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Magnesium alloy is promising new biomaterial due to its satisfactory mechanical performance,
biocompatibility and degradation of naéoxic substances. However, the dual problems of corrosion
and hydrogen evolution require overcoming in order to reach a practical application level. For anti
corrosion modification, fluoride conversion treatment was chosen to provide variedchblifgs on

the microstructuremodified MgZn-Zr alloy The aim of the present study was to investigate the
influence of coating structures and their corresponding corrosion resistance. The fluoride coatings were
constructed with nanorystalline composites, which demorgéd that MgZn precipitates participate

in the coatinggrowth mechanism. In addition, the improved corrosion resistance was also
systematically investigated. Compared with the pristine substrate, the F24h and F48h specimens
significantly improved the antiorrosion performance. Moreover, this report is the first report to
propose a nowestructive evaluation method through simultaneous evaluation of the corrosion
behavior and the establishment of a correspondence surface reflectance for fluoride conversion
coatings on MgZn-Zr alloy.
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1. INTRODUCTION

Magnesium is a widely acknowledged essential mineral nutrient needed for maintenance of
metabolism and physiologit functions[1, 2]. Nowadays, magnesium and its alloys, such as the Mg
Zn series and Mga series, are being developed as a potential candidate for a new generation of
biodegradable implant materidl3-6], especially for use in the orthopedic and cardiovascular fields.
However, the major obstacle of magnesium alloys for biomedical applications is the rapid corrosion
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reaction in physiological electrolytic environmef®. If severe coosion occurs on the magnesium
surface, it could possibly lead to significant oxidation reaction and hydrogen gas evi8litiwhich

would cause adverse effects on adjacent cells and/or tissues. Moreover, in an ideal situation, the
degrad#don rate of a magnesium implant must be synchronized to that of the tissue healing rate to
ensure that functionality is maintained during the implantation pg¢dpdCurrently, modification of

the anticorrosion performance for bimagnesium alloys is the most important issue.

To address the aforementioned concerns, an increasing number of reports have developec
toxicity-free alloy compositions, microstructuneodified matrices and surface modification methods
using various engineering techniqéd®-12]. Ceramic conversion coating treatments are commonly
applied to the magnesium surface, such as chromate convgt8§joriluoride conversiori14, 15|,
phosphate conversion, and o#h¢t6-20]. Among these treatments, fluoride conversion has great
potential. Chiu et al. reported that a wunifor
pure magnesium by immersion in 48 wt.% HF for 22hk]. Moreover, Farley et al. reported that
treatment with fluoride increased the proliferation and alkaline phosphatase activity of bone cells in
vitro; in addition, such treatment also increased bone formation in embryonic calvarias at
concentrations thastimulate bone formation in vivg22]. That is to say, the fluorideoated
magnesium surface not only possessed goodcansion ability but also provided a suitable
environment for boneelated cells. Util now, fluoride coating related studies have only focused on
pure Mg, MgAl [14], Mg-Ca[23] and MgLi series alloyg24].

Mg-Zn series alloys are mainly composed of #baxic Mg and Zn elements, and it has been
reported that Mgn alloys exhibit acceptable biocontjdity [4]. In this study, we used a
microstructuremodified MgZn-Zr alloy that combines the advantages of toxifige composition
and optinized microstructurg[10]. In spite of its improved degradation behavior and excellent
cytocompatibility, the problem of hydrogen gas remained. Therefore, a fluoride conversion coating
was employed to modify the surface properind the microstructurenodified magnesium alloy. The
coating formation behaviors, material properties and electrochemical corrosion mechanism of the
fluoride conversion film were investigated in detail. In addition, the optical properties of the fluoride
films on the microstructurenodified MgZn-Zr alloy were also established and compared with the
corresponding electrochemical results to construct ancantsion performance index for non
destructive analysis.

2. MATERIALS AND METHODS

2.1 Materialsand surface treatment

Circular samples (with a diameter of 12 mm) were cut from extrudedvigr (ZK60) alloy.
All specimens were vacuum heat treated at°@0®ith a previously reported process, and then
polished successively with 200 to 8000 grit using Sandpaper. The polished specimens were rinsed
in acetone and ethanol, and subsequently dried in a stream of air (hamed as ZK60H). For the fluoride
conversion treatment, the ZK60H samples were soaked in 42wt.% HF and placed in an orbital shakel
at 90 rpmfor various time periods (1h, 6h, 24h and 48 h). After the specimens were removed from the
HF bath, they were rinsed two times with 95% ethanol and dviaches of the surfaeteeated samples
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were assigned according to treatment period, hereafter referred F1h, F6h, F24h and F48h,
respectively.

