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Pure Mg has been proposed as a potential degradable biomaterial to avoid both the disadvantages of non-
degradable internal fixation implants and the use of alloying elements that may be toxic. However, it
shows excessively high corrosion rate and insufficient yield strength. The effects of reinforcing Mg by
a powder metallurgy (PM) route and the application of biocompatible corrosion inhibitors (immersion
in 0.1 and 1 M KF solution treatments, 0.1 M FST and 1 M FST, respectively) were analyzed in order to
improve Mg mechanical and corrosion resistance, respectively. Open circuit potential measurements,
polarization techniques (PT), scanning electrochemical microscopy (SECM) and electrochemical imped-
ance spectroscopy (EIS) were performed to evaluate its corrosion behavior. SECM showed that the local
current of attacked areas decreased during the F� treatments. The corrosion inhibitory action of 0.1 M FST
and 1 M FST in phosphate buffered solution was assessed by PT and EIS. Under the experimental condi-
tions assayed, 0.1 M FST revealed better performance. X-ray photoelectron spectroscopy, energy disper-
sive X-ray and X-ray diffraction analyses of Mg(PM) with 0.1 M FST showed the presence of KMgF3

crystals on the surface while a MgF2 film was detected for 1 M FST. After fluoride inhibition treatments,
promising results were observed for Mg(PM) as degradable metallic biomaterial due to its higher yield
strength and lower initial corrosion rate than untreated Mg, as well as a progressive loss of the protective
characteristics of the F�-containing film which ensures the gradual degradation process.

� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

One of the limitations of current internal fixation implants is
the eventual release of toxic metallic ions and/or particles [1,2].
The concentration of ions released from different alloys used as
orthopedic implants (cobalt, chromium, nickel, molybdenum, tita-
nium, aluminum and vanadium ions) were reviewed by Sargeant
and Goswami [3]. Metal ion levels may reach harmful values and
cause adverse physiological effects such as cytotoxicity, genotoxi-
city, carcinogenicity, and metal sensitivity. These effects are re-
duced when screws, plates and pins that secure serious fractures
are removed by a second surgical procedure after the tissue has
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healed. However, repeated surgery increases morbidity and health
care system costs [4]. Another unfavorable effect of non-degrad-
able implants is the adaptive bone remodeling that occurs in
response to an altered mechanical environment following their
insertion. This process is commonly referred to as ‘‘stress shield-
ing” or stress transfer. Furthermore, pediatric permanent fixtures
must be avoided because they cause an additional problem: the
restriction of developmental bone growth.

In this context, implants of biocompatible metals such as Mg
alloys seem to have a promising future. They have been proposed
to avoid the harmful effects mentioned above since they are
degradable (second surgery is prevented), their mechanical proper-
ties are closer to those of bone than other biometals, they reduce
stress shielding and resulting osteopenia, and they are able to
stimulate growth of new bone tissue [5–8]. Their degradation
properties are also useful in the case of cardiovascular implants
[9,10], particularly for preterm babies [11].

However, some negative issues should be solved before using
Mg-based biomaterials; one of them is their excessively high deg-
radation rate in body fluids [12–14]. Fortunately, the release of
ll rights reserved.
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magnesium ions from corroding metal into biological media does
not cause toxicity (local or systemic) and may even have beneficial
effects on some of the biological components [7,8,15,16]. Never-
theless, alloy components may cause biocompatibility difficulties.
In fact, most Mg alloys currently evaluated for biomedical use
[12] were originally designed for industrial applications not always
meeting biocompatibility requirements. Consequently, from the
biological point of view, the use of pure Mg is more advisable than
the majority of Mg alloys. However, the mechanical properties of
pure Mg are not quite suitable for its use as internal fixation bio-
material: its typical yield strength is 55 MPa, quite lower than that
of natural bone (e.g. femur � 110 MPa) [4,17–20].

In order to improve the mechanical and corrosion resistance of
pure Mg, we have analyzed the effects of reinforcing this metal by
a powder metallurgy (PM) route [21] and the application of appro-
priate corrosion inhibitors [22–27]. Fluoride treatments have been
extensively reported to improve the corrosion resistance of Mg and
its alloys in industrial environments [22–28] and recently for med-
ical use [2]. Among different inhibition treatments proposed, we
selected that of immersion in a KF solution (fluoride solution treat-
ment (FST)) since it is low-cost, non-toxic, simple and easily han-
dled for biomedical applications. Fluoride-treated biomaterials
have shown lower cytotoxicity level and better biocompatibility
than controls [29]. However, treatment conditions must be se-
lected so as to fulfill the requirements of Mg implants. A complex
behavior is expected from a degradable implant for internal fixa-
tion: low corrosion during the initial period while the bone is heal-
ing, followed by a progressive increase of corrosion rate to achieve
total degradation in a relatively short period after bone restoration.

