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ABSTRACT 
 

Hydroxyapatite (HA) has drawn worldwide attention as an important substitute 

material in orthopedics and dentistry. However, its mechanical properties are poor, because being 

unsuitable for load-bearing applications. Therefore, the application of bulk HA as the replacement 

for bone is limited. This research is aimed to improve the properties of HA by using sol-gel 

method for preparing nano-HA (nHA). Ca(NO3)2 and (HN4)2HPO4 are used as starting reagents. 

The synthesized nHA is separately blended with ZrO2 at a mole ratio to HA of 0.01, 0.1 and 0.5 

and named HA/Zr 100, HA/Zr 10 and HA/Zr 2, respectively. Scaffolds are fabricated by dipping 

technique and then sintered at either 1150 or 1250°C for 2 h. X-ray diffraction (XRD) and  

Fourier transformed infrared (FTIR) spectroscopy were utilized to characterize both HA-ZrO2 

composites powders and scaffolds. Results show that the addition of ZrO2 causes the 

transformation of hydroxylapatite phase to -tricalcium phosphate. SEM evaluations show that 

the addition of ZrO2 reduces HA-grain sizes and the scaffold-pores. Scaffolds sintered at 1250°C 

for 2 h have coalescence grains , occurring more than those sintered at 1150 °C. Moreover, apatite 

layers are formed in greater amounts when the scaffolds are sintered at 1250°C compaired to 

those sintered at 1150 °C. 
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 2.1.1   

(  osseous tissue)  dense connective tissue  

extracellular matrix   inorganic salt  bone matrix 

  enamel  dentin  

   

 [8]  

 

(Types of bone)  

4   

1. (Tubular bone)  ( Long bone) 

humerus, ulna, femur, tibia, fibula (phalanges)  
2.  (Short bone) ( carpal bone) 

(tarsal bone)  

3. (Flat bone) 

(scapula)  
4.  (Irregular bone) ( vertrebra) 

(mandible)  
4 sesamoid bone 

capsule ( tendon) 

( friction) ( patella) sesamoid bone 

 Pneumatic bone 

frontal, maxilla, sphenoid, ethmoid [9-10] 
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5.  (Fatigue)  (Creep) 
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7.  (Hydration)  
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 2.2.5  
[19] 

 

 

Ca10(PO4)6(OH)2 Ca2+ , PO4
3- OH- Ca : P 1.67 

Ca2+ OH- 
2.2 

 

 

 

 

 

2.2 Calcium HA, Ca10(PO4)6(OH)2 

 

Ca/P 2.4 
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2.4  [20-21] 

 

  
Name 

Ca/P 

Tetracalcium phosphate Ca4O(PO4)2 TetCP  2.0 

Hydroxyapatite Ca10O(PO4)6(OH)2 HA  1.67 

-Tricalcium phosphate -Ca3(PO4)2 -TCP  1.50 

-Tricalcium phosphate -Ca3(PO4)2 -TCP  1.50 

Octacalcium phosphate Ca8H2(PO4)6 5H2O OCP  1.33 

Dicalcium phosphate dihydrate CaHPO4 2H2O DCPD Brushite 1.0 

Dicalcium phosphate CaHPO4 DCPA Monetite 1.0 

Calcium pyrophosphate Ca2P2O7 CPP  1.0 

Calcium pyrophosphate dihydrate Ca2P2O7 2H2O CPPD  1.0 

Heptacalcium phosphate Ca7(P5O16)2 HCP  0.7 

Tetracalcium dihydrogen phosphate Ca4H2P6O20 TDHP  0.67 

Monocalcium phosphate monohydrate Ca(H2PO4)2 H2O MCPM  0.5 

Calcium metaphosphate Ca(PO3)2 CMP  0.5 

 

 [19] 