2.2 Material characterization

The surface characteristics and cresstion profile of the fluoride coating were examined
using ultra high resolution scanning electron microscopy (A8#R1, Auriga, CarlZeiss). To better
reveal the coating formation, the F/Mg ratio of the samples was determined using an energy dispersive
spectrometer (EDS, OxfordJ.o characterize the phase structure of the fluorinated ZK60H, a grazing
incidence Xray diffractometer (GKR D, D8 discover, Bruker) wi t h
was wutilized in this study. The diffraction pas
a scanning <'pkhefeshlp prepated24mspetimen was chosen forystalline ad
coatingstructure analysis, usingB-FIB(Dualbeam Focus lon Beam, FEI Nova 2Q@0)produce a
10 em I 5 em 1 AThe miaostrlicRiidmageaantpelemental distribution of F24h
wereacquied through dield-emission transmission electromcroscope (FETEM, FEI Tecnai G2)
The optical characteristics (reflectance spectra) of the fluoride films were measured in the 200~800nm
region using a spectrophotometer (U3010, Hitachi) equipped with a halogen light source.

2.3 Electrochemical corrosh test

The electrochemical corrosion mechanism and coating performance of the fluoride conversion
coating were investigated using an electrochemical station (PARSTAT 2273, Princeton Applied
Research). Polarization curves and electrochemical impedandeas(€lS) were measured using a
classic threeelectrode cellA saturated calomel electrode (SCE, +0.242 V vs. SHE) was used as the
reference electrode with a-Bbated Ti mesh as the counedectrode. The area of the working
electrode exposed to the dhetyte was controlled to within 1 by a Teflon holderThe electrolyte
used was revised simulated body fluieB@F) solution (per liter, included 5.403 g of NaCl, 0.736 g of
NaHCG;, 2.036 g of NaCO;3, 0.225 g of KCI, 0.182 g of PO, 0.310 g of MgGIL. ®HL1.928 g
of 4-(2-hydroxyethyl}1-piperazineethanesulfonic acid (HEPES), 0.293 g of £&d)72 g of NgSOy
dissolved in deionized (DI) water.) buffered at pH=7.4 using HEPES and NaOH, the environmental
temperature of which was controlled at’G7Prior to conducting the experiment, nitrogen gas was
bubbled through the-$BF to remove dissolved oxygen. The polarization curve was acquired with a
scanningrateof IlmVsf rom 11.8 V to 10.8 V, whil e the el
were obtained at the corrosion potential in the frequency range betwdeiz 16 10mHz, with a
signal amplitude of 10 mV.

2.4 Immersion and hydrogen evolution test

The immersiontests were employed to understand the corrosion results and tendeneies in r
SBF by following the principle of ASTM G3I2. The +fSBF volume to surface area ratio was fixed at
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20mL/cn?. All experimental samples were removed after 1 week of immersion, \aftieh the
corroded surfaces were examined by SEM. For the hydrogen evolution test, the previously reported
equipment was used to evaluate the hydrogen evolution volume. The experimental environment anc
solution volumeto-surfacear ea r ati o WE&rie a watee bath and 10 mL/gm
respectively.

3. RESULTS AND DISCUSSION

3.1.Coating characteristics

It is well established that MgFcoatings deposited from 42 wt.% HF solution have a dark
appearance (Fig. 1a).

@ F1h F24h

T FBN  Fdh

Figure 1. Surface macrograph and micrographs of the samples fluorinated for different conversion
times: (a): appearance of each specimen, (b) F1h specimen, (c) F6h specimen, (d) F24h
specimen, and, (e) F48h specimen.

The images suggest that the surface colodvedoto deep black when the coating period
exceeded 6h. The surface morphology reveals that the Bugtings were formed by nanoparticle
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deposition (Fig. 1b~1e), the average nanoparticle diameter of which was around 30nm. At the
beginning of the conversimoprocess (F1h and F6h), the Mgfanoparticles were unevenly distributed

on the surface, leading to a pareh microstructure. By prolonging the reaction time (F24h and F48h),
the surface defects and pores reduced significantly, suggesting that thee quofas would be
gradually sealed by further MghRanoparticle coverage.
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Figure 2. XRD patterns of fluorinated surfaces for different conversion times.

