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Highlights

- Variation of carbonate content of CAp coatings of pure Mg with NaHCO3
concentrations

- Accordance in carbonate content derived from XRD peak position and XPS
quantification

- Simple determination of carbon content of CAp coatings by XRD is possible

- Two types of carbonate group in CAp coatings, CO3*" and HCO3"



Abstract

Carbonate apatite (CAp) coating has been developed as a bioabsorbable corrosion-
control coating for biodegradable Mg alloys. Carbonate content in the CAp coatings can
be utilized to control the bioabsorbability and corrosion rate of CAp-coated Mg alloys. In
this study, the carbonate content in the CAp coatings of pure Mg was varied by NaHCO3
concentration of the coating solution from 0.25 to 1.0 mol/L, and hydroxyapatite (HAp)
was formed without NaHCO3. The CAp and HAp coatings were characterized using X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR). The carbonate content in the apatite coatings formed with
0, 0.25, 0.5 and 1.0 mol/L NaHCO3 was determined to be 2, 12, 15 and 18wt%,
respectively, from the apatite 002 plane XRD peak position using the existing conversion
constant as well as from the coating composition obtained by the XPS analysis. The
values of carbonate content obtained by each method were in good accordance, indicating
that the carbonate content can be determined simply by XRD measurements. Two types
of carbonate group were present in the CAp coatings, CO3* and HCOs, and the relative

content of HCO3™ to CO3? increased with an increase in the carbonate content.

Keywords: Carbonate apatite, Biodegradable magnesium, Coatings, Carbonate content,

X-ray photoelectron spectroscopy, X-ray diffraction



1. Introduction

Magnesium (Mg) and its alloys have been extensively studied as a biodegradable
material for biomedical applications, such as bone screws and plates and stents, because
Mg is a biological essential element and Mg/Mg alloys show higher strength than
biodegradable polymeric materials [1-5]. However, Mg/Mg alloys sometimes undergo
unexpectedly rapid initial corrosion, which leads to the loss of strength and the rapid
hydrogen gas generation to form gas cavities [6-9]. To overcome this issue, various
surface modifications such as magnesium fluoride, calcium phosphate compounds and
micro-arc oxidation (MAO) coatings have been developed to reduce the corrosion rate of
Mg/Mg alloys while maintaining its biocompatibility [3, 10-18]. Among these,
amorphous calcium phosphate, dicalcium phosphate dihydrate, B-tricalcium phosphate
(B-TCP) and apatite coatings have been extensively developed owing to the excellent
biocompatibility and bone conductivity, and these calcium phosphate coatings suppressed
the corrosion of Mg/Mg alloys in vitro and in vivo [3, 10-16, 18-20]. The apatite and -
TCP coatings of Mg suppressed the pH increase of simulated body fluid (SBF) and Hanks’
solution for about 5 days and 2 weeks, respectively, whereas the pH of these solutions
increased rapidly from immediately after the immersion of uncoated Mg [19, 20]. Cheng
et al. reported that Mg(OH)2, MgF2 and hydroxyapatite (HAp) coatings suppressed the
gas accumulation around the samples implanted under skin of SD rat, and the HAp

coating showed better osseointegration ability than the other coatings in rat femur [14].

We have developed HAp coatings [21-25], because HAp is used as artificial bone and
bone conductive coatings of Ti alloy implants [26]. In the in vivo experiments, the HAp
coatings retarded the corrosion of Mg alloys and enhanced the bone formation, while the

HAp coatings were not absorbed in the surrounding tissue and the corrosion progressed



under the coating [22, 25]. HAp is stabile in physiological environments, as indicated by
the fact that sintered HAp is not replaced with bone by osteoclastic resorption

(degradation by osteoclasts) [27-30].