The aim of this work was to evaluate the mechanical properties
of powder metallurgy Mg (Mg(PM)) and assay different corrosion
inhibition treatments in order to select the best method to provide
an adequate degradation rate. With this purpose, treatments with
different KF concentrations and immersion periods were assayed,
and the properties of Mg(PM) samples before and after treatments
were assessed by surface analysis, electrochemical tests, and
microscopic observations.
2. Materials and methods

2.1. Materials

Mg powder (99.8%, 325 mesh) was supplied by Alfa Aesar. Pow-
der was cold-pressed by slowly increasing pressure up to 310 MPa
in a special die designed for this use. The resulting compact of
40 mm diameter was extruded at 420 �C (extrusion ratio = 16:1).
The microstructure was examined by optical microscopy (Olympus
BH2). Sample preparation consisted of grinding on SiC paper with
increasingly finer grits, followed by mechanical polishing with 6
and 1 lm diamond paste, and final polishing using colloidal silica.
The grain structure was revealed by subsequent etching using eth-
anol solution (100 ml), picric acid (1 g), acetic acid (2 ml), and
water (5 ml). In order to determine the yield stress and ductility
of the extruded Mg, dog-bone tensile samples of 10 mm gage
length and 2 � 4 mm2 transversal section were machined from
the center of the extruded bar with the tensile axis parallel to
the extrusion direction (ED). These samples were tested at
10�3 s�1 constant strain rate at room temperature using an Instron
testing machine.

Cylindrical samples (1 cm diameter) were cut from Mg(PM)
rods. The lateral surfaces were covered by epoxy resin leaving a cir-
cular exposed area of 0.785 cm2. The samples were ground and
dry-polished with SiC papers of successively finer grit down to
1500 grit. Once polished, the samples were rinsed in ethanol and
dried with nitrogen. For corrosion inhibition treatments, samples
were placed horizontally on a Teflon cell [30] to form the conver-
sion coating. Treated samples were then rinsed in ethanol and
dried with nitrogen. The sample surface appearance was carefully
examined by optical microscopy before and after the experiments
so as to check color and texture uniformity of the conversion
coating.

To improve their corrosion resistance Mg(PM) samples were
treated in 0.1 M KF or 1 M KF solutions (0.1 M FST or 1 M FST,
respectively) during different immersion periods from 1 h to
168 h (7 days). All solutions were prepared with ultrapure water
by means of a Millipore Milli-Q system (18.2 MX�1). Solutions
employed in the experiments were: 0.1 M KF, 1 M KF, 8 g l�1 NaCl,
and PBS (8 g l�1 NaCl, 0.2 g l�1 KCl, 0.2 g l�1 KH2PO4, 1.15 g l�1

Na2HPO4). Analytical grade reagents were used in all cases.

2.2. Characterization of fluoride conversion coating (SECM, SEM, XDR,
and XPS)

The surface topography was studied before and during F�-
treating using scanning electrochemical microscopy (SECM)
(Sensolytics) equipped with a 10 lm platinum tip as probe, Ag/
AgCl/KCl reference electrode, and a platinum wire as counter
electrode, all placed within a polytetrafluoroethene cell. Mg(PM)
specimens were mounted horizontally facing upwards. Open cir-
cuit potential (Eocp) experiments were performed in 0.1 M KF
solution as background electrolyte. The scan rate of the micro-
scope tip over the specimen surface was 10 lm s�1 in unidirec-
tional lines, with 5 lm separation between line scans. The
maps were generated with the tip located �10 lm from the
Mg(PM) surface.

The Mg(PM) sample previously corroded in 8 g l�1 NaCl for 1 h
was dipped into the SECM electrolytic cell with 0.1 M KF aerated
solution. The topography was analyzed in a feedback mode using
O2 dissolved in solution as electrochemical mediator. The oxygen
related current was recorded directly by the SECM-tip set at
�0.70 V. At this potential, O2 reduction occurs and the current
magnitude at the microelectrode is dependent on the O2 concen-
tration. In turn, O2 concentration at the microelectrode surface
depends on the local O2 concentration within the diffusion layer,
which is affected by the O2 concentration of the bulk solution. After
recording the steady-state current i(1), with the tip far from the
Mg(PM) surface, the height of the tip above the sample was ad-
justed until i/i(1) reached a value of 0.25.

