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Pure nano hydroxyapatite (nHA) and strontium doped nano hydroxyapatite (Sr-nHA, Sr/(Ca+Sr) = 10 %, atomic ratio) 

were prepared by a one-step method involving homogeneous phase co-precipitation. Fourier transform infrared 

spectroscopy (FT-IR) revealed OH-, PO4
3- and CO3

2- groups in both powders. X-ray diffraction (XRD) showed that the 

peaks of Sr-nHA shifted to lower 2θ values compared with those of pure nHA. Both the pure nHA (39.5 ± 11.2 nm in 

length and 15.9 ± 3.7 nm in width) and Sr-nHA (33.0 ± 10.2 nm in length and 13.2 ± 3.2 nm in width) powders showed 

tiny nano-rod feature. Moreover, TC4 (Ti-6Al-4V) rods (1 mm in diameter and 20 mm in length) coated with pure nHA 

or Sr-nHA were prepared by high-energy plasma spraying. Elements of Ca, P, O and Sr were detected on the Sr-nHA 

coating surface by energy dispersive spectrometry (EDS). XRD result also indicated the nearly unchanged phase 

composition after spraying. By immersion in the simulated body fluid (SBF), in vitro mineralization ability was 

estimated and the surface layers were evaluated by scanning electron microscopy (SEM) and XRD. The results showed 

that Sr-nHA coating had better mineralization ability than the pure nHA coating. Therefore, the synthesized Sr-nHA and 

its sprayed coatings would have potential application for surface modification of biological prostheses and other 

implantable materials.  
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1. INTRODUCTION 

With the gradual aging of population, more and more 

people will face the senile disease. It is known that, 

osteoporosis (OP), one of the most common senile 

diseases, is an increasingly serious problem in the aging 

population and causes serious social medical-economic 

burdens and a series of physiological and psychological 

problems [1 – 4]. Because of the tough challenges caused 

by OP or osteoporotic fractures, the past few decades have 

been an important time for the development of new 

biomaterials [5, 6]. Lots of biocompatible and bioactive 

materials therefore have been well designed and studied 

[7 – 10].† 

Hydroxyapatite (HA) has become one of the most 

popular materials, which has been widely used in bone 

implants including the coating of prosthesis due to its 

satisfactory biocompatibility and osteo-conductivity  

[11 – 14]. However, for patients with osteoporosis, pure 

HA has little effects on promoting bone formation or 

suppressing bone resorption. Thus the loose rate of pure 

HA coated implants is high. It is of significance to achieve 
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more stable binding between implants and human bone 

tissues and reduce incidence of loosening and failure after 

internal fixation or arthroplasty for patients with 

osteoporosis.  

In order to improve the functions of HA, various ion-

substituted HA have been prepared, such as strontium (Sr), 

silicon (Si), magnesium (Mg), zinc (Zn), europium (Eu), 

cobalt (Co) [15 – 18]. Among these ions, Sr has been a 

research focus because it could simultaneously promote 

bone formation and inhibit bone deterioration [11 – 13, 

19 – 21]. Over the years, many efforts were made for novel 

Sr-substituted HA biomaterials through a variety of 

methods (such as electrochemical deposition, sol-gel, ion 

beam sputter deposition, coating sintering, bionic solution 

growing and so on). On the other hand, it is evident that Sr 

doped HA with appropriate atomic ratio of Sr/(Ca+Sr), for 

example 10 %, is promising [22 – 26]. 

However, the above-mentioned methods are just for 

scientific research. Plasma spraying, a mainstream process 

for manufacturing clinical application materials, has not 

drawn enough attention in this field. In this study, we 

firstly synthesized pure nano hydroxyapatite (nHA) and Sr 

doped nano hydroxyapatite (Sr-nHA, Sr/(Ca + Sr) = 10 %). 

Then the two kinds of nanomaterials were used for coating 
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on TC4 (Ti-6Al-4V) rods by using a high-energy plasma 

spraying technique. Finally, the microstructure, phase 

composition and in vitro mineralization ability of the 

products were investigated. It is expected that this work 

could make a good foundation for our following 

cytological studies.  