On the other hand, carbonate apatite (carbonate-substituted apatite) (CAp) can be
replaced with bone by osteoclastic resorption. CAp is an apatite in which part of the
phosphate and/or hydroxy groups are substituted by carbonate groups similar to bone
apatite which contains 7.4-20wt% carbonate groups [28, 31, 32]: CAp with hydroxyl
groups substituted by carbonate groups is referred to as type A and that with phosphate
groups substituted as type B. Therefore, CAp coatings should be suitable for a
bioabsorbable coating to provide a material in which both the coating and the substrate
material are absorbed by the body. It has been reported that CAp is deposited to form a
layer on Ti/Ti alloys and bioactive glasses by immersing in Kokubo’s simulated body
fluid (SBF) [33-36] and that the CAp layer formed on Ti-6Al-4V alloy is calcined under
skin of Wister rat [36]. In the case of pure Mg, the SBF immersion led to the formation
of very low crystalline apatite containing magnesium [11]. In the SBF immersion method,
it is thus difficult to control the composition and structure of the apatite layers due to Mg
ions released by the corrosion of the substrate Mg/Mg alloys. Then, a B-type CAp coating
was developed by modifying our HAp coating method in which NaHCO3 was added to
the HAp coating solution, using Mg-4mass% Y and 3mass% rare earth (WE43) [37, 38].
Cell culture tests exhibited that the developed CAp coating can be absorbed by osteoclasts
[37]. The CAp coatings did not show delamination either after the 10 week-immersion in

a cell culture medium or after the osteoclast culture [37, 38].

The bioabsorption rate and the corrosion resistance of the CAp-coated Mg/Mg alloys
should vary depending on the site and condition of the affected part of the body. The

carbonate content can be utilized to control the bioabsorption rate of the CAp coatings



because the rate of osteoclastic resorption of CAp depends on the carbonate content [39].
Therefore, the carbonate content in the CAp coating needs to be controlled. A simple
carbonate content measurement method would facilitate the control of the carbonate
content in the CAp coatings and the quantitative evaluation of the corrosion and

bioabsorption behaviors of the CAp-coated Mg/Mg alloys.

The carbonate content can be calculated from the coating composition obtained by
surface analysis such as X-ray photoelectron spectroscopy (XPS), X-ray fluorescence
(XRF), energy dispersive spectroscopy (EDS) and so on. The XPS analysis is suitable for
deriving the carbonate content of the CAp coatings because, owing to the advantage of
being able to analyze the chemical bonding state of the constituent elements, the
carbonate groups in CAp can be distinguished from carbon in contaminating

hydrocarbons, although only the composition of the outermost surface can be analyzed.

Meanwhile, the carbonate content of B-type CAp can be estimated from the position
of apatite 002 plane X-ray diffraction (XRD) peak [31, 32] because the crystal lattice of
apatite is extended in the c-axis direction in proportion to the substitution of the phosphate
groups by carbonate groups [31, 40-42]. A proportionality constant for the relationship
between the carbonate content and the 002-plane peak position was reported for CAp
synthesized by precipitation method using CaHPO4 and Na2COs solutions [31, 32]. Using
this relationship, the carbon content of the CAp coatings of WE43 was roughly estimated
to be 17-23wt% which is higher than the 7.4 wt% of human bone apatite [39]. However,
it has not yet been investigated whether the existing empirically obtained proportionality

constant can be applied to the CAp coatings formed on Mg/Mg alloys.

In this study, to utilize the carbon content to control the corrosion and bioabsorption

behavior of the CAp-coated Mg/Mg alloys, the carbonate content of the CAp coatings



was varied by NaHCO3 concentration of the coating solution, and the carbonate content
was evaluated. The HAp and CAp coatings were formed on pure Mg in the coating
treatment solutions with four different carbonate concentrations of 0, 0.25, 0.5 and 1.0
mol/L which is relatively lower than those for WE43 [39] to obtain the carbonate content
comparable to those of bone apatite. The coating morphology was observed using
scanning electron microscopy (SEM). The formation of apatite and the incorporation of
carbonate groups in apatite were examined using XRD and Fourier transform infrared
spectroscopy (FTIR). The coating composition, chemical state of carbonate groups, and
carbonate content of the coatings were analyzed using XPS. The carbonate content values
obtained by XPS measurements were compared with those estimated from XRD results
using the existing proportionality constant, to examine the existing constant used for XRD

results was appropriate.

