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Abstract 

Magnesium (Mg) and strontium (Sr) have been widely used in the field of 

implanted devices because of their excellent bioactivity. However, the local high ion 

concentration caused by the implant affects the growth of hydroxyapatite 

(Ca10(PO4)6(OH)2, HA), which is the main inorganic component of bone and teeth. 

Many studies have investigated the effect of Mg2+ and Sr2+ on the growth of HA, but 

no systematic research has been conducted to compare these two ions in terms of the 

growth of HA. In this study, the substitution of a series of Sr- and Mg-substituted HA 

was conducted through a conventional hydrothermal method. Comprehensive 

characterization techniques, including X-ray diffraction, inductive coupled plasma, 

field emission scanning electron microscopy, transmission electron microscopy, 
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selected-area electron diffraction, thermo gravimetric-differential scanning 

calorimetry, and Fourier transform infrared spectroscopy, were used to examine the 

effects of Sr2+ and Mg2+ on the phase, morphology, crystallinity, chemical 

composition, thermal stability, and lattice parameters of HA. The results indicated that 

Mg ions partially substituted for calcium (Ca) ions in the apatite structure, thus 

decreasing the lattice parameters, partially adsorbing on the apatite surface that 

formed the amorphous phase, and inhibiting the crystal growth. By contrast, Sr ions 

fully substituted for Ca ions and increased the lattice parameters. Both Mg and Sr ions 

affected the morphology of HA. Crystallinity decreased with the addition of Mg ions 

(transition from crystal to amorphous phase was between 30% and 40% Mg), but it 

was not affected by Sr ions. Thermostability decreased with the addition of Mg (a 

total weight loss from 8.06 wt.% for 10% Mg to 25.81 wt.% for 50% Mg), but it had 

no significant changes in the Sr-substituted samples. 

Key words: Hydroxyapatite, Magnesium, Strontium, Crystallinity, Lattice parameter. 

1. Introduction 

Since the first report on HA [1], which is the main mineral component of bone 

tissue and teeth, it has been widely used for biomedical applications because of its 

excellent bioactive, biocompatible, and osteoconductivity properties in human body 

constituents [2-5]. However, the in vivo degradation rate of HA is slow compared 

with the fast growth rate of newly formed bone [6]. Therefore, improving the ability 

of HA degradation is necessary. So far, many techniques have been used to increase 

the degradation rate of HA, such as reducing the atom ratio of calcium (Ca) to 
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phosphorus (P) and crystallinity [7], decreasing the crystal size [8], and fabricating 

macropore into its structure [9], etc. One of the most effective and feasible ways of 

increasing the degradation rate of HA is introducing extrinsic ions into its lattice, such 

as F- [10], Zn2+ [11], Ba2+ [12] and Co2+ [13], particularly for Mg2+ and Sr2+ [14-15].  

As the main group elements with Ca, both magnesium (Mg) and strontium (Sr) 

have excellent biological activity [16-18]. Enamel, dentin, and bone contain 0.44, 

1.23, and 0.72 wt.% of Mg, respectively [19]. Mg plays a key role in bone metabolism, 

particularly during the early stages of osteogenesis, in which it stimulates osteoblast 

proliferation and its depletion adversely affects all stages of skeletal metabolism, 

causing cessation of bone growth, decreases in osteoblast activity, osteopenia, and 

bone fragility [20-21]. Sr has been proved to be an effective anti-osteoporotic element 

through its anti-resorptive and bone-forming effects [22-23]. In vitro experiments 

showed that Sr not only enhances the proliferation of preosteoblastic cells and bone 

matrix synthesis but also reduces the osteoclast activity [24-27]. Sr has also been 

demonstrated to stimulate bone formation and decrease bone resorption in vivo 

[28-29]. As a kind of medicine, Strontium ranelate (SR) has a curative effect on 

reducing the risk of vertebral and femoral bone fractures in postmenopausal women 

with osteoporosis [30-31]. Despite the excellent bioactivity of Sr and Mg, their use 

causes local high concentrations of these ions. Boivin et al. [32-33] found that Sr in 

bone after SR treatment was 60 times more than the normal level. Such a high 

concentration of ions greatly affects the morphology, crystallinity, and growth rate of 

HA [32-34].  