A Philips XL30 scanning electron microscope was used for SEM
observations, coupled to the energy dispersive X-ray (EDX) DE4i
analyzer. Phases in the coating were determined by X-ray diffrac-
tometry (X’Pert PRO XRD, Panalytical) at a glancing angle of 0.5�,
0.7� and 1� using the CuKa line generated at 40 mA, 45 kV. Start po-
sition (2h�) 20.0100; end position (2h�) 69.9900; step size (2h�)
0.0200; scan step time (s) 2.0000. In order to determine sample
composition and identification, the PDF-4+ database (ICDD) was
used. Occasionally, surface deposits were detected using a FEG-
SEM, Jeol-JSM 6500, F analytic field emission gun with an Oxford
EDX microanalysis system.

The surface composition was analyzed by X-ray photoelectron
spectroscopy (XPS) [31]. Photoelectron spectra were obtained with
a VG Escalab 200R spectrometer equipped with a hemispherical
electron analyzer (50 eV pass energy) and a MgKa (hm = 1254.6 eV,
1 eV = 1.6302 � 10�19 J) X-ray source, powered at 120 W, back-
ground pressure below 2 � 10�8 mbar, calibrated relative to the C
1s peak at 284.9 eV. The raw data were used with no preliminary
smoothing. Symmetric Gaussian–Lorentzian product functions
were employed to approximate the shapes of the fitting compo-
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nents. Atomic ratios were computed from experimental intensity
ratios and normalized by atomic sensitivity factors [32].

2.3. Electrochemical measurements

An electrochemical cell with a three-electrode setup was used.
A platinum wire (99.99% purity) served as auxiliary electrode. All
potentials are quoted with respect to the Ag/AgCl/KCl reference
electrode. The exposed area of the working electrode (Mg(PM)
disk) was 0.785 cm2 for all the experiments. Solutions were main-
tained at 37 ± 0.5 �C and deaerated with pure nitrogen in the case
of polarization curves and transient currents.

A TEQ-02 potentiostat was used for potentiodynamic polariza-
tion curves from�1.88 V up to different anodic limits at 10 mV s�1.
Lower scan rates could not be employed since they provide very
unstable measurements when Mg(PM) is used. Eocp vs. time values
were also recorded. Additionally, transient currents were mea-
sured at fixed potentials (Eocp + 30 mV and Eocp + 50 mV, vs. Ag/
AgCl/KCl).

Each electrochemical impedance spectroscopy (EIS) experiment
was carried out at Eocp by applying a sinusoidal wave of 10 mV
amplitude in 105 Hz to 10�2 Hz frequency range, logarithmically
spaced (120 data points per decade) using an Autolab/PGSTAT10
potentiostat from Eco-Chemie.
3. Results

3.1. Mg(PM) microstructural characteristics and tensile stress

The microstructure of Mg(PM) is shown in Fig. 1. Significant
grain refinement was obtained by this PM processing route due
to the dynamic recrystallization during hot extrusion. Grain sizes
are heterogeneous, around 5 lm or smaller, with small oxide par-
ticles attached to the grain boundaries. These particles come from
the fracture during extrusion of the oxide film that covers the ori-
ginal Mg powder.

Fig. 2 shows the true stress–strain curve for Mg(PM) samples.
This material shows 2% ductility, offset stress (at 0.2% strain) of
280 MPa and a tensile stress of 320 MPa. Three tensile curves cor-
responding to the widely used AZ31 Mg alloy in the form of rolled
sheet [21], with 2 lm and 55 lm grain sizes, and to pure cast mag-
nesium (grain size in the order of millimetres) are also shown in
this figure.
Fig. 1. Optical micrograph showing the microstructure of the Mg(PM) extruded bar.
ED = extrusion direction.
3.2. Conversion coating formation

3.2.1. Characterization of fluoride-coated surface
The Mg(PM) samples were treated with F�-containing solution

to form a protective conversion coating. After 0.1 M FST treatment,
a stable film with F�-containing compounds was formed and its
thickness increased with time. The SEM microphotograph (Fig. 3)
and EDX analysis showed the presence of KMgF3 cubic crystals
similar to those previously reported for AZ91 Mg alloy [24]. The
EDX analysis in different areas of the substrate revealed that the
atomic percent of fluor on the surface increased when immersion
time was longer (Table 1).

The X-ray diffraction (XRD) pattern for F�-coated Mg(PM)
(Fig. 4) confirmed the presence of this KMgF3 on Mg substrate.
The average KMgF3 crystallite size at 25 �C was calculated accord-
ing to the line broadening of the diffraction peaks, applying Scher-
rer’s equation (average value = 318 Å).

In the case of 1 M FST-treated samples, the resulting film was
characterized by X-ray photoelectron spectroscopy (XPS). XRD
could not be used due to the particular characteristics of the coat-
ing. Fig. 5 shows the high-resolution spectrum for Mg 2p binding
energy at the Mg(PM) surface with 1 M FST, after different immer-
sion times (from 5 h to 7 days). The Mg 2p signal (50.7–51.1 eV)
and F 1s (684.2–684.8 eV) proved that the chemical composition
of the film formed was MgF2 for each immersion time (Table 2),
Fig. 3. SEM microphotograph of Mg(PM) after 0.1 M FST for 7 days.
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Table 1
EDX analysis of Mg(PM) after 0.1 and 1 M FST with different immersion periods.