2. EXPERIMENTAL DETAILS 

The pure nHA and Sr-nHA powders were prepared by 

our one-step method involving homogeneous phase co-

precipitation, based on the following reaction: 

(10-x) CaCl2 + x SrCl2 + 6 Na3PO4 + 2 NaOH = (Ca10-

x Srx)(PO4)6(OH)2 + 20 NaCl (1) 

10 % Sr-nHA was designed and prepared by doping Sr 

ions into nHA with an atomic ratio of  

Sr/(Ca+Sr)=x/[(10-x)+x]= 1/[(10-1)+1] =1/10 (10%).  

CaCl2 was purchased from Tianjin SHENTAI 

Chemical Industry CO., Ltd. SrCl2 was purchased from 

Tianjin TIANLI Chemical Reagents Ltd. Na3PO4 was 

purchased from Tianjin SHENGAO Chemical Reagents 

Ltd. NaOH was purchased from Tianjin YONGSHENG 

Fine Chemical Co. Ltd. All the reagents used were 

analytical grade chemicals. First, the solution of CaCl2 

(0.36 mol/l) and SrCl2 (0.04 mol/l) and the solution of 

Na3PO4 (0.24 mol/l) were well prepared with ultrapure 

water. The atomic ratio of Sr/(Ca + Sr) was set as 10 %. 

Second, the two solutions were mixed under stirring at 

37 C, and the pH was adjusted to 10 by drop-wise adding 

1 mol/l NaOH solution [15]. The reaction continued under 

stirring at 37 C for 2 h, and the white precipitate was 

obtained and thoroughly washed with ultrapure water by 

centrifugation at least 5 times. Third, the slurry was dried 

in an oven at 120 C for 3 days, and ground to fine 

powder. Pure nHA powder was also prepared as the 

control.  

Before plasma spraying, TC4 rods (1 mm in diameter 

and 20 mm in length) was used as the substrates through 

deoil and gritblasted by machine. 10 % Sr-nHA powder 

was evenly sprayed on the substrates by a high-energy 

plasma spray equipment (Sulzer Metco, METCO-9M, 

Switzerland), using the parameters shown in Table 1.  

The coating thickness, measured with vernier caliper, was 

120 – 140 μm. As a control, pure nHA coating underwent 

the same working procedure. 

Table 1. Plasma spraying parameters 

Argon plasma gas flow rate, cfpma 80 – 90 

Hydrogen plasma gas flow rate, cfpma 17.5 – 20 

Spray distance, mm 90 – 100 

Current, A 480 

Voltage, V 70 

Powder feed rate, g/min 50 

Maximum power, KW 80 
a cubic feet per minute 

Phase analyses of the nHA and Sr-nHA powders were 

characterized by using Fourier transform infrared 

spectroscopy (FT-IR, Thermo, Nicolet Avatar 330, USA) 

and X-Ray diffraction (XRD, Shimadzu, XRD-7000, 

Japan). The morphology of nHA and Sr-nHA powders 

were observed by transmission electron microscopy (TEM, 

Hitachi, H-7650, Japan).  

Besides, scanning electron microscopy (SEM, Hitachi, 

TM-1000, Japan), XRD (PANalytical, Empyrean, 

Netherlands) and energy dispersive spectrometery (EDS, 

Oxford AE350, UK) were used for surface microstructural 

observation, phase and element analyses of nHA or 10 % 

Sr-nHA coating on TC4 rods by plasma spraying, 

respectively. 

TC4 rods coated with nHA or 10 % Sr-nHA were 

immersed in the simulated body fluid (SBF, Qingdao Jie 

Shi Kang Biotechnology Co. Ltd., Qingdao, China) and the 

mineralization ability of coatings on TC4 rods was 

evaluated in vitro. SBF was changed every day. After 3 

and 10 days, the rods immersed in SBF were subjected to 

SEM and XRD analyses. 