Page 3 of 33 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4 

 

As well known, the HA structure has a C3 symmetry and contains two types of 

Ca atoms, namely, Ca(I) and Ca(II), which differ in their coordination and bonding 

properties. The Ca(I) site coordinates with phosphate oxygen only and consists of a 

set of three Ca atoms positioned at z = 0, 1/2, and 1 levels on the three-fold rotation 

axis parallel to the crystallographic c-axis. The Ca(II) site is linked to both phosphate 

oxygen and a hydroxyl group, and it consists of a set of six Ca atoms positioned as 

three by three on the mirror planes at z = 1/4 and 3/4 [35]. Many studies have been 

conducted on the effects of Mg or Sr on HA. It was generally accepted that the lattice 

parameters decreased with the addition of Mg and increased with the addition of Sr. 

Meanwhile, crystallites become more irregular with the increasing content of both Mg 

and Sr [36-37]. However, how exactly Mg- or Sr-incorporation affects the bulk 

structure of apatites remains unknown. Studies found that Mg or Sr could enter either 

the Ca(II) site [36, 38], or the Ca(I) site [39-40]. Furthermore, no systematic research 

has yet compared the effects of Mg2+ and Sr2+ on HA through hydrothermal method. 

In this study, the Mg- and Sr-substituted HA was prepared by hydrothermal method. 

The effects of cation substitution on the morphology, crystallinity, and growth 

mechanism were discussed. 

2. Materials and methods 

2.1. Preparation of samples 

All the samples were synthesized by using a one-step hydrothermal method as 

previously reported [41], but with a slight modification. Briefly, Ca(NO3)2•4H2O, 

Mg(NO3)2•4H2O, Sr(NO3)2 and Na3PO4 were used as the Ca, Mg, Sr and P sources, 
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respectively. For pure HA nanocrystallite, Ca(NO3)2•4H2O and Na3PO4 with a molar 

ratio of 10:6 were dissolved in 80 mL deionized water, respectively. Then, 

Ca(NO3)2•4H2O solution was added dropwise into the Na3PO4 solution. After 

agitating rigorously for 10 min, the suspension was hydrothermally treated at 150 °C 

for 5 h. The precipitates were washed respectively by deionized water and dehydrated 

absolute ethanol twice. The product was placed in an oven and heated at 70 °C for 24 

h for drying. Subsequently, the dried powder was manually ground with a corundum 

mortar. Sr-HA and Mg-HA nanocrystallites with different Sr and Mg contents were 

synthesized by replacing Ca(NO3)2•4H2O with Sr(NO3)2 and Mg(NO3)2•4H2O, 

respectively. The samples were distinguished by the substitution ion concentration. 

For example, 10% Mg indicates that the sample has an Mg/(Ca + Mg) concentration 

of 10 mol.%. The Mg and Sr substitution degrees in HA are designed to vary from 10 

to 100%. 

2.2. Materials characterization 

The atomic concentrations of the elements (Ca, Mg, Sr, and P) in the samples 

were quantified by inductive coupled plasma emission spectrometer (ICP, 

VISTA-MPX) method.  

Lattice parameters (c and a) were calculated from peaks (0 0 2) and (2 1 1), 

respectively, using the standard HCP unit cell plane spacing relationship [42]: 

2 2 2

2 2 2

1 4
   
3

h hk k l

d a c

 + +
= + 

 
                   (1) 

where d is the distance between two adjacent planes in the set of Miller indices (h k l). 
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The crystallinity degree, corresponding to the fraction of crystalline phase present 

in the examined volume, was evaluated by the equation (2) [43]: 

( )112/300 300c  1  /X V I≈ －                (2) 

where I300 is the intensity of (300) reflection and V112/300 is the intensity of the hollow 

between (112) and (300) reflections, which completely disappears in non-crystalline 

samples. 

