrosion mechanism is the micro-galvanic coupling between the
colony boundaries (anode) and interior (cathode), likely resulting from their chemical and
structural differences. Indeed, even in a non-equilibrium process such as PVD, there is
still a thermodynamic driving force for the non-soluble alloying elements to segregate at
grain/colony boundaries. For example, Griguceviciene et al. [68] reported the transition
from a solid solution to dual phase in PVD deposited Mg-Al-Zr when Zr concentration was
increased to ~ 50 at. %. More detailed characterization of the chemical composition of
the colony boundary can be performed using atom probe tomography, which is left for
future work. Finally, Figure 15 summarizes the corrosion mechanism of the cast and as-
deposited WE43 alloy studied here. In the phase separated cast alloy, micro-galvanic
coupling between the a-Mg and (Zr,Y)-rich precipitates dominate the corrosion process;
a discontinuous corrosion product layer forms on the surface with a high MgO content. In
the chemically homogenous as-deposited alloy, and due to the elimination of precipitates,
the dominating corrosion mechanism seemed to be the micro-galvanic coupling between
the colony boundaries and interior; the surface oxide layer is thin and delicate, but self-

repairing upon local disruption.
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4. Summary and conclusions

This study showed that proper microstructure modification including minimizing
precipitation and formation of a chemically homogeneous supersaturated solid solution
with an average grain size of ~ 46 nm led to a reduction of corrosion rate of WE43 alloy
by more than one order of magnitude compared to the conventionally cast alloy. It is
believed that minimizing precipitates led to significantly reduced cathode size hence,
slowed down the cathodic reaction kinetics, while the formation of a somewhat protective
surface layer on the as-deposited alloy slowed down the anodic reaction kinetics. Post-
corrosion surface characterizations of the cast alloy revealed that corrosion products were
primarily formed above areas enriched in Zr and Y elements and exhibited a network of
dehydration cracks, through which the corrosive media could penetrate towards the
interior of the sample. In contrast, the as-deposited alloy managed to maintain the
chemical homogeneity of the pre-corrosion condition. Corrosion was found to proceed in
a more uniform fashion in the as-deposited sample due to the formation of protective
surface layer. Finally, it is understood that while physical vapor deposition is a convenient
non-equilibrium processing technique to tailor alloy microstructure, it is however a surface
technique and in its laboratory form not suitable for producing millimeter sized bulk
samples. Nevertheless the understanding generated will provide critical design guidance
for microstructure optimization in bulk samples produced by other scalable non-
equilibrium techniques such as semi-solid casting, rapid solidification, cold spray,
electrodeposition, powder metallurgy, etc. Such scale-up experiments and industrial

development are left for future research.
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Table 1. Summary of the global and precipitate compositions of cast and as-sputtered

Mg-WE43, measured by EDS analysis on polished sample surfaces. All values are
reported as average (range).

Mg (wt.%) Y (wt.%) Nd (wt.%) Zr (wt.%)
Cast WE43 (global) 93.1 (0.6) 3.6 (0.9) 2.4 (0.4) 0.6 (0.4)
Longitudinal/Spherical phase 82.4 (8.1) 6.6 (6.78) 7.2(5.1) 3.9 (1.5)
Cuboidal phase 69.1 (12.4) 9.2 (3.8) 3.5(3.8) 18.1(7.7)
As-deposited WE43 (global) 93.1 (0.9) 4.7 (0.5) 1.8 (0.3) 0.5(0.2)

Table 2. Electrochemical parameters obtained from PD and EIS tests of cast and as-

deposited WE43 alloy. All values are reported as average (range).

E 8 Nominal igor Nominal igorr
oc C
Samples (uA/cm?) measured (uA/cm?) measured
(mV vs. Ag/AgCIl) | (mV/decade)
from PD tests from EIS tests
Cast -1510 (50) 250 (20) 100 (20) 110 (15)
As-deposited -1520 (50) 350 (50) 12 (2) 7 (1.5)
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Figure 1. Surface SEM image and the corresponding EDS element maps of (a) cast and
(b) as-deposited WE43 Mg alloy.
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Figure 2. GIXRD of cast (red) and as-deposited (black) WE43 Mg alloy.