Ca/P 1.67 

 
Ma2+, Na+, K+, Sr2+ Ba2+ Ca2+ CO3

2- 

H2PO4-, HPO4
2- SO4

2- PO4
3- F-, Cl- CO3

2- OH- 

(Ca,M)10 (PO4, Y)6(OH,X)2 
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M  Ma2+, Na+, K+, Sr2+, Ba2+  
Y  CO3

2-, H2PO4-, HPO4
2-, SO4

2-  
X F-, Cl-, CO3

2-  

 
[20] 

Differential Thermal Analysis (DTA), Thermo-Gravimetric Analysis (TGA), 

Fourier Transform Infrared Spectroscopy (FTIR)  X-ray Diffraction (XRD)

dehydroxylation  decomposition  ( 2.5) 

 

2.5  

 

  

25-600°C  

600-800°C  Decarbonation  

800-900°C  Dehydroxylation of HA forming partially dehydroxylated (OHA) 

or completely dehydroxylated oxyhydroxyapatite (OA)  

1050-1400°C  HA decomposes to form -TCP and TTCP  

< 1120°C   -TCP is stable  

1120-1470°C  -TCP is converted to -TCP  

1550°C  Melting temperature of HA  

1630°C  Melting temperature of TTCP, leaving behind CaO  

1730°C  Melting of TCP  
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 [19] 

 

2 

 
 

  

 

 

 

 

 

 

 

 
  

 

 

 

 

10Ca(OH)2 + 6H3PO4     Ca10(PO4)6(OH)2 + 18H2O 

10CaCl2 + 6Na2HPO4 + 2H2O         Ca10(PO4)6(OH)2 + 12NaCl +8HCl 

10Ca(NO3)2 + 6(NH4)2HPO4 + 2H2O         Ca10(PO4)6(OH)2 +12NH4NO3 + 8HNO3 

6CaHPO4 + 4Ca(OH)2           Ca10(PO4)6(OH)2 + 6H2O 

3Ca3(PO4)2 + Ca(OH)2      Ca10(PO4)6(OH)2  + H2O 
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                                        1170 °C                           2370 °C                   2710 °C 

                Monoclinic    Tetragonal    Cubic    Melt 

 2.2.6  

    

(Monoclinic)  (Tetragonal)  (Orthorhombic)  (Cubic) 

 2.3 

 

 

 

 

 

 

 

 

 

2.3     

 

 
  1100°C 

  

 

  2370°C  2710°C 

 (Reversible transformation) 

 

 

 

 

 (Metastable)  

 300°C    
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  HfO2
 
~ 2 %  

 (Hardness)  

 [22] 

 

 [23] 

   (MgO) 

 (Y2O3)  (CaO) 

  

  

3  ( 2.4)  

1. Partially stabilised zirconia 

2. Tetragonal zirconia polycrytals 

3. Partially stabilised zirconia in a non zirconia matrix 

 

 
 

2.4   3  [23] 
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TZP  Tetragonal zirconia polycrytals 

PSZ  Partially stabilised zirconia 

FSZ  Fully stabilised zirconia 

TTC Transformation toughened ceramics 

ZTA  Zirconia toughened alumina 

TTZ Transformation toughened zirconia 

 

Partially stabilised zirconia 

  (Stable) 

  MgO, CaO 
  2.5  ZrO2  

MgO  MgO  6  8 %mol  2000°C  2450°C 

 (Solid Solution)  

 (Quench)  

 

 (Cooling Rate)   PSZ 

 t-ZrO2  (m-ZrO2) 
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2.5  MgO  ZrO2 

 

Tetragonal Zirconia Polycrystals (TZP) 

   Y2O3 

  ZrO2  Y2O3 ( 2.6) 
 0 - 5%mole  Y2O3  1300°C  1650°C 

 100% 

  TZP 
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2.6  Y2O3  ZrO2 

 

Partially stabilised zirconia in a non zirconia matrix 

  (Matrix) 

      

 Zirconia toughened alumina (ZTA) 

 Zirconia toughened mullite (ZTM) 
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2.2   