3. RESULTS AND DISCUSSION 

FTIR spectra showed that absorption bands of HA 

characteristic vibrations (OH- and PO4
3-) were observed in 

both nHA and Sr-nHA samples. The bands at 565 and 

609 cm-1 were attributed to the bending mode of the O-P-O 

bonds. The bands associated to the stretching modes of P-

O bonds were observed at 962, 1033 and 1081 cm-1. The 

bands at 631 and 3567 cm− 1 were attributed to the bending 

(or vibration) and stretching modes of the hydroxyl groups, 

respectively [12]. Weak bands associated with carbonate 

(CO3
2−) were also detected (Fig. 1). 

4000 3600 3200 2800 2400 2000 1600 1200 800 400

nHA

T
ra

n
sm

it
ta

n
ce

, %

◆

★

●

●
●

◆
◆

◆

◆

Wavenumber, cm
-1

★ ★

◆

●

-OH
-

-CO
3

2-

-PO
4

3-

10% Sr-nHA

 

Fig. 1. FTIR Spectra of nHA and 10% Sr-nHA powders 

As compared with the standard data, typical XRD 

diffraction peaks of HA were clearly identified in the 

prepared nHA and Sr-nHA samples (Fig. 2). The 

significant broadening of diffraction peaks indicated that 

the powders prepared in this study were nano-sized 

materials. Importantly, with the Sr substituting, special 

peak shifting was observed. The diffraction peaks move to 

small angles, which may be related to the larger radius of 

the strontium ions [23]. The lattice parameters of two 

powders were calculated with software and shown in 

Table 2. The Sr-nHA powder has lower crystallinity 

compared with the pure one. 

Tiny nano-rods (39.5 ± 11.2 nm in length and 

15.9 ± 3.7 nm in width) are observed in the TEM 

micrographs of pure nHA sample. Compared with the pure 

nHA sample, the synthesized 10 % Sr-nHA material has a 

smaller size with the length of 33.0 ± 10.2 nm and the 
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width of 13.2 ± 3.2 nm (Fig. 3 and Table 3). The nano-size 

of both samples is similar to that of apatite crystallites in 

bone, which is generally 5 – 20 nm in width and ~ 60 nm in 

length. 

20 25 30 35 40 45 50

2θ

nHA

10% Sr-nHA

    ICDD 09-0432  

Fig. 2. XRD patterns of the synthesized powder samples 

 

a b 

Fig. 3. TEM micrographs: a – pure nHA; b – 10 % Sr-nHA 

In Fig. 4, some diffraction peaks of new products, 

which may be tricalcium phosphate (Ca3(PO4)2) and 

calcium monohydrogenphosphate (CaHPO4), were 

observed in the XRD patterns except the typical peaks of 

HA (089-4405) and 10 % Sr-HA (034-0484). All the peaks 

are weakened after spaying due to the instantaneous high 

temperature which may affect the crystallinity.  

An undulating and potholed surface morphology of 

nHA and Sr-nHA coatings are shown in Fig. 5, which will 

facilitate the growth of cells in cytology experiments and 

good integration with surrounding bone tissues in vivo. 

The coatings consist mainly of cement-like hilly terrain as 

well as some globular particles in virtue of a higher degree 

of melting during spraying, which has been evidenced in 

XRD patterns after spraying. 
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Fig. 4. XRD patterns of the nHA and the 10% Sr-nHA after 

spraying 

  

  

  
a b 

Fig. 5. SEM micrographs: a – nHA; b – 10 % Sr-nHA after 

spraying  

Some pores and micro-cracks without sandblasting 

layer were observed at the surface of the coating revealing 

the complete coverage and even thickness of the coatings. 

 

Table 2. Lattice parameters of nHA and 10% Sr-nHA powders* 

sample 2T/° d（211）in Å a（211）in Å c（211）in Å grain size crystallinity 

Pure nHA 31.962 2.7978 9.3576 6.8738 20.0 nm 84.95% 

10% Sr-nHA 31.844 2.8079 9.3859 6.9189 14.2 nm 82.51% 

* software MDI Jade 6.5 

Table 3. The length and width of synthesized nano-grains* 

sample N Mean, nm SD Max Min  

Length nHA 122 39.5 11.2 77.8 20.6 P < 0.05 

10 % Sr-nHA 155 33.0 10.2 24.0 7.7 

Width nHA 122 15.9 3.7 72.1 13.0 P < 0.05 

10% Sr-nHA 155 13.2 3.2 22.7 7.3 

* software Image-Pro Plus version 6.0 and PASW Statistics 18.0 

b 

b 

b 
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Finally, EDS spectra (Fig. 6) clearly showed the 