To better understand the coating characteristics, XRD and EDS were utilized to analyze the
crystal structure and F/Mg coating ratios with different conversion times. As seen in Fig. 2, the
di ffraction peaks at 2d = 27.5A, 40.4A and 53
indicated that the thickness and crytallinity of Mgiéating were enhanced. In addition, the-XRD
results implied that the MgFcoating gradually became more complete and thicker after long
immersion periods. Furthermore, it can be seen that the F/Mg ratio gradually increased as the
conversion time was prahged, with saturation occurring after 24h, reaching the stoichiometric ratio
(Fig. 3). The growth reactions of the fluoride conversion coating on the magnesium surface are
described in the following:

1. Mg Y #Mgé Eq.l
2H,0+2e Y H,+20H Eq.2
Mg* +2F Y MgZ, G=-58.65kJ EQ.3
Mg* +20H Y Mg ( 2 HG=-64.51kJ Eq.4
Mg(OH):,+ 2 HF ,O¥ M§FZ , G=-232.14kJ Eq.5

ok N

When magnesium is immersed in hydrofluoric acid solution, the major oxidation reaction is the
di s s ol ut iMg matrig. flhe totresponding cathodic reaction occurs during the cathodic phase,
which produces hydrogen gas and hydroxyl ions as the main products; further, magnesium hydroxide
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will be precipitated through the following reactions and deposited on the surface dweingtial

stage of coating formation. Despite Eq. 3 also being a spontaneous reaction, thé&e@ildmergy
shows a lower possibility of occurring (compared with Egs. 4 and 5). The spontaneous reaction will
decompose magnesium hydroxide and then produegnesium fluoride compounds when the
magnesium hydroxide contacts hydrofluorine molecules.

2.5
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F/Mg ratio
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Figure 3. F/Mg ratio obtained by EDS.

Fig. 4a demonstrates the quantitative results for the coating thickness as a function of
conversion time, derived frorkigs. 3b~d. The initial high reactivity of the bare ZK60H surface
showed a quick growth rate in coating thickness. Notably, there was no crack formation or coating
delamination on the surface or in the cresstions of all experimental specimens. Morepviee
thickened Mgk layer slowed the Mgldeposition process, resulting in sluggish growth in terms of
thickness after 24h conversion. Regarding the deposition process ofalig=24h immersion, the
decrease of the surface porosity was associated wat#aling effectThe similar outcomes of pore
forming and sealing behavior were also discovered in AZ31B andCMlglloy in other reportg25,

26]. These surface micfpores probably acted as a kind of diffusion path for divalent Mg ions to
diffuse from substratdo the surface and/or the sabrface, which played a key role in conversion
kinetic process for sealed coatinihe presence of the sealing phenomenon can be explained in that
the matrix delivered Mg ions through migpores to form new MgFnanagpatrticles at the location of

the micrepores during the later deposition peridtbtably, the condition of alloy substrate (eg- as
casted or homogenized) is also a important factor which can probably affeftirthstructuring
behaviors and final performan¢27, 28]. The previouly mentionedreports of this field were only
focused in the functional performance and partial surface characteristics without considering the
substrate condition. In this research, the ZK60H was modified by homogdenibeat treatment. The

Mg matrix absorbed massive alloying element and further formed strengthening predigjt2880].
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Therefore, the microstructure of fluoride coating should be investigated for realizing the effect of
substrate microstructure on coating mechanisms.
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Figure 4. Crosssection profiles of th8uorinatedsurfaces.

The TEM micrograph and selected area electron diffraction (SAED) patterns for structural and
crystallinity observation of the F24h are shown in Fig. 5. The structure of the F24h specimen can be
clearly divided into an Mgllayer and ZK60H substrate. It can be seen that theMg&n, phases
distribute randomly on the grain boundaries, and that numerous nansmeteMgZn precipitates
ar e pr es avg matrix.MgZnIprecipithtes can also h@eservedn the MgF, layer, which
indicates that the HF acid conversion of the-Eig alloys is selective, possibly because of the
relatively lower chemical activity of Mgznthan UMg. According to a previous study, the miero
gal vani c ef f eMgtmatrixandvhe eathodiphase ddihinates in the oxidation process
[31], wherein the observed MgZmprecipitates and surrounding Mg matserveas a cathodand
anode, respectivelyn view of previous discussion, the oxidation of surrounding Mg matrix is firstly
occurredin conversiorprocess ig®* + 20H Y Mg ( &) HThe reduction reactiosimultaneously
takes place in theMgZn, phase, during which gaseous hydrogen appeared to be generated and
preferentially distributed in the normal directiofo furtherstabilizesurface and decrease the Gibbs
free energy, the fluorine ions andg(OH), converted to form protective MgFanacrystallite.
Moreover,somepartly fluorinated Mg granules (marked by green dash line) were clearly observed,
existing near the interface. Tovestigate further, the zinc constituent in the Mglyer was analyzed
by EDS, as shown in Fig.5b. Evidently, the zinc participates in the cesttungfure characteristics, for
which the zinc elements are gradually distributed in the \Nlgyfer in a prgressive gradient.
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Moreover, the SAED analysis of the coating indicates that the, N&y€r was composed by
the polycrystalline tetragonal Mglnd hexagonal MgZrphases (Fig. 5¢). The polycrystalline rings
in the SAED pattern correspond to the (301), (220), (211), (201), (110), (103), (202), (206), and (224)
lattice planes, respectively, which is in agreement with the coexisting crystalline structuresof MgF
andMgZn, (JCPD card no. 0041-1443 and 741177).This report firstly discovered that the MgZn
alloying precipitates participated in fluoride coating formation and formed a nano composite film.
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Figure 5. TEM analysis of the F24h specimen (a) cfssston image, and, (b) zinc element
distribution profile. SAED patterns of (c) Mgkyer, (d) partly fluorinated granule (marked by
green dashed line), and (e) Mg4rarticle (marked by pink arrow).