Kim [24] 

- Ca(NO3)2·4H2O P2O5 10 : 3 

FTIR 

XRD 

900°C 12 

( 2.7) SEM 

50  150 ( 2.8)     
-

 

 

 

 

 

 

 

 

 

2.7 X-ray diffraction  ( )

12 600°C ( ) 900°C ( ) 
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2.8 SEM    

900°C 12  

 

K i m  [ 2 5 ]   
(biomineralization) ( bone-like apatite)   

( SBF) SBF 

TEM EDX Ca/P (Ca/P atomic ratio) 

1.67 SBF 

Ca/P 1.83 ( amorphous) 
Ca-rich calcium phosphate Ca/P 1.47  

Ca-poor calcium phosphate  

Ca/P 1.65 

( 2.9)  
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2.9 Ca/P 

SBF 

 

SBF 

 2.10 

1. Ca-rich ACP

0  6 

SBF   

2. Ca-poor ACP 

6  9 Ca-rich ACP

 Ca-poor ACP 

3. 9  12 Ca-poor ACP

SBF   
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2.10  

SBF 

 

Bigi [26] 

- Ca/P 

 Ca(NO3)2·4H2O  (NH4)2HPO4 
1 : 1 37°C 

Ca/P 1.00, 1.67 

2.55 37  80°C 

300°C 

Ca/P 1.00 1.67 Ca/P 2.55 

 

  
Spanos  [27]

SBF 37 

°C  constant supersaturation

biomineralization Tris-Buffer

SBF 
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stoichiometry Ca/P 

 

FTIR 2.11 

875 cm-1 carbonate vibration 

(HPO4
2-)

OH- 3570 634 cm-1  

 

 

 

 

 

 

 

 

 

 

 

 

2.11 FTIR 

SBF 

 
Rajabi-Zamani [28]

-  Ca(NO3)2·4H2O 

P2O5 48 

150°C 24 300, 450, 

600 750°C 6 XRD  FTIR 

XRD 

SEM TEM 
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450°C 6 

 

  

Hosseini [29] -

Ca(NO3)2·4H2O  PO(OC2H5)3 

CaO 

80°C 

600°C 

IR, XRD  SEM micro-strain

  

 

Fathic  [30] 

-   (Ca(NO3)2·4H2O)     
 (P2O5) Ca/P 1.67 

XRD, 

SEM TEM 

 

600°C 25 - 28 

700°C 30  
( 2.12)

-  
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2.12 TEM 

600°C ( )  700°C ( ) 
 

Velu  [31] 

Complexing Agent

Ca P 

110  900°C 

XRD, FT-IR TGA

110  200°C 

300°C TEM 300°C 

50 - 100  
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                                                         20NH4OH 

10Ca(NO3)2
.4H2O + 6KOH   Ca10(PO4)6(OH)2 + 6KOH + 20NH4NO3 +52H2O 

Lee [32] -

pH 

9 60°C  

 

 

 300  700°C 

XRD, EDX  FT-IR 

70 - 90 400  500 ( 2.13) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.13 TEM 60°C ( ) 
700°C ( ) SEM 700°C ( ) 
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                                                                  6NH4OH 

3Ca (NO3)2
.4H2O + 2KH2PO4   Ca3(PO4)2 + 2KOH + 6NH4NO3 + 16H2O 

Salehi [33] /         

- -  

(YSZ) Y2O3 0, 3, 5,  8 

XRD, XRF, FTIR, SEM  TEM

40 - 80 

20 - 30 

ZrO2

ZrO2  

-   

 

 

Sanosh [34] -

 ( -Tricalcium phosphate, ( -TCP)) -  

(calcium nitrate) ( potassium dihydrogenphosphate) 
-

pH  

 

 

- 40°C 

200  800°C -

XRD  FTIR

 TEM

-

800°C 70 - 80 

XRD 83 ± 6   
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Vasconcelos [35] 