2. Materials and methods

2.1 HAp and CAp coating of pure Mg

Pure Mg (99.5%, OSAKA FUIJI) disks with a diameter of 15 mm and a thickness of 2
mm were prepared from extruded rods. The composition of pure Mg is shown in Table 1.
The surface of disks was ground with SiC papers up to #1200 and rinsed ultrasonically in

2-propanol.

The HAp and CAp coatings were formed on pure Mg in a single step, simply by
immersing in the following coating treatment solutions. The coating treatment solutions
consisting of 0.2 mol/L calcium disodium ethylenediaminetetraacetate

(CioH12CaN2Na20s, Ca-EDTA, Sigma), 0.2 mol/L potassium dihydrogen phosphate



(KH2POs4, Fujifilm-Wako), and 0, 0.25, 0.5, and 1.0 mol/L sodium hydrogen carbonate

(NaHCOs3, Fujifilm-Wako) were prepared. The pH of the solutions was adjusted to 8-9

by adding an appropriate amount of 1 mol/L sodium hydroxide (NaOH, Fujifilm-Wako)
solution. The solutions were heated to 363 K, and then as-polished pure Mg disks were
immersed in the solution for 60 min. The coated disks were removed from the solution,
rinsed with ultrapure water, and then dried at room temperature. The coated specimens
were named HAp-Mg, CAp0.25-Mg, CAp0.5-Mg, and CApl.0-Mg according to the

NaHCOs concentrations in the coating solutions.

2.2 Characterization of HAp and CAp coatings

The surface and cross section of the HAp and CAp coatings were observed using SEM
(JSM6500F, JEOL). The crystal structure was identified with XRD (Smart-Lab,
RIGAKU) using Cu Ka radiation (A=0.15406 nm), and the carbonate content of the HAp
and CAp coatings was estimated from the position of the apatite 002 plane diffraction
peak. Three samples were measured with XRD for each coated specimen to obtain the
apatite 002 plane peak position. Incorporation of the carbonate groups in the apatite
structure was examined with diffuse reflectance FTIR (IRTracer-100, Shimadzu) at 4 cm”
! resolution. The composition and the chemical state of constituent elements of the HAp
and CAp coatings were analyzed with XPS (JPS-9010, JEOL) using Mg Ka radiation
(hv=1253.6 eV). The pass energy was set to 50 eV for wide scan, 10 eV for narrow scan.
The binding energies of all the spectra were referenced to the C 1s peak at 284.7 eV. The
composition of three samples were quantified using XPS for each coated specimen, and

then the carbonate content in the apatite was calculated.



3. Results and Discussion

3.1 Morphology of HAp and CAp coatings

Figure 1 shows the surface and cross-sectional SEM images of the HAp-Mg, CAp0.25-
Mg, CAp0.5-Mg and CApl.0-Mg specimens. The HAp coating shows a two-layer
structure: a dense inner layer of 1 um thick and an outer layer consisting of rod-shaped
crystals about 1 um long and 0.1 um thick growing from the inner layer as reported
previously [23]. The inner layer appears to consist of dome-shaped particles of about 1
um agglomerated. The CAp0.25 coating consists of about 1 pum dome-shaped particles
covered by about 0.1 um particles. The CAp0.5 and CAp1.0 coatings show a cauliflower-
like single layer consisting of dome-shaped particles as previously reported for the CAp
coatings formed on WE43 with higher NaHCO3 concentrations [37]. The size of dome-
shaped particles decreases from about 1 to 0.5 um with an increase in the NaHCOs3
concentration of the coating solutions. Assuming that one dome-shaped particle has
grown from one crystal nucleus, the higher the NaHCO3 concentration of the coating
solution, the higher the frequency of apatite nucleation and the denser the coating. As the
result, the thickness of the CAp coatings decreases from 2 to 1 pm with the NaHCO3
concentration. LeGeros et al. reported that for CAp synthesized by precipitation method,
the size of apatite crystals decreased with an increase in carbonate content. They
interpretated this as being due to the carbonate ions forming weak bonds in the crystal
structure and suppressing crystal growth in the direction of the weak bonds [40]. Such
suppression of crystal growth by carbonate ions is presumed to cause the decrease in the
size of dome shaped particles with the increase in NaHCOs concentration, thereby

decreasing the coating thickness.
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3.2 XRD patterns of HAp and CAp coatings