3.2 Corrosion behaviour

In-vitro electrochemical corrosion tests are commonly used to estimate theomasion
performance of biodegradable magnesium allB3. In general, the cathodic reaction mentioned
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above is the main wateeduction reaction, which is related to the driving force of hydrogen evolution
[33. The anodic reaction represégmarix.t he di ssol u
Fig.6 shows the typical polarization curves of each specimen inSB¢& rsolution at 3C. As
indicated, both the cathodic andodliic current densities were reduced in the presence of the MgF
coating, indicating that such coatings improved the-@rtiosion ability of ZK60H.The corrosion
potential and corrosion current density are often applied to evaluate the corrosioncesetdncan
be derived via the extrapolation method from the Tafel rediba. polarization resistanc®y) can be
calculated using the StéiGeary equatiorj34] and the percentage protection efficiency (PHE3G

from thefollowing equation, which are alsotésl intable.1
bb

cyme b )
PE (%)=— ﬁ i p TihT

where Lo is the corrosion current density, whitg andb; are the anodic and cathodic slopes,
respectively, as obtained from the Tafel region.
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Figure 6. Electrochemical polarization curves obtainedBBF sol uti on at 3°

According to the above equation, both &d PE are inversely proportional tg.J and, the
corrosion current density of all experimental groups constituted the following ord6@HZKF1h
F6h F24h° F48h.As expected, because the surface is coated with low conductivity materials, the

corrosion current density is related to the coverage status of, Mghich can hinder electron
exchanges with the environment and reduce rrgedganiccoupleq36].
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Table 1.The resultant electrochemical polarizatfjmarameters.

I b i Panodi R :
o | ety | cides | vides) | ey | PE% | Porosives

ZK60H -1.43 3.7x10° 0.30 0.13 1123
F1h -1.41 1.2x10° 0.32 0.48 7150 68.6% 13.3%
F6h -1.38 8.4x10° 0.33 0.64 11220 77.0% 6.0%
F24h -1.40 3.4x10° 0.27 0.65 24325 90.8% 3.3%
F48h -1.39 2.8x10° 0.25 0.82 29275 92.3% 2.4%

@ F1h F24h

Figure 7. Electrochemically corrodesurface macrograph and micrographs of the samples fluorinated
for different conversion timega) appearance of each specimen ZKpOH substrate, (c) F1h
specimen, (d) F6h specimen, (e) F24h specimen, and, (f) F48h specimen.
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In Figs.1 and 4, the F24h and F48h possessed a fully covered IMgfF, and so showed
higher corrosion resistance. Compared to the ZK60H substrate, theddlucoating gradually
increased the fRand PE values with the increasing conversion time. Moreover, there was a significant
difference at the anodic branches of the curves. In the anodic branch of the polarization curves for all
specimens, a significant amge in the slope is attributed to the breakdown potentigldEthe film
surface, indicating a passive to active transition beh48idr This behavior provides evidence of the
protective property. Notably, the, Eesults can be divided into two systems. The ZK60H, F1h and F6h
specimens possessed a similgv&ue, which was located at arourid3V. In contrast, the F24h and
F48h samples showed a higher level glaEaround-1.1V; therefore, severe corrosion didt reasily
occur on its surface. The electrochemically corroded morphologies clearly showed that only the F24h
and F48h specimens protected the substrate and prevented severe corrosion, as shown in Fig. 7.
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Figure 8. Nyquist curves and fitting results of the surf@oated samples obtained &% BF at 37
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Thus, the polarization results demonstrate that the,MgRversion coating with more than
24h treatment time could effectively enhance the-@miosion performance of ZK60 substrate.

Calculating the electrochemical parameters of the polarization test is an effective and simple
method for determining coatingorosity, especially for coatings that are difficult to estimate. Many
studies have used the following equation for predicting coating pofa&itg5]:

0 > p Y b(o)

where R is the porosity rate of the Mghayer, Rypis the polarization resistance of the ZK60H
substrate, Ratis the polarization resistance of the Mgfeated specimen, k& is the difference in
corrosion potential between thegW coating and the ZK60H substrate, and [1, iS the anodic slope

obtained from the Tafel region of the ZK60H substrate.
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Figure 9. Schematic diagram of equivalent circuit and working electrode.






