To examine the functional groups of the obtained powder, infrared spectra of all 

samples were obtained using an infrared Fourier-transform spectrometer (FT-IR, 

Bruker Tensor 27, Germany) in the range of 4000 cm-1 to 400 cm-1. The powder was 

ground with KBr in the proportion of 1/150 (by weight) and pressed to a wafer with a 

diameter of 13mm using a hand press.  

Phase analysis of the synthesized powders was conducted using X-ray powder 

diffraction (XRD). The XRD patterns were obtained using a Bruker D8 advance 

X-ray diffractometer equipped with graphite monochromatized Kα radiation (λ = 

1.5418 Å). The diffractometer was operated at 40.0 kV and 30.0 mA at a 2θ range of 

10° to 90° using a step size of 0.05 and a 50 s exposure. 

The powder morphology was observed by scanning and transmission electron 

microscopy (FESEM; TEM). A 5 kV accelerating voltage was chosen for SEM 

analysis and the micrographs were captured using secondary electrons collected with 

an in-lens detector. TEM images were taken using a JEM-2100F microscope at 200 

kV. High-resolution imaging (high-resolution transmission electron microscopy 

(HRTEM)) and selected-area electron diffraction (SAED) patterns were obtained. 
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The thermal gravimetric (TG) analysis was performed by a TGA/DSC 1 

(METTLER TOLEDO, Switzerland) to analyze the thermal behavior of the powder 

during heating. The sample weight was 30 mg and heating was performed in an 

alumina crucible at a rate of 10 °C min-1 up to 1000 °C. 

2.3 Data analysis 

Dedicated software, such as DigitalMicrograph 365 (for PC) (Gatan, Inc., 

Pleasanton, CA) and MicroCall Origin, was used for image processing and 

mathematical data computation. 

3. Results 

3.1. Phase identification from XRD patterns 

The typical XRD patterns of all synthesized samples are shown in Fig. 1. The 

diffraction peaks shifted to low 2θ values with the Sr addition and to high 2θ values 

with the Mg addition, indicating an increase (decrease) in d-spacings and hence lattice 

parameters. This was due to the higher ionic radius of Sr ion (1.13 Å) and the lower 

ionic radius of Mg ion (0.72 Å) than that of Ca ion (0.99 Å) [44]. The patterns showed 

that all Sr-substituted HA samples had good crystallinity. However, the peaks were 

dramatically broadened with the addition of Mg, indicating a decrease in crystallinity. 

The patterns showed a characteristic amorphous peak when the content of Mg was 

50%. The moving distances of the peak position of Sr were larger than those of Mg as 

presented on the (002) lattice plane, indicating the greater substitution of Sr than Mg. 

The cell parameters and crystallinity of the samples are shown in Table 1. The 

lattice parameters for both a and c evidently increased with the addition of Sr. By 
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contrast, both a and c considerably decreased with the substitution of Mg. The 

addition of Mg considerably decreased the crystallinity of HA. When the Mg content 

was more than 30%, no diffraction peaks were found by X-ray diffraction analysis. 

Although the crystallinity of HA decreased with the incorporation of Sr, it was not so 

significantly affected as Mg. 

3.2. Chemical analysis 

ICP provides the quantitative composition of the synthesized precipitates. The 

relative amounts of Ca, Mg, Sr, and P in the precipitates are listed in Table 2. The Mg 

concentrations in the precipitates were lower than those in the synthesized solutions. 

The values of (Ca + Mg):P decreased with the addition of Mg. However, the measured 

Sr contents were in good agreement with the designated Sr contents of powders. 