Figure 2(a) shows the wide-range raw XRD patterns of HAp-Mg, CAp0.25-Mg,
CAp0.5-Mg and CApl.0-Mg specimens. All the specimens show the diffraction peaks
from pure Mg at 32.3, 34.5, 36.7, 47.9 and 57.5 degrees and those from apatite at around
26, 32.9 and 53 degrees. No peak other than Mg and apatite appeared, indicating that only

apatite was formed in the HAp and CAp coatings.

The peaks at around 26, 32.9 and 53 degrees are derived from the 002, 300 and 004
planes of apatite (#00-009-0432), respectively. The small 300 plane peak at 32.9 degrees
shows no change in peak position with the NaHCO3 concentration as in the case for WE43

[37], indicating that hydroxyl groups were rarely substituted by carbonate groups.

Figure 2(b) shows the magnified diffraction peaks from 002 plane of the apatite after
background processing and Ko removal, and Fig. 2(c) shows the position of 002 plane
peak as a function of the NaHCO3 concentration. As the NaHCOs3 concentration increases
from 0 to 0.5 mol/L, the position of 002 plane peak shifts from 25.87 degrees to 25.74
degrees, and becomes almost constant over 0.5 mol/L. The shift of the 002 plane peak
position to the low angle side indicates that the crystal lattice of CAp is extended in the
c-axis direction and that the B-type CAp, in which phosphate groups of apatite were

substituted by carbonate groups, was formed [31, 40-42].
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3.3 FTIR spectra of HAp and CAp coatings

Figure 3 shows the FTIR spectra of the HAp-Mg, CAp0.25-Mg, CAp0.5-Mg and
CApl.0-Mg specimens. The HAp-Mg exhibits a typical FTIR spectrum of HAp
consisting of peaks at 550, 600, 960, 1010, 1085 and 1150 cm™ derived from PO4+*, a
peak around 870 cm™ derived from HPO4* and/or CO3*, a broad peak around 3200 cm’!
derived from H20 and very small peaks at 3550 and 3680 cm™! derived from OH" [31, 43-
45] in addition to small peaks at 1650 and 1450 cm™ derived from CO3*". The HAp formed
on WE43 also exhibited the similar FTIR spectrum [37]. The peak around 870 cm! is
mainly attributed to CO3? because of the appearance of CO3*-derived peaks at 1650 and
1450 cm™. On the other hand, a part of the 870 cm™! peak is attributed to HPO4* because
the OH -derived peak at 3680 cm™' is attributed to the OH stretching vibration of the
surface P-OH group [46]. The appearance of the HPO4> peak around 900 cm! is
suggested to imply that the apatite is deficient in Ca** and contains H" in compensation
for the Ca deficiency [47]. The Ca-deficient apatite was formed on Mg-3mass% RE-
Imass% Y (EW31) and Mg-4mass% rare earth (RE4) of which the corrosion resistance
was lower than WE43 and pure Mg [25], indicating that high concentration of Mg?* ions
dissolved from the substrate Mg alloy might be responsible for the formation of the Ca-
deficient apatite. The 870 cm™ peak of the HAp-Mg suggests that the HAp coating

possibly contains the Ca-deficient apatite.