Immersion time F (at.%) Average value (at.%)

Treatment: 0.1 M FST
1 h 6.46 6.23

6.01

5 h 11.54 10.67
10.33
10.14

22 h 19.68 18.16
17.88
16.94

Treatment: 1 M FST
1 h 10.78 12.00

10.74
13.14
13.35

5 h 9.47 8.46
8.24
7.67

22 h 11.38 12.02
12.66
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Fig. 4. XRD spectrum of Mg(PM) after 0.1 M FST for 7 days (glancing angle = 1�).
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although an atomic ratio of Mg to F equal to 0.5 was only reached
at long exposure times (Table 2, last column). The analysis of a ref-
erence sample with Mg oxide (Mg 2p 49.6 eV) and Mg fluoride (Mg
2p 51.1 eV) is also shown for comparison. When Mg bonded to
fluoride, the Mg 2p core level binding energy shifted to 1.5 eV high-
er in energy. These results are in agreement with those obtained by
Chiu et al. [2] for Mg in hydrofluoric acid. However, other authors
[20] showed that it is impossible to discriminate between oxide
and hydroxide forms since the Mg 2p peak position is similar for
both compounds. Nevertheless, the O 1s peak corresponding to
MgO located at an absolute BE around 531 eV, and the O 1s peak
corresponding to OH species located near 533.2 eV allow us to dis-
tinguish between them. In our study, oxygen originating from
adventitious CAO-containing compounds was found but not from
Mg hydroxides or oxides as suggested by Verdier et al. using HF
[22]. The high-resolution O 1s spectrum showed the separation
of O 1s band in two components: at 531.7–532.2 eV and 533.7 eV
corresponding to C@O and CAO bonds, respectively. The high-
resolution C 1s spectrum can be resolved in three peaks: one at
284.8 eV representing carbons in a hydrocarbon environment
(CAC, CAH) and the others at 286.4 and 288.4 eV representing car-
bons in C@O and OAC@O bond, respectively (spectrum not
shown).

Mass increase per unit area of Mg(PM) as a function of time dur-
ing 1 M FST is depicted in Fig. 6. The graph shows a monotonic in-
crease in mass and hence, according to XPS data, the growth of the
MgF2-containing film with immersion time during 1 M FST. The
average increase was 2.63 lg h�1. In agreement, a monotonic in-
crease in the specific mass (mass/area) was reported for the Mg
samples immersed in HF [2] for short periods. However, the
authors noticed that the growth rate slowed down for longer
immersion periods while a nearly constant slope was found for
the case of 1 M FST with KF solutions.
3.2.2. Open circuit potential measurements
Eocp vs. time of Mg(PM) was measured during the treatments

0.1 and 1 M FST (Fig. 7). A sharp increase in Eocp from �1.8 V to
�0.3 V could be observed in the 1 M KF solution during the first
hours after immersion. Then, Eocp showed a slow increase up to
ca. �0.1 V after 7 days of immersion. On the contrary, when
Mg(PM) was immersed in 0.1 M KF (Fig. 7) the potential increased
more slowly than for the case of 1 M KF solutions, reaching �0.9 V
at the end of the test time.



Table 2
The binding energy (eV) for the elements on Mg(PM) after 1 M FST with different
immersion periods.

Immersion time K 2p3/2 F 1s Mg 2p O 1s Mg/F at.

5 h 292.7 684.6 50.8 531.9 0.36
533.7

15 h 292.8 684.8 50.9 531.8 0.39
533.4

25 h 292.8 684.2 51.0 531.7 0.38
533.6

7 days 292.8 684.4 50.7 532.2 0.49
533.7

MgO + MgF2 293.0 684.8 49.6 530.9
51.1 532.8
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3.3. Electrochemical characterization of the conversion coating

3.3.1. SECM characterization in F�-containing medium
F�-action during 0.1 M FST treatment was followed by SECM

(Fig. 8a). This electrochemical imaging technique allows the visual-
ization of spatially confined variations in the chemical reactivity.
Previous to SECM measurements the Mg(PM) sample was im-
mersed in 8 g l�1 NaCl. During this process localized corrosion
(micropits) occurred (Fig. 8b). The height of current peaks in
Fig. 8a is related to the activity within the pits. At the beginning
of the scanning on the 2000 lm � 600 lm X–Y plane, the local cur-
rent values simulated the topography of the surface, initially with
active pits. However, due to the protective effect of the background
electrolyte (0.1 M KF), lower variation in the current values were
progressively detected during the successive scans, giving rise to
approximately constant current values at the end of the experi-
ment, associated with the flat image of a passive surface. SECM
showed locally the effective action of the F� ions to inhibit local-
ized corrosion in the absence of Cl� ions. This sensitive measure-
ment cannot be applied to Mg(PM) in the presence of chloride
ions due to the formation of hydrogen bubbles.