Furthermore, the values of (Ca + Sr):P were similar to those of Ca:P of pure HA. It 

was not surprising that HA and Mg-HA had a measured Sr content of 0.03 ~ 0.07 

mol.%. Traceable Sr in water and other sources may incorporated into HA and 

Mg-HA during the reaction. 

3.3. Functional groups 

Fig. 2 shows the FT-IR spectra of the prepared samples. The IR spectra of each 

prepared powder were characteristic of phosphate compounds. The band at 963 cm-1 

was attributed to the υ1 vibration peak of P 3
4O − . The 472 cm-1 band was derived from 

the υ2 phosphate mode. As a major peak of the phosphate group, the υ3 vibration peak 

was observed in the region between 1000 cm-1 and 1100 cm-1. The absorption peaks 

located at 577 cm-1 and 603 cm-1 were assigned to the υ4 vibration mode of P 3
4O − . The 
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absorption bands at 875 cm-1 and 1640 cm-1 were assigned to the HP 2
4O −  group. The 

absorption band at 1390 cm-1, which was derived from the vibration of the C 2
3O −  

group, was attributed to the CO2 from air. The wide absorption band observed at 3300 

cm-1 to 3600 cm-1 was attributed to lattice H2O [37]. The addition of Sr had no 

obvious impacts on the absorption peaks, except for the strengthening and broadening 

of the carbonate absorption bands. Moreover, the band intensity and the band 

resolution corresponding to the P 3
4O −  vibration modes decreased with the addition of 

Mg. The υ1 and υ2 vibration peaks of P 3
4O −

 disappeared when the Mg content 

increased up to 50%. 

3.4. SEM observation 

Fig. 3 shows the morphology of HA and synthesized samples with different Mg 

and Sr contents. The average size of HA was around 50 nm. With the addition of Mg, 

the morphology of the samples changed from nanoparticles (10% Mg) to fusiform 

clusters with an average size of 200 nm to 400 nm (30% Mg) and was finally 

converted to nearly-spherical nanoparticles (50% Mg), as shown in Fig. 3 (a)-(c). The 

morphology of the samples added with Sr did not show significant differences with 

each other and HA, only a slight deformation, as shown in Fig. 3 (d)-(f). 

3.5. TEM analysis 

Fig. 4 shows the TEM and SAED patterns of the synthesized samples. The 

morphology of pure HA was regular nanoparticles with good crystallinity (Fig. 4 (a, 

b)). The nanoparticles became irregular with the addition of Mg up to 10% Mg-HA 

(Fig. 4 (c)). As shown in Fig. 4 (e), 30% Mg-HA was a fusiform cluster composed of 
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nano-rods, which were made up of fine nanoparticles. About 50% Mg-HA showed a 

nano-hollow spherical structure and formed agglomerates (Fig. 4 (g)). For Sr-HA, the 

morphology of the samples became irregular with the increased content of Sr (Fig. 4 

(d, f, h)). Some hexagonal crystals could still be seen in the 10% Sr samples (inset of 

Fig. 4 (d)). However, the particles were fully irregular in 50% Sr. All these samples 

characterized by TEM conformed to those characterized by SEM. The SAED patterns, 

which agreed with the results of XRD, demonstrated all samples had good 

crystallinity except 50% Mg-HA. 

To investigate the amorphous samples of 50% Mg-HA, the results of the 

measurements of elemental mapping are presented in Fig. 5. The elemental maps 

show a homogenous distribution of Ca, Mg and P in the structure. Therefore, the 

agglomerates formed by the nano-hollow sphere are confirmed to be amorphous 

phosphate.  

The HRTEM patterns for each sample were obtained to illuminate more of the 

details, as shown in Fig. 6. The arrowhead represents the growth direction of the 

c-plane. The HA nanoparticles have good crystallinity. Both the growth of the c-plane 

and the crystal size were inhibited by the addition of Mg (Fig. 6 (a, b)). The degree of 

crystallinity was poor, as proved by XRD and SAED, when Mg content increased up 

to 50%. However, atoms with short-range ordering were still visible (Fig. 6 (c)). All 

Sr-substituted HA samples had good crystallinity, consistent with the XRD results, but 

the deformation degree of the samples increased with the addition of Sr (Fig. 6 (d-f)). 