The CAp-Mg specimens exhibit peaks at 875, 1400, and 1470 cm™!, which are derived
from CO3* in B-type CAp, in addition to the peaks derived from PO+*, H2O and OH"
groups of apatite [31, 43-45, 48]. Although the COs*-derived peak overlaps with the
HPO4*-derived peak around 900 cm™!, the 875 cm™! peak derived from CO3* in B-type
CAp is sharp and distinct in the CAp coatings. The presence of HPO4* in the CAp

coatings was therefore not determined only by the FTIR measurement. The intensity of
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the absorption peaks at 550 and 600 cm™! derived from PO+~ decreases with the increase
in the NaHCOs concentration. These results confirm that carbonate groups are
incorporated in apatite structure by substituting phosphate groups. In the absorption band
from 950 to 1150 cm™ derived from PO4™, the relative intensity of the 1000 cm™ peaks
to the 955 cm™! peak increases while the relative intensity of the 1150 cm™ peak to the
955 cm™!' peak decreases with the NaHCO3 concentration. This result indicates an
environmental change around the phosphate groups in the apatite structure. However, the
quantitative studies will be carried out in the future because the substance concentration
and the IR absorption intensity often do not show a linear relationship in the diffuse

reflectance method [49].

3.4 XPS spectra of HAp and CAp coatings

Figure 4 shows the XPS survey spectrum of the CAp0.25-Mg as typical for all the
specimens. The survey spectrum shows clear peaks of Ca, P, O, C and Na and a tiny peak
of Mg. It is considered that Ca, P, O, and a part of C are derived from the HAp and CAp
coatings and most of C is derived from contamination. The Na 1s peak significantly
decreased by Ar sputtering and Na is originated from Ca-EDTA ((CioHi12CaN2Na20s),
indicating that Na was present as EDTA-Na or sodium phosphate on the outside of the
HAp and CAp coating as in the case of the HAp-Mg treated for 2 h [50]. Since apatite
has a high affinity for organic substances, EDTA could not be completely removed by
lightly rinsing in pure water. Mg is considered to be derived from substrate pure Mg, the
HAp and CAp coatings and Mg(OH)2 formed at the boundary between substrate and

coating [23].
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Figure 5 shows the XPS spectra of C 1s electron of the HAp-Mg, CAp0.25-Mg,
CAp0.5-Mg, and CAp1.0-Mg specimens. The C 1s peak of the HAp-coated specimen is
decomposed into peaks at 284.7 and 288.5 eV while that of the CAp-coated specimens is
decomposed into peaks at 284.7, around 288.5 and around 289.5 eV which are attributed
to C-C bond and CO3* and HCOs", respectively [51]. The total intensity of the CO3* and
HCO3 peaks increases and the relative intensity of the HCO3™ peak to the CO3* peak

(Incos /1 Cog‘) increases with the increase in the NaHCOs concentration. These results

indicate that there are two types of carbonate group, CO3* and HCO3', in the apatite
structure. Similar to the presence of HPO4%, the presence of HCO3 presumably

suggests the formation of Ca-deficient apatite.

Figure 6 shows the XPS spectra of the O 1s electron of the HAp- and CAp-coated
specimens. The O 1 s peak is decomposed into peaks around 530.6, 531.4 and 532.5 eV
which are attributed to O*, hydroxide or hydroxyl group (OH") and hydrate and/or
adsorbed water (H20), respectively [52, 53]. According to the chemical formulas of
Cai0(PO4)s(OH)2 for HAp and Cai0-2(PO4)s-5(CO3)e(OH)2-a for CAp, the O* and OH" are
from the HAp and CAp coatings. The relative intensity of the OH™ peak to the O* peak
of the CAp coatings is higher than that of the HAp coating. This result is consistent to the

presence of HCOs3™ in the CAp coatings.

Figure 7 shows the XPS spectra of the P 2p electron of the HAp- and CAp-coated
specimens. The P 2p peak is decomposed into two peaks at 132.2-132.5 eV and 133.2-
133.4 eV which are attributed to PO4* and HPO4?>, respectively [54]. This result is
consistent to the result that the FTIR spectra show the absorption peaks from PO4*" and
HPO4*. The presence of HPO4?" is attributed mainly to the surface P-OH group which is

indicated by the OH -derived peak at 3680 cm™ on the FTIR spectra (Fig. 3). In the same
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time, the presence of HPO4?>" was reported to suggest the formation of Ca-deficient apatite
[47]. The relative intensity of the HPO4> peak to the PO4* peak appears to be higher for
the CAp coating than for the HAp coatings, while there is no obvious difference in the
intensity ratio of the PO4*" peak to the HPO4>* peak with the NaHCO3 concentration. It
was not found whether PO4> or HPO4?> was preferentially substituted by carbonate groups.
The FTIR measurements suggested the formation of the Ca-deficient apatite in the HAp
coating, while it was not evident in the CAp coatings. However, the appearance of the
HPO4* peak as well as HCO3™ peak in the XPS spectrum suggests that the CAp coatings

also contain Ca-deficient apatite.