3.3.2. Potentiodynamic and potentiostatic electrochemical
measurements in PBS

Anodic polarization curves for active metals such as Mg fre-
quently depict the formation of a slightly protective layer of corro-
sion products on the surface, which yields pseudo-passivation. In
Fig. 9 typical polarization curves obtained for Mg(PM) in PBS can
be observed. The curves show an imperfect passivation region dur-
ing the anodic run. In all cases, when pitting begins, a sharper in-
crease in current is recorded. Local dissolution of the metal
occurs where the protective film is broken. Bubbles associated with
hydrogen evolution become more intense as the applied anodic
polarization potential increases.

In order to select an adequate treatment to guarantee a suitable
degradation rate for the metal, several conditions were assayed
using 0.1 M FST (Fig. 9a) and 1 M FST (Fig. 9b) with different
immersion times (between 1 h and 20 h).

According to the potentiodynamic measurements, the most
protective action for 0.1 M FST samples immersed in PBS was ob-
tained from the longest immersion time, characterized by the most
anodic breakdown potential. Lower protective action in PBS was
found for 1 M FST samples with more cathodic breakdown poten-
tials in all cases. Unexpectedly, the breakdown potentials for 1 M
FST samples corresponding to 5 h and 20 h were more cathodic
than that for 1 h.

It is worth noting that when Mg(PM) samples were immersed in
PBS solution, that is, in the absence of fluoride ions, Eocp values de-
creased due to the progressive dissolution of the F�-containing
layer (not shown).

Transient currents measured at a potential 30 mV more anodic
than the Eocp value (Eocp measured 3 min after immersion in PBS)
showed (Fig. 10) that after 1 h–1 M FST the current remained
at higher values than those for 1 h–0.1 M FST. In the case of
20 h–0.1 M FST treatment, the passivity breakdown could be
observed after an induction time period that was shorter if the
potential value was more anodic (compare the curves at +30 mV
and +50 mV more anodic than the Eocp value).

3.3.3. Electrochemical impedance spectroscopy (EIS) results in PBS
Electrochemical impedance spectroscopy was performed in PBS

at the open circuit potential Eocp on Mg(PM) after 1 h–0.1 M FST
and 20 h–0.1 M FST and 20 h–1 M FST. The impedance dates of
the samples with 0.1 M FST acquired by EIS are shown in both
the Nyquist and Bode plots in Fig. 11. The Nyquist diagrams (imag-
inary part Z0 0 vs. real part Z0) show, in general, two frequency re-
gions (Fig. 11a and c). At high frequencies the semicircle parts
correspond to the charge transfer resistance limiting process asso-
ciated with KMgF3 salt film/electrolyte interface (RCT). Its intercept
with the real axis, at high frequencies, corresponds to electrolyte
resistance (RS). At low frequency, an inductive behavior was ob-
served, usually associated with ion adsorption–desorption in a cor-
rosion process. The experimental capacitance was calculated in the



Fig. 8. (a) Topographic map generated by SECM of a Mg(PM) sample (previously immersed in 8 g l�1 NaCl for 1 h) during 0.1 M FST. Tip potential = �0.70 V. (b) Optical
microphotograph of the electrode at the beginning of the scanning.
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medium-frequency range by means of the fixed frequency method.
The frequency was selected in order to obtain a maximum value of
u and the capacitance was calculated as C = 1/(2pfiZi), where Zi is
the imaginary part of the impedance at fixed frequency, fi (Table 3).

The impedance modulus Bode diagrams (Fig. 11b and d) re-
vealed a plateau at high frequencies. The impedance value at this
region, with u = 0, gave the electrolyte resistance for each case.
At decreasing frequencies (103 Hz–10 Hz), the slope (�0.70) could
be attributed to one capacitor in parallel with a resistance corre-
sponding to the KMgF3 salt film/electrolyte interface, being the
0 1 2 3
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Fig. 10. Transient currents measured at Eocp +30 mV (a–d) and Eocp +50 mV in PBS.
phase angle close to�60�. At the lowest frequency range, the phase
angle is close to 0�, corresponding to a plateau in the impedance
modulus vs. frequency plot where the total resistance of the circuit
can be obtained.