presence of not only Ca, O, P but also Sr in the 10 % Sr-

nHA coating sample. The weight ratio and atom ratio of all 

the elements were listed in Table 4 and Table 5. The 

atomic ratio of Sr/(Ca + Sr) in Table 5 is approximately 

10 %. The atomic ratios of Ca/P in Table 4 and (Ca + Sr)/P 

in Table 5 are approximately 10/6, which is the atomic 

ratio of Ca/P in HA. It is in agreement with the XRD 

results that there is nearly unchanged phase composition 

after spraying, although Ca3(PO4)2 and CaHPO4 appeared 

after spraying, which have low atomic ratio of Ca/P. 

 
Energy, KeV 

a 

 
Energy, KeV 

b 

Fig. 6. EDS results: a – synthesized pure nHA; b – 10% Sr-nHA 

coating samples 

Table 4. EDS result of nHA 

Elements Weight, % Atom, % 

O K 50.5 70.1 

P K 15.3 11.0 

Ca K 34.2 19.0 

Total 100.0 100 

Immersion in SBF was carried out to detect in vitro 

mineralization behaviour of nHA and 10% Sr-HA 

coatings. After 3 day of immersion in SBF, some white 

needle crystal or crystalline powder apatite were observed 

on the coatings (Fig. 7 a and b). After one more week, the 

coating surface was completely covered with apatite 

deposit (Fig. 7 c and d).  

Compared to the Fig. 4, some diffraction peaks of HA 

appeared in the region of small angles and other peaks 

become obvious. Compared with the pure nHA coating, 

10 % Sr-HA coating showed the stronger ability to induce 

Ca-P deposition (Fig. 8). The deposition of Ca-P on Sr-HA 

coating consists of a dissolution and precipitation process. 

It has been demonstrated that the doping of Sr can increase 

HA solubility [27, 28]. The dissolution of the Sr-HA 

coating could be the first step and is also required for the 

formation of apatite deposit in SBF.  

Table 5. EDS result of 10% Sr-nHA 

Elements Weight, % Atom, % 

O K 50.3 71.7 

P K 14.2 10.4 

Ca K 27.7 15.8 

Sr L 7.9 2.1 

Total 100.0 100 

 

  
a b 

  
c d 

Fig. 7. SEM micrographs of nHA and 10% Sr-nHA coatings after 

SBF test. a – nHA, 3d, b – Sr-nHA, 3d, c – nHA, 10 d,  

d – Sr-nHA, 10 d 

20 25 30 35 40 45 50

10%Sr-nHA

2θ/°
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ICDD 09-0432  

Fig. 8. XRD patterns of the pure nHA and the 10% Sr-nHA 

coating samples after immersion in SBF for 3 days. 

This study involves the powder synthesis, plasma 

spraying and in vitro mineralization assessment. Compared 

with related investigations, our powder samples have 

smaller crystallite sizes [12, 23]. For clinical application, 

cytological and in vivo tests will be carried out later based 

on the above results. By culturing osteoblasts on the 

different coated rods, the compatibility, proliferation and 

genes protein expression of osteoblasts would be evaluated 

from the cellular level. Total protein content, intracellular 

calcium content and alkaline phosphatase activity will be 

tested and the expression of OPG, Osterix, Runx2, and 

BMP will be observed. Afterwards, in vivo animal 

experiments would be carried out to checkout coatings in 

vivo. Histochemical staining and micro-CT will be used to 

observe new bone formation and the connection between 

coating and tissue. 
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4. CONCLUSIONS 

In this study, the pure nHA and 10 % Sr-nHA powders 

were synthesized and plasma sprayed on Ø 1 mm TC4 

rods. Moreover, the rods coated with 10 % Sr-nHA showed 

higher mineralization ability than those coated with pure 

nHA. Therefore, the Sr-nHA powder and coating prepared 

in this study are expected to be further explored for 

biomedical applications in orthopaedics. 
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