Figure 8 shows the XPS spectra of the Ca 2p and Mg 2p electrons of the HAp- and
CAp-coated specimens. The binding energy of the Ca 2p3/2 peak of the HAp-Mg and
CAp0.25-Mg is 346.4 eV and 346.8 eV, respectively and that of the CAp0.5-Mg and
CApl.0-Mg is 347.0 eV. These binding energies basically agree with the values for
calcium phosphates [55]. Therefore, the difference in the binding energy of the Ca 2p
peak between the HAp and the CAp coatings can be attributed to the substitution of

phosphate groups in the apatite by carbonate groups.

The Mg 2p spectra are too small to discuss the precise chemical state. However, the
binding energy of the Mg 2p peak is 50.2-50.4 eV, which corresponds to that of Mg(OH):
[56]. It was reported that Mg(OH)2 was formed at the boundary between HAp coating
and substrate pure Mg [23] and that small amount of Mg was incorporated into the HAp
coating of the HAp-Mg treated for 2 h [56]. These facts indicate that Mg is derived from

the apatite coatings and the Mg(OH): at the boundary.

The content of carbonate and phosphate groups were calculated by the following

equations (1) and (2), respectively.
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[co3~]+[HCO3]

XCO = [Ca2*]4[MgZ*]+[P0O3 |+ [HPOZ | +[COZ | +[HCO; |+ [0H-] (1)

_ [Poi~]+[HPOZ"] )
XPO = Tca2 14 [Mg2 1+ [POZ |+ [HPOZ|+[COZ |+ [HCO; 1+ [0H-] 2)

where xco and xpo are the total carbonate and phosphate contents (at%), respectively, and
[C] is the atomic fraction of the constituent of the HAp and CAp coating. Three samples
were measured with XPS for each coated specimen. As it was considered that most of the
detected Na was not incorporated in the apatite structure, Na was not included in the

calculation of the carbonate and phosphate contents.

Figure 9 shows the atomic content of phosphate and carbonate groups as a function of
the NaHCOs concentration of the coating solutions. The total phosphate content decreases
while the total carbonate content increases with the increase in the NaHCOs3 concentration,
according to the substitution of phosphate groups by carbonate groups. For the content of
HCOs and CO3%, the COs* content increases between 0 and 0.5 mol/L NaHCOs3 and
becomes almost constant above 0.5 mol/L NaHCOs. The HCO3;™ content increases
almost monotonically with the increase in the NaHCO3 concentration. At 0 mol/L
NaHCO3, the CO3? content is higher than the HCOs™ content in the HAp coating. As the
HCOs™ content increases and the CO3> content is almost constant with the NaHCO3
concentration, the HCO3™ content becomes higher than the CO3?* content in the CAp
coating formed with 1.0 mol/L NaHCOs. These results suggest that the environment
around the carbonate groups changes when the NaHCO3 concentration exceeds 0.5 mol/L.

Since the presence of HPO4> is attributed to the surface P-OH group [46] and the
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formation of Ca deficient apatite [47], the presence of HCOs™ also suggests the presence

of surface C-OH group and the Ca deficient in apatite structure.

3.5 Carbonate content of HAp and CAp coatings derived by XRD and XPS

measurements

Figure 10 shows the carbonate content obtained by XRD and XPS measurements as a
function of the NaHCOs3 concentration in the coating solutions. In the case of the XRD
measurements, the carbonate content of the apatite coatings was estimated from the c-
axis length of the crystal lattice obtained from the apatite 002 peak position using equation

(3) [31, 32].