- /  

P(C2H5O)3 0.1 / (1 : 1) 

Ca(NO3)2.4H2O 0.167  6 NH4OH  

2  ZrO2

ZrO2  HA/YSZ

2.14 
 ZrO2

 

 

 

 

  

 

 

 

 

 

2.14 HA/YSZ 950°C 

1  
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3 
 

 
 

3.1  
 
 1.  (Ca(NO3)24H2O, Analytical grade)  Carlo Erba Reagents 

2. ( (NH4)2HPO4, Analytical grade)  Carlo Erba 

Reagents 

 3. (ZrO2 , Analytical grade)  Riedel-de Haen 

4. (NH4OH, Analytical grade)  J.T. Baker

28.0   30.0 %  

 5. (HNO3, Analytical grade)  March 65%  

 6.  Sigma-Aldrich 

 7. (NaCl, Analytical grade)  Lab-scan 

 8.  (Na2HPO4, Analytical grade)  Univar 

 9. (KCl, Analytical grade)  Seelze-Hannover  

 10. (KH2PO4 , Analytical grade)  J.T. Baker 

 11. (deionized water) 

 12. (NaOH, Analytical grade) Fluka  

 13. (HCl, Analytical grade)  Lab-scan  

 14. (luffa fiber) 
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3.2  
 

1. ( Hot plate stirrer) Heidolph MR Hei-

Standard  
 2. - (pH meter)  Sortorius Docu-pH meter  
 3. PG5002-S (Mettler Toledo , Switzerland) 

 4. Magnetic Bar 

 5.  100  1000  

 6.  

 7. 250  

 8.  

 9.  100 

 10. 1 

 11. 1

 12.  

 13.  

 14.  

 15. 1 Whatman 

 16.  

 17.  

 18.  

 19. 

 20. (Crusible) 
 21. Forcept 

 22.  

 23.  

 24.  

 25. 

 26.  
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3.3  

 

1. (Scanning Electron Microscope, SEM) JEOL  JSM-

5800 LV  
2. ( Thermogravimetric Analyzer, TGA) Perkin Elmer 

TGA7  

3. (X-Ray Diffractometer, XRD) Philips  X'Pert 

MPD  

4. (X-Ray Fluorescence Spectrometer, XRF) Philips 

PW2400  

5. ( Fourrier Infrared 

Spectrophotometer, FT-IR) Perkin Elmer Spectrum one  

6. (Scanning Electron Microscope, SEM) JEOL  JSM-

5800 LV Energy Dispersive X-Ray Fluorescence Spectrometer (EDX)  Oxford 

 

3.4  

4   

3.4.1 -
. 2 

 -  1 M Ca(NO3)2
  4H2O  

 -  0.6 M (NH4)2HPO4  

 -  1 M Ca(NO3)2
  4H2O 0.6 M (NH4)2HPO4 100  

 0.6 M (NH4)2HPO4 1 M Ca(NO3)2
 4H2O

3.1 65°C 20 

24  
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3.1 1 M Ca(NO3)2
  4H2O 0.6 M (NH4)2HPO4 

 
. conc. HNO3  

. Ammonium hydroxide pH 

pH 11 

. DI 

 

. 65°C

 
. 900°C 4 

3.2  
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3.2 900°C 
 

. SEM 

 XRD EDX 

 

 [36] 

 

 

1 M Ca(NO3 )2
 4H2O 0.6 M (NH4)2HPO4 

100  0.1  Ca10(PO4)6(OH)2  10.0462  
 

 

 

 

 

 

 

 

10Ca(NO3)2 4H2O + 6(NH4)2HPO4 + HNO3 + 9NH4OH Ca10(PO4)6(OH)2 + 21NH4NO3 + 47H2O 
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3.3 -  

 

 

 

 

 

 