The images also show that the (0 0 2) lattice spacing of 30% Mg and 50% Sr was 
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0.336 nm and 0.35nm, respectively, which is smaller (larger) than the (0 0 2) lattice 

spacing of HA (0.34nm), thus indicating the incorporation of the ions. 

3.6. TG analysis 

The TG plots illustrated in Fig. 7 show the weight loss along the investigated 

temperature range for the precipitated powders with different concentrations of added 

Mg and Sr. For Mg-HA, the total weight loss increased with the increasing Mg 

content and was 8.06 wt.% for 10% Mg, 14.97 wt.% for 30% Mg and 25.81 wt.% for 

50% Mg. Significant loss of weight up to approximately 400 °C was due to the loss of 

adsorbed (up to 200 °C) and lattice water [45]. Loss of the carbonate ions could be 

attributed to the total weight loss above 550 °C [22]. HP 2
4O −  groups, which could 

account for the weight loss in the temperature range of 400 °C to 700 °C, were 

incorporated into the HA lattice with a water formation according to the following 

reaction: 2 HP 2
4O −  → P2

4
7O −  + H2O [45]. The sharp weight loss of 50% Mg in this 

range indicated that it had higher HP 2
4O −  incorporation, according with the ICP 

analysis (low value of (Ca + Mg)/P). For Sr-HA, all Sr-substituted HA showed similar 

TG curves with pure HA. With a total weight loss ranging from 6.15 wt.% to 7.02 

wt.%, the samples had no significant differences with each other. Similar to that of 

Mg-HA, the main weight loss of Sr-HA was ascribed to the adsorbed water and the 

decomposition of HP 2
4O − . 

4. Discussion 

A series of Mg- and Sr-substituted apatites were synthesized through a 

hydrothermal process. The XRD results, consistent with those of previous research 
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[14-15], indicated that the lattice parameters declined with the addition of Mg but 

increased with the addition of Sr. This finding can be attributed to the larger (smaller) 

atomic radius of Sr (Mg) than that of Ca. Actually, the previous studies have shown 

that the incorporation of ions, such as Mg2+, Zn2+ and Co2+, which are smaller than the 

ionic radius of Ca2+, will decrease the lattice parameters [11, 23, 46]. On the contrary, 

bigger ions, like Sr2+ and Ba2+, will increase the lattice parameters [12, 47]. Both the 

XRD and TEM analyses indicated that the crystallinity and crystal size decreased with 

the addition of Mg. In other words, the crystal growth of HA was inhibited by the 

presence of Mg2+. Onuma et al. [48-49] studied the effect of Mg2+ and Zn2+ on the 

growth kinetics of a hydroxyapatite c-plane in pseudophysiological solutions and 

found that these ions inhibited the growth rate of the c-plane by absorbing at the kink 

sites of two-dimensional islands. Using hydrothermal method at 120 °C, Bigi et al. 

[50] studied the influence of Mg on HA crystallization. The result turned out that Mg 

inhibited the crystallization of HA by reducing the Ca/P molar ratio and crystal size of 

apatite. Meanwhile, it showed a threshold value of 35% to 50% Mg for crystallinity. 

The samples changed to the amorphous phase in meeting or exceeding this threshold 

value. 