[, =0.002145 x w.(Wt%) + a (3)

where [ is the c-axis length (A), wc is carbonate weight content (wt%) and «a is the c-

axis length of hydroxyapatites with stoichiometric composition. The proportionality
constant of 0.002145 was empirically obtained using CAp synthesized in the solution of
different composition [31, 32]. For the carbonate content calculated from the XPS results,
the atomic content shown in Fig. 9 was converted to the weight content. As shown in Fig.
10, the carbonate contents obtained from the XPS and XRD results are in good
accordance, indicating that the obtained values are reliable. Also, it is confirmed that the

carbon content of the CAp coatings formed on pure Mg can be estimated with sufficient
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reliability from the XRD peak position of apatite 002 plane using Eq. (3), which includes

the empirically obtained proportionality constant.

The HAp-Mg shows the carbonate content of about 2wt%, which is attributed to the
dissolution of CO2 from the air into the coating solution. The carbonate content of the
CAp0.25-Mg, CAp0.5-Mg and CAp1.0-Mg is about 12, 15 and 18wt%, respectively.
These values are in the carbonate content range of bone apatite of 7.4-20wt% [39],
indicating that the CAp coatings can be resorbed by osteoclast cells in the same manner

as bone.

In our previous study, the carbonate content of the CAp0.4M, CApl1.1M and CApl1.9M
coatings of WE43 was estimated to be about 17, 29 and 23wt%, respectively, from the
XRD peak position of apatite 002 plane [37], which are plotted in Fig. 10 as a comparison.
The carbonate content of the CAp coatings formed on pure Mg shows good consistency
with that of the CAp coatings formed on WE43. It was eventually revealed that the
carbonate content in the CAp coatings does not depend on the substrate Mg/Mg alloys,
and the carbonate content can be determined solely by XRD measurements. Also, it was
demonstrated that it can be varied between 2 and 23wt% by the NaHCO3 concentration

in the coating solution.

4. Conclusions

The HAp and CAp coatings with different carbonate contents were formed on pure Mg
using the aqueous coating solutions with different NaHCO3 concentrations of 0, 0.25, 0.5
and 1.0 mol/L. The formation of HAp and CAp was confirmed by XRD and FTIR

measurements. The carbonate content of the HAp and CAp coatings was derived in two
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methods: the estimation from the XRD peak position of the apatite 002 plane using the
existing empirically obtained proportionality constant and the quantitative analysis with

XPS. The findings are summarized as follows:

1. The carbonate content of the HAp and B-type CAp coatings formed with 0, 0.25,
0.5 and 1.0 mol/L NaHCOs3 was determined to be 2, 12, 15 and 18wt%, respectively, from
the XRD and XPS measurements. The carbonate content of the CAp coatings of Mg/Mg
alloys can be precisely controlled in the comparable range as those of bone apatite by the

NaHCOs concentration in the coating solution.

2. The carbonate content of the HAp and B-type CAp coatings derived from the
XRD peak position of apatite 002 plane using the existing proportionality constant was
in good accordance with that calculated from the composition quantified by the XPS
measurements. The carbonate content of the B-type CAp coatings can be accurately
determined from the position of the apatite 002 plane XRD peak using the existing

proportionality constant.

3. Two types of carbonate group, CO3* and HCOs", were present in the CAp
coatings. The relative content of HCO3 to CO3* increased with the increase in the

NaHCOs3 concentration of the coating solution.
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Caption list

Table 1 Chemical composition of pure Mg used in this study (wt.%).

Fig. 1. (a)~(d) Surface and (e)—(h) cross-sectional SEM images of pure Mg specimens
treated with NaHCO3 concentrations of (a, ) 0 mol/L (HAp), (b, f) 0.25 mol/L (CAp0.25),

(c, 2) 0.5 mol/L (CAp0.5) and (d, h) 1.0 mol/L (CAp1.0).

Fig. 2. (a), (b) XRD patterns of pure Mg specimens treated in solutions with NaHCO3

concentrations of 0, 0.25, 0.5 and 1.0 mol/L. (a) Wide range and (b) narrow range for

apatite 002 plane (c-plane). (c) position of apatite 002 plane peak as a function of

NaHCOs3 concentration of coating solution.