Impedance data acquired by EIS of Mg(PM) samples with
20 h–1 M FST are also shown in both the Nyquist and Bode plots
in Fig. 12. The Nyquist plot shows a capacitive arc at high and
medium frequencies (Fig. 12a). For simplicity, one might take
the real impedance at which the imaginary part vanishes for
the capacitive part to be the charge transfer resistance RTC and
relate it to the corrosion resistance (424 X cm2). The impedance
modulus vs. frequency plot (Fig. 12b) shows a slope value close
to 0.5 (�0.57) for frequencies between 3 Hz and 58 Hz, which
confirms the presence of a one time constant. At this frequency
range the phase angle shows a clear sharp maximum at �42�. It
is possible to calculate the RS from the impedance modulus va-
lue at the highest frequency (157 X). The experimental results
are shown in Table 3.
3.4. Surface characterization of F�- treated Mg(PM) degradation after
immersion in PBS

Localized corrosion was observed when Mg(PM) samples were
immersed in PBS, after both 0.1 and 1 M FST treatments (Fig. 13).
However, higher and faster degradation occurred after 1 M FST
with a parallel decrease in the F content of the protective layer
(compare values in Tables 4 and 5). Circular deposits of corrosion
products were detected by SEM. The distribution map of different
components was made by EDX analysis (Fig. 14). After both treat-
ments, O and P surface concentrations increased in the circular
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Fig. 11. EIS spectra, Nyquist and Bode plots of Mg(PM) immersed in PBS after (a and b) 1 h–0.1 M FST and (c and d) 20 h–0.1 M FST.

Table 3
Experimental parameters obtained from EIS plots of Mg(PM) with 0.1 and 1 M FST.

Treatment Immersion period Rs (X) C (F cm�2) RCT (X cm2)

0.1 M FST 1 h 138 1.39 � 10�5 1769
0.1 M FST 20 h 112 2.85 � 10�5 2237
1 M FST 20 h 157 17.2 � 10�5 424
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deposits (Tables 4 and 5). Additionally, C was also detected over
the surface with higher percentage in the case of 0.1 M FST.
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Fig. 12. EIS spectra, Nyquist and Bode plots of M
4. Discussion

Pure Mg has been proposed as a potential degradable biomate-
rial to avoid the disadvantages of non-degradable internal fixation
implants and the toxicity of some alloy elements [8,12]. Unfortu-
nately, it shows low yield strength and excessively high corrosion
rate. Herein, we have analyzed the application of biocompatible
corrosion inhibition treatments to pure Mg processed by a powder
metallurgy route (Mg(PM)) to improve its mechanical properties
and corrosion resistance.
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Fig. 13. Mg(PM) after 1 h–0.1 M FST (left) and 1 h–1 M FST (right) followed by
20 min immersion in PBS.

Table 4
EDX analysis of Mg(PM) after 1 h–0.1 M FST followed by 20 min in PBS.

Element Region A Region B

wt.% at.% wt.% at.%

C K 3.25 5.42 4.91 8.97
O K 33.86 42.31 7.85 10.76
F K 6.05 6.36 6.51 7.52
Na K 0.97 0.85 0.08 0.08
Mg K 50.95 41.90 80.13 72.32
P K 4.93 3.18 0.41 0.29
Cl K �0.09 �0.05 �0.01 0.00
K K 0.08 0.04 0.11 0.06

Total 100.00 100.00

Table 5
EDX analysis of Mg(PM) immersed for 1 h in 1 M FST followed by 20 min in PBS.

Element Region A Region B

wt.% at.% wt.% at.%

C K 2.18 3.78 2.20 4.21
O K 28.78 37.46 4.50 6.46
F K 6.62 7.26 6.91 8.35
Na K 1.09 0.99 �0.07 �0.07
Mg K 52.48 44.96 84.61 79.93
P K 6.07 4.08 0.19 0.14
Cl K 0.00 0.00 �0.10 �0.06
K K 2.78 1.48 1.75 1.03
Total 100.00 100
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4.1. Improvement of Mg mechanical properties by powder metallurgy

Mg(PM) benefits from the contribution of various strengthening
mechanisms [33]. First, a large grain size refinement is observed in
comparison with cast pure Mg with grain sizes of several millime-
tres, which increase yield stress. Hall–Petch law [34] provided the
relation between yield stress and grain size for Mg. Secondly, there
is a contribution of Mg oxides dispersion resulting from the rup-
ture of the oxide film covering Mg powder during extrusion which
produces a mechanical reinforcement through the Orowan mecha-
nism [33,35]. Additionally, Pérez et al. [35] showed that the consid-
erable crystallographic texture, developed during the extrusion
process, significantly contributes to the tensile strength. As is ex-
pected for a PM material, there is a reduction in ductility compared
to wrought materials.
As a result of these microstructural improvements, the material
employed in the present work has a yield strength of 280 MPa,
considerably higher than that of pure cast magnesium and close
to the values obtained for the widely used AZ31 Mg alloy [21],
avoiding the release of alloy elements such as Al.