In this study, the value of (Ca + Mg)/P molar ratio declined sharply with the 

addition of Mg and decreased to a minimum value of 1.272 at a concentration of 50% 

Mg. It is well known that HA has the highest Ca/P molar ratio (1.67). When the Mg2+ 

was added, the Ca2+ cannot be fully substituted by Mg2+. In addition, the HP 2
4O −  

group content increased with the addition of Mg2+ as indicated in Fig. 7. Some 
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previous studies [39, 51-52] reported that the weight of Mg substituted apatite 

declined sharply when they were treated at 500 °C to 700 °C. The incorporation of 

2
4HPO −

 and weight loss may indicate that some defective HA formed during the Mg 

substitution. The formation of defective HA induced the sharply decline of the (Ca + 

Mg)/P molar ratio with the addition of Mg. Meanwhile, When the Mg content was 

more than 30% (below 40%), no diffraction peaks were found by X-ray diffraction, 

indicating the crystal disappear. (Suppl. Fig. S1). However, atoms with short-range 

ordering could still be observed at 50% Mg by the aid of HRTEM (Fig. 6 (c)). 

Previous studies show that the formation of HA was attributed to the correct 

arrangement of the Ca9(PO4)6 cluster or octacalcium phosphate, both of which are the 

precursors of HA [53-54]. Furthermore, Onuma et al. [55] found that the growth mode 

of HA was multiple two-dimensional nucleation. Consequently, the growth of the 

a-plane was inhibited when the growth of the c-plane was inhibited by the absorbed 

Mg2+. These atoms with short-range ordering were formed and could be the HA 

precursors or crystal nucleuses. Finally, these atoms with short-range ordering were 

wrapped by amorphous phosphate, as indicated by the elemental mapping presented 

in Fig. 5. 

All Sr-substituted HA showed well crystallinity (decreased compared with pure 

HA, (Fig. 1, Table 1 and Suppl. Fig. S2)), but the addition of Sr may distort the crystal 

grain. The measured Sr contents were in good agreement with the designated Sr 

contents, as presented in Table 2, indicating the full substitution of Sr. The 

incorporation of larger ions Sr2+ into the crystal led to the greater distance of 
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Sr-hydroxyl than that of Ca-hydroxyl. Consequently, grain distortion and dislocation 

occurred after the substitution. Then, as the hexagonal structure was destroyed, the 

grains became more irregular. Unlike this experiment, a previous study, which used 

wet chemical method, showed that the crystallinity significantly decreased with the 

addition of Sr2+ up to 20% [38]. The results in the current study indicate that high 

temperature and pressure promote the Sr-substitution of HA. 

According to the analysis results, the possible growth mechanism of HA with the 

substitution of Mg2+ and Sr2+ is shown in Fig. 8. For Mg2+, when the content was low 

(~ 10%), a fraction of Mg2+ incorporated into the HA structure made the grain 

irregular and the remaining that was adsorbed on the surface of HA inhibited grain 

growth. The samples synthesized within this concentration range showed good 

crystallinity. With the increasing concentration of up to 30% Mg, both the Mg2+ 

incorporation and adsorption increased. On the one hand, the increased incorporation 

of Mg2+ made the grain more irregular. On the other hand, the adsorbed Mg2+ on the 

HA surface formed some dynamic Mg2+-poor and Mg2+-rich regions. The HA grains 

continued to grow in the Mg2+-poor regions, but stopped growing in the Mg2+-rich 

regions. As the two-dimensional growth progressed, the grain with a structure similar 

to a string of beads formed (20% Mg, see Suppl. Fig. S3). The size of the beads 

decreased with the increased Mg2+ until the nano-rods formed (30% Mg). Then, the 

fusiform cluster was formed by these nano-beads (or nano-rods) through the 

interaction of the adsorbed Mg2+. The higher Mg2+, the larger the size of the fusiform 

cluster was. 