Fig. 3. FTIR absorption spectra of pure Mg specimens treated in coating solutions with

0, 0.25, 0.5 and 1.0 mol/L NaHCOs. Spectra are vertically offset for clarity.

Fig. 4. XPS survey spectrum of CAp0.25-Mg.

Fig. 5. XPS narrow spectra of C 1s electron of (a) HAp-Mg, (b) CAp0.25-Mg, (c)

CAp0.5-Mg, and (d) CAp1.0-Mg.

Fig. 6. XPS narrow spectra of O 1s electron of (a) HAp-Mg, (b) CAp0.25-Mg, (c)

CAp0.5-Mg, and (d) CApl1.0-Mg.

Fig. 7. XPS narrow spectra of P 2p electron of of (a) HAp-Mg, (b) CAp0.25-Mg, (c)

CAp0.5-Mg, and (d) CAp1.0-Mg.
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Fig. 8. XPS narrow spectra of (a) Ca 2p and (b) Mg 2p electrons of HAp-Mg, CAp0.25-

Mg, CAp0.5-Mg, and CApl.0-Mg.

Fig. 9. Total phosphate group and total carbonate group content as well as CO3> and
HCOs™ content obtained by XPS analysis as a function of NaHCO3 concentration in the

coating solutions.

Fig. 10. Total carbonate content of HAp-Mg and CAp-Mg specimens obtained by XRD
and XPS analysis as a function of NaHCO3 concentration in the coating solutions. The
carbonate content of HAp-WE43 and CAp-WE43 specimens obtained by XRD

measuremnts is cited from ref. [37].

26



Table 1 Chemical composition of pure Mg (wt.%).

Material Fe Si Ni Cu Al Mn Cl Pb Zn Mg

Pure Mg 0.0023  0.005 0.0002 0.0002 0.0049 0.0063 0.002 0.001 0.0055 Bal.
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Fig. 1. (a)~(d) Surface and (e)—(h) cross-sectional SEM images of pure Mg specimens
treated with NaHCO3 concentrations of (a, €) 0 mol/L (HAp), (b, f) 0.25 mol/L (CAp0.25),

(c, g) 0.5 mol/L (CAp0.5) and (d, h) 1.0 mol/L (CAp1.0).
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Fig. 2. (a), (b) XRD patterns of pure Mg specimens treated in solutions with NaHCO3
concentrations of 0, 0.25, 0.5 and 1.0 mol/L. (a) Wide range and (b) narrow range for

apatite 002 plane (c-plane). (¢) position of apatite 002 plane peak as a function of

NaHCO3 concentration of coating solution.
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Fig. 3. FTIR absorption spectra of pure Mg specimens treated in coating solutions with

0, 0.25, 0.5 and 1.0 mol/L NaHCOs. Spectra are vertically offset for clarity.
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Fig. 4. XPS survey spectrum of CAp0.25-Mg.
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Fig. 5. XPS narrow spectra of C 1s electron of (a) HAp-Mg, (b) CAp0.25-Mg, (c)

CAp0.5-Mg, and (d) CAp1.0-Mg.
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Fig. 6. XPS narrow spectra of O Is electron of (a) HAp-Mg, (b) CAp0.25-Mg, (c)

CAp0.5-Mg, and (d) CApl1.0-Mg.
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Fig. 7. XPS narrow spectra of P 2p electron of of (a) HAp-Mg, (b) CAp0.25-Mg, (¢)

CAp0.5-Mg, and (d) CAp1.0-Mg.
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Fig. 8. XPS narrow spectra of (a) Ca 2p and (b) Mg 2p electrons of HAp-Mg, CAp0.25-

Mg, CAp0.5-Mg, and CAp1.0-Mg.
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Fig. 10. Total carbonate content of HAp-Mg and CAp-Mg specimens obtained by XRD
and XPS analysis as a function of NaHCO3 concentration in the coating solutions. The
carbonate content of HAp-WE43 and CAp-WE43 specimens obtained by XRD

measuremnts is cited from ref. [37].
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