1 M Ca(NO3)2
 4H2O  0.6 M (NH4)2HPO4  

 

conc. HNO3  

Ammonium hydroxide  

DI 

65°C 

900°C 4  
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3.4.2 
 

. 
 3.1 

 

 3.1  

 

 

ZrO2/HA  

 

HA/ZrO2 (HA/Zr) 

HA/Zr 100 0.01 100 

HA/Zr  10 0.1 10 

HA/Zr 2 0.5 2 

 

. 12  

1.5 x 1.5  3.4 

 

 

 

 
 
 
 
 

 
3.4  

 

. 1% (1% PVA) 

1  80 
 magnetic stirrer 

100  
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. (Dipping Method) 
( HA+ZrO2) 

 5 

 1 magnetic stirrer 250   
. 10  

1 

 ( 3.5) 

( 3.6) 
. 1150°C  1250°C 2  

 

 

 
 
 
 
 
 

 
3.5 

 

 

 

 

 

 

 

 

 

3.6 

1150°C  1250°C 
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3.3.3  

. PBS 1 3.2 
 

3.2 PBS 1  [37] 

 
 ( ) 

(NaCl) 80 

(Na2HPO4) 14.4 

(KCl) 2 

(KH2PO4) 2.4 

 

 4 pH 7.4 

1  

. PBS 3 7 

SEM, XRD FTIR 

 

3.4.4  
. SEM 

 PBS 3 7 

. Thermogravimetric 

Analysis (TGA)  

. XRD 

PBS 

7 

. FTIR 

 PBS 

7   
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4 

 

 

  

-

1150°C 1250°C 

 

 

4.1 - -  
 

- ( 3.4.1 3) 
4.1 1 M Ca(NO3)2

 4H2O 0.6 M 

(NH4)2HPO4 conc. HNO3

4.1  
 

 4.1 
 

 
 ZrO2/HA 

N 1 0.001 

N 2 0.003 

N 3 0.005 

N 4 0.007 

N 5 0.01 
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4.1 

-  

 

 

1 M Ca(NO3)2
 4H2O  0.6 M (NH4)2HPO4  

 

conc. HNO3   

Ammonium hydroxide  

DI 

65°C 

900°C 4  
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XRF ( 4.2) 

Ca P Zr 

 

 
4.2 900°C 

4 XRF 

 

 
Concentration (wt%) 

Al Si P Ca Fe Sr Zr O 

N 1 - 0.05 14.80 47.00 -  0.16 38.00 

N 2 - 0.04 14.89 46.56 -  0.48 38.03 

N 3  0.04 14.66 46.66 -  0.77 37.87 

N 4   14.59 46.37 -  1.24 37.79 

N 5 - 0.05 15.33 44.79   1.56 38.28 

 

 

4.3

( 4.2) 

( 4.3) 
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4.3 900°C 

4  XRF  

 

 
   

mol% Ca mol% P mol%Zr mol% Ca mol% P mol%Zr 

N 1 62.45 37.47 0.07  70.97 28.91 0.11 

N 2 62.39 37.43 0.18  70.46 29.24 0.30 

N 3 62.18 37.53 0.29  70.84 28.64 0.53 

N 4 62.32 37.24 0.44  70.40 28.77 0.83 

N 5 62.06 37.31 0.63  68.61 30.33 1.06 

 

 

 

4.2 

 

 
 

 
 

60
62
64
66
68
70
72

N 1 N 2 N 3 N 4 N 5

mo
l%

 Ca
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4.3 

 

 

4.4 Ca/P 

900°C 4  

 

 
Ca/P mol ratio 

  

N 1 

N 2 

N 3 

N 4 

N 5 

1.66 

1.66 

1.66 

1.66 

1.66 

2.45 

2.42 

2.46 

2.46 

2.26 

 

25

30

35

40

N 1 N 2 N 3 N 4 N 5

mo
l%

 P
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4.4 

 Ca/P  

 

4.4 4.4 Ca/P 

N2 N5 Ca/P 