Page 14 of 33Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

15 

 

The ICP analysis showed a sudden increase in Mg content in Mg-HA from 3.8% 

for 10% Mg to 22.7% for 30% Mg. However, the positions of the diffraction peaks 

shifted differently from the previous study [14], indicating the existence of adsorbed 

Mg2+ in the clusters. When the Mg content was greater than 50%, the HA grain 

growth was inhibited by the adsorbed Mg2+ before it could completely form, resulting 

in atomic-scale ordering. The atomic-scale ordering was then wrapped by amorphous 

phosphate, forming the nano-hollow sphere agglomerates. Bigi et al. [56] prepared 

such nano-hollow sphere agglomerate structure by adjusting the Ca/P molar ratio to 

be equal to 2.55 via sol-gel method. However, its formation mechanism remains 

unclear. The further increase in Mg content of up to 60% ~ 80% led to the dimming of 

the corresponding SAED patterns, indicative of decreasing short-range ordering (see 

Suppl. Fig. S3) [57]. 

For Sr2+, all the results demonstrated that Sr fully substituted the Ca, and formed 

Ca10-xSrx(PO4)6(OH)2 with good crystallinity (Fig. 1,Table 1 and Suppl. Fig. S2). The 

incorporation of Sr, which has a large atomic radius, caused lattice distortion, which 

destroyed the hexagonal structure and made the grain irregular. In this study, the 

lattice distortion degree increased with the addition of Sr and reached maximum at 

50%. When the content exceeded 50%, the lattice distortion degree decreased with the 

Sr content until the grain exhibited a regular hexagonal structure again at 100%, at 

which the Ca was fully substituted by Sr and formed Sr10(PO4)6(OH)2 (Suppl. Fig. S4). 

It was worth noting that the aspect ratio increased visibly with the addition of Sr2+. 

The samples completely became nano-rods with long c-axis at higher Sr2+ 
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concentration (90% ~ 100%), signifying an accelerated growth of the c-plane (Suppl. 

Fig. S4). The reason for this significant difference is still unclear, partially for atomic 

size or element electronegativity, and remains need for further study. 

5. Conclusion 

A series of Mg- and Sr-substituted HA was prepared by a conventional 

hydrothermal method and studied via various characterization techniques. The study 

revealed that the crystallinity, lattice parameter, grain size and thermostability 

decreased with increasing Mg fraction. The concentration for the transition from 

crystal to amorphous phase was between 30% and 40% Mg in this experiment. The 

incorporation of Sr did not change the thermostability, but increased the lattice 

parameter and slightly decreased the crystallinity. The mechanisms of the effects of 

Mg and Sr on HA are as follows: (I) a fraction of Mg for substitution and majority of 

Mg for adsorbing thus inhibited the grain growth. (II) Sr ions were fully incorporated 

into HA causing grain distortion and accelerating the c-plane growth. This study 

provides a certain reference, although the present condition is different from the in 

vivo situation. 
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Figure captions 

Fig. 1. XRD patterns of as-prepared Mg- and Sr-substituted HA powders. 

Fig. 2. FT-IR spectra of prepared Mg- and Sr-substituted HA powders. 

Fig. 3. SEM images of the synthesized samples: (a) 10% Mg, (b) 30% Mg, (c) 50% 

Mg, (d) 10% Sr, (e) 30% Sr, and (f) 50% Sr. Scale bars: 200nm. 

Fig. 4. TEM and SAED patterns of the synthesized samples: (a) pure HA, (b) HRTEM 

of pure HA, (c) 10% Mg, (d) 10% Sr, (e) 30% Mg, (f) 30% Sr, (g) 50% Mg, 

and (h) 50% Sr. Scale bars: a and c-h, 100nm; b, 5nm. 

Fig. 5. Elemental mapping of the 50% Mg sample. 

Fig. 6. HRTEM images of the synthesized samples: (a) 10% Mg, (b) 30% Mg, (c) 50% 

Mg, (d) 10% Sr, (e) 30% Sr, and (f) 50% Sr. Scale bars: 5nm. 

Fig. 7. TG curves of the prepared samples. The inset shows the details of some curves. 

Fig. 8. Schematics of the effects of Mg2+ and Sr2+ on the growth mechanism of HA. 

Table 1. Lattice parameters and crystallinity of the prepared samples. 