Figure 3. (a) Bright field (BF), (b) dark field (DF) TEM images of plane-view samples,
and (c) BF TEM image of cross-sectional sample of as-deposited WE43 Mg alloy. The
inset in (b) shows the corresponding SAD pattern of image (b). Dashed lines in (c)

indicate grain boundaries.
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Figure 4. Representative Tafel plots of cast (red) and as-deposited (black) WE43 Mg

alloy from PD tests after immersion in BBBS for 20 min. Inset show PD results from

three separate tests for each sample sets.
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Figure 5. Representative Nyquist plots (scattered data) of cast and as-deposited WE43
Mg alloy conducted after Eqc stabilization for 15 min in BBBS. The top right inset shows
the equivalent circuit model used to fit the experimental data, as represented by the

solid lines in the Nyquist plots.
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Figure 6. Evolution of Eqc during immersion test in blood bank buffered saline. A Q-tip
was used to gently scrub the surface at time 2 and 3 for the cast sample, and at time 7

and 8 for the deposited sample, as labeled in the figure.



Journal of Materials Chemistry B Page 26 of 33

(a)
iE I Clamp
E Measuring cylinder
Delivery tube [
— o
—0
atd
— O
o
BBBS o —— Water
WE-43 Mg alloy 1
(b) (c)
18 07 -
@ Cast 7

O As-deposited
| ©As-deposited — !

=
el
(=3

o™~ o
h <

-
'S
——

~

w

=R
o S}

——
——
~

o

-~
—

Hydrogen evolution rate (ml/cm?)
Hydrogen evolution rate (ml/cm?

8 ; 0.3
7/
6 ’
+ Py 0.2 %
. ; ; $
! 0.1
2 s / b
o = ® ) @ © e I 00- . ; : . . .
o 4 8 12 16 20 24 LTl 0 4 8 12 16 20 24
________________ 'I_'l'Fn_e(h_r)_______________ - Time (hr)

Figure 7. (a) Schematic illustration of hydrogen measurement setup during immersion
test. Hydrogen evolution rate of (b) both and (c) as-deposited WE43 taken during
immersion tests of 24 hrs in BBBS.
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Figure 8. Surface SEM image and the corresponding element maps of (a) cast and (b)

as-deposited WE43 Mg alloy after immersion test for 4 hours.

Figure 9. Cross-sectional SEM images of (a and c) cast, and (b and d) as-deposited
WE43 Mg alloy after immersion test for 4 hours. Images (c) and (d) are enlarged from
the box area in (a) and (b) respectively. In image (d), the bottom dark area corresponds

to a Si substrate.
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Figure 10. XPS spectra of (a) Mg, (b) O 1s, (c) Y 3d, and (d) P 2p of cast and as-
deposited alloys after exposure in BBBS for 4 hrs.



Page 29 of 33 Journal of Materials Chemistry B

o -
-
e -

L B g TN N

=3 - oy

&
'——&f -

Corrosion product - .

L L

Figure 11. (a) SEM micrographs indicating the location of FIB milling, (b-d) TEM images
at different magnifications of cast WE43 alloy after exposure for 90 min in BBBS.



Top

Middle

(2021)»4

(1010)»

(10T1)»#
(2020)»
(2021)»

(2131)»e

Figure 12. (a) High resolution TEM image and (b-d) SAD of as cast alloy after exposure
for 90 min in BBBS.
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Figure 13. (a) Surface SEM image of a corroded as-deposited sample, (b-c) TEM
images and (d) SAD of the topmost surface layer of the sample after exposure for 90
min in BBBS. Inset in (a) shows a magnified SEM image of the corroded surface from

the box area. Dashed lines in (b) and (c) represent the sample surface.
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Figure 14. (a and c) STEM image and (b and d) EDS line scan of the corrosion product
after exposure for 90 min in BBBS for cast and as-deposited alloys, respectively. In
Images (a) and (c), the circle along the arrow represents the start (origin) of the EDS

line scan.
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Fig 15. Schematic summary of corrosion process of cast and deposited WE43 Mg alloy

in simulated body fluid.