4.2. Inhibition of Mg(PM) corrosion by F� treatments

When selecting an inhibitory treatment to protect Mg(PM) from
corrosion, two precautions should be taken into account: (i) it
should be strong enough to preserve the implant during tissue
healing; (ii) it should progressively lose the protective properties
to allow the degradation of the implant after bone repair [2].

Among the inhibition treatments proposed [36] we chose
immersion in KF solution since it is low in cost, simple, biocompat-
ible, and less dangerous and more easily handled than HF treat-
ments [29]. However, several assays had to be made in order to
select the proper treatment to satisfy implant requirements. Two
fluoride concentrations were employed (0.1 M and 1 M KF), and
different immersion periods were tested (1 h and 20 h).

After 0.1 M FST, XRD analysis revealed the formation of KMgF3,
structured as a protective layer on the surface. SEM and EDX anal-
yses showed the presence of KMgF3 cubic crystals. EDX data
proved that F content increases with time together with the shield-
ing characteristics of the layer that, according to electrochemical
measurements, seems to provide a sealing effect. Thus, Eocp vs.
time plot depicted an increase in the potential up to �0.9 V during
0.1 M FST treatment (Fig. 6).

On the other hand, for 1 M KF solutions Eocp increased up to
�0.1 V while the weight of the substrate increased with time dur-
ing the treatment (Fig. 6). In parallel, Mg(PM) mass increased.
However, mass increase cannot be exclusively associated with
the formation of F�-containing compounds: oxygen and carbon-
containing species may also be present. Accordingly, the composi-
tion of the protective coating changed progressively including
other products. XPS data showed that oxygen atoms were probably
bonded to C (C@O). In agreement, Baril et al. [38] reported the
adsorption of CO2 from the atmosphere on Mg-based substrates.
Consequently, HCO3

� and CO3
2� may form carbonate-containing

corrosion products on the surface. The XPS analysis of 1 M FST
samples showed that the MgF2 layer was the only Mg-containing
product within the thin external layer analyzed by XPS. However,
Mg(OH)2 and Mg(OH)xF2�x may also be present in the inner layers
[22].

SECM findings showed locally the strong action of F� ions to re-
duce the corrosion rate of the previously corroded Mg(PM) sample,
confirmed by potentiodynamic and potentiostatic results in PBS.

4.3. Corrosion behavior of F�-treated samples in PBS

Polarization curves in PBS indicated that the breakdown poten-
tial increased at longer immersion times in 0.1 M KF solution
(Fig. 10a) and consequently, the substrates seemed to be less sus-
ceptible to localized attack after 20 h–0.1 M FST. However, tran-
sient current measurements revealed that when the sample
remained at a constant potential 30 mV more anodic than the Eocp,
the passivity breakdown occurred after an induction time in the or-
der of minutes. This induction time was shorter when the constant
potential applied was more anodic. It seems that after the longest
treatment with 0.1 M KF, the protective layer became more com-
pact but more labile to the localized attack.

At this point, it is interesting to analyze why the values of
breakdown potential measured by potentiodynamic techniques
were more anodic than those obtained by potentiostatic assays.
It should be considered that when potentiodynamic measurements
at 10 mV s�1 scan rate are performed, the potential shifts continu-



Fig. 14. SEM microphotograph and EDX compositional maps of different elements (Mg, F, O and P) of Mg(PM) surface with 1 h–0.1 M FST followed by 20 min immersion
period in PBS. Region A and B includes the areas with and without precipitated products, respectively (see EDX analysis in Tables 4 and 5).
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ously to more anodic values (300 mV in 30 s). Consequently, the
passivity breakdown that takes place after a certain induction time
is detected at more anodic potential values than under potentio-
static conditions (transient current measurements).

A different behavior and lower effectiveness were found for 1 M
FST treatment. The increase of the immersion time in the 1 M KF
solution which implies an increase of the Eocp up to �0.4 V (after
20 h) and the formation of a heterogeneous layer (XPS data) re-
sulted in neither a significant increase of F content during the first
20 h, nor a better protective characteristic of the conversion coat-
ing. Thus, breakdown potentials were in all cases lower than for
0.1 M FST (Fig. 9a and b). Electrochemical results presented here
are in agreement with those previously reported for Mg alloys in
halide media [24], which also demonstrated that fluoride treat-
ment contributes to the formation of a surface salt film with inhib-
itory effects that strongly depend on the anion concentration,
reaching a maximum beyond which the F� ion level adversely af-
fects the corrosion resistance.