Table 2. ICP measured elemental composition of the synthesized samples. 
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XRD patterns of as-prepared Mg- and Sr-substituted HA powders.  
22x15mm (600 x 600 DPI)  
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FT-IR spectra of prepared Mg- and Sr-substituted HA powders.  
22x15mm (600 x 600 DPI)  
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SEM images of the synthesized samples: (a) 10% Mg, (b) 30% Mg, (c) 50% Mg, (d) 10% Sr, (e) 30% Sr, 
and (f) 50% Sr. Scale bars: 200nm.  

19x6mm (600 x 600 DPI)  
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TEM and SAED patterns of the synthesized samples: (a) pure HA, (b) HRTEM of pure HA, (c) 10% Mg, (d) 
10% Sr, (e) 30% Mg, (f) 30% Sr, (g) 50% Mg, and (h) 50% Sr. Scale bars: a and c-h, 100nm; b, 5nm.  

67x90mm (300 x 300 DPI)  
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Elemental mapping of the 50% Mg sample.  
19x17mm (600 x 600 DPI)  
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HRTEM images of the synthesized samples: (a) 10% Mg, (b) 30% Mg, (c) 50% Mg, (d) 10% Sr, (e) 30% Sr, 
and (f) 50% Sr. Scale bars: 5nm.  

16x5mm (600 x 600 DPI)  
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TG curves of the prepared samples. The inset shows the details of some curves.  

22x15mm (600 x 600 DPI)  
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Schematics of the effects of Mg2+ and Sr2+ on the growth mechanism of HA.  
35x19mm (600 x 600 DPI)  
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Table 1 

 

 

Samples Crystallinity 
2θ values of 

(002) 

Lattice parameters 

a axis (Å) c axis (Å) 

HA 54.9% 25.855 9.4035 6.8692 

10% Mg 34.8% 25.958 9.3892 6.8380 

30% Mg 4.5% 26.183 9.3041 6.7743 

50% Mg 0  — — 

10% Sr 54.5% 25.814 9.4522 6.9103 

30% Sr 42.4% 25.486 9.5138 6.9879 

50% Sr 39.0% 25.219 9.5613 7.0712 
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Table 2 

Designed 

sample 

Measured concentration 

Ca(mol.%) Mg(mol.%) Sr(mol.%) P(mol.%) Mg:(Ca+Mg) Sr:(Ca+Sr) (Ca+Mg):P (Ca+Sr):P Ca:P 

HA 62.14 ± 0.37 — 0.06 ± 0.01 37.80 ± 0.35 —— —— —— —— 1.643 ± 0.03 

10%Mg 58.88 ± 1.05 2.34 ± 0.09 0.07 ± 0.03 38.71 ± 1.07 0.038 ± 0.001 —— 1.583 ± 0.07 —— 1.522 ± 0.07 

30%Mg 45.04 ± 0.38 12.01 ± 0.58 0.03 ± 0.01 42.92 ± 0.82 0.227 ± 0.02 —— 1.330 ± 0.04 —— 1.05 ± 0.03 

50%Mg 33.89 ± 1.16 22.06 ± 2.15 0.05 ± 0.005 44.00 ± 1.00 0.394 ± 0.03 —— 1.272 ± 0.05 —— 0.77 ± 0.01 

10%Sr 57.49 ± 0.47 — 5.10 ± 0.28 37.41 ± 0.27 —— 0.081 ± 0.004 —— 1.674 ± 0.02 1.537 ± 0.02 

30%Sr 44.54 ± 0.57 — 17.69 ± 0.60 37.77 ± 0.13 —— 0.284 ± 0.009 —— 1.647 ± 0.009 1.179 ± 0.02 

50%Sr 29.84 ± 0.33 — 32.47 ± 0.65 37.69 ± 0.38 —— 0.52 ± 0.008 —— 1.653 ± 0.027 0.792 ± 0.008 
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