Interestingly, the percentage of C-containing compounds in-
creased at longer exposure times, with higher C content in 0.1 M
FST samples. In this regard, it has been demonstrated that the pres-
ence of NaHCO3 improves the corrosion resistance of Mg immersed
in Hank’s solution [38]. Consequently, the higher corrosion resis-
tance of the layer formed in 0.1 M FST could be associated with
the inclusion of C-containing compounds into the conversion
coating.

EIS spectra also showed significant differences between the
behavior of the Mg(PM) treated with 1 and 0.1 M FST. For
1 h–0.1 M FST and 20 h–0.1 M FST at high frequencies, the Ny-
quist plot showed a capacitive behavior associated with KMgF3

salt film/electrolyte interface with 1769 and 2237 X cm2 as the
experimental values for RCT. The RCT for F� coating formed in
0.1 M KF was significantly higher than that for the film formed
in 1 M KF (2237 cm2 for 20 h–0.1 M FST and 424 cm2 for
20 h–1 M FST) which could be related with the higher corrosion
resistance of Mg(PM) with 0.1 M FST. The structural characteris-
tics of the KMgF3 layer, together with the higher C content,
seemed to confer better protection than the film formed during
1 M FST. However, according to transient current measurements,
the most resistant layer formed after 20 h immersion in 0.1 M KF
was more labile to the localized attack than that formed after
1 h immersion.
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After immersion in PBS, Mg(PM) treated with 20 h–1 M FST
showed an impedance modulus vs. frequency plot with a slope va-
lue close to �0.5, indicating the diffusion control of the corrosion
process which could be related to phosphate precipitation. Micro-
photographs show small circular regions where high P and O con-
tents were detected by EDX (Fig. 14). The local pH change
associated with hydrogen evolution during the localized attack
could favor the precipitation of phosphates close to this cathodic
area, according to the P map in Fig. 14.

Hydrogen evolution does not seem to affect biocompatibility of
Mg-based biomaterials [5], although it may be disadvantageous,
particularly for cardiovascular applications.
4.4. Variable corrosion resistance of F�-treated samples

A variable resistive behavior of Mg(PM) with FST over time is
appropriate for degradable implants since it provides initial corro-
sion protection, allowing the implant to preserve its mechanical
integrity while the bone is healing. Subsequently, a higher corro-
sion rate favors biomaterial dissolution. Among degradable bioma-
terials pure Mg presents an additional advantage: this dissolution
is not accompanied by the release of other metals, as in the case
of Mg alloys [2,38,39].

We will now analyze the variation of Mg(PM) corrosion resis-
tance during 1 and 0.1 M FST treatments, and after immersion in
PBS. The interaction of F� with hydrogen ions could explain the
high corrosion resistance of the F�-containing coatings when F�

ions are present (during 0.1 and 1 M FST). According to local pH
measurements made on corroding Mg [40], while pH at the inter-
face of the cathodic area is increased by hydrogen ion consumption
it decreases in the anodic area due to the hydrolysis of metal ions
from the corrosion reaction. F� ions are highly electronegative [25],
with strong binding energy to hydrogen, leading to HF2

�, H2F3
�

and H3F4
� layer formation on the surface. This adsorption layer

may retard the reaction between the hydrogen ion and the sub-
strate that leads to corrosion. However, when F�-treated Mg(PM)
is immersed in the PBS (F�-free environment), Cl� ions begin to ad-
sorb strongly on the metal surface [20,24,28], displacing F� ions
from the protective layer which progressively loses its corrosion
resistance. In this regard, the high incorporation of C-containing
compounds (Table 4) by the KMgF3 layer formed during 0.1 M
FST benefits the corrosion-resistive behavior of Mg(PM) against
chloride action for a longer time [37].

In relation to clinical application of Mg(PM), the inhibitory
treatment to protect Mg(PM) from corrosion should be strong
enough to preserve the implant during tissue healing. In a simu-
lated biological environment the degradation rate of Mg(PM) with
1 h–0.1 M FST in PBS is still high in relation to the healing period of
the tissues. However, when Mg(PM) is implanted, its dissolution
rate may be slightly lower due to the restriction of ion diffusion to-
wards the surrounding tissue [41].
5. Conclusions

Mechanical properties of pure Mg were improved using a PM
route. Appropriate yield strength values were obtained for Mg(PM)
as degradable implant material, avoiding the use of alloy elements
that may be toxic.

Mg(PM) corrosion resistance was also improved by treatments
with KF solutions. These assays are low-cost, easily handled and
quite simple, and produce variable resistive behavior, suitable for
degradable implants. Electrochemical tests revealed that Mg(PM)
with 0.1 M KF treatment evidenced higher corrosion resistance
than with 1 M KF treatment. However, experimental conditions
must be upgraded in order to extend the action of the protective
layer to allow complete tissue healing.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 5, 7, 8, 10, 13 and
14, are difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi: 10.1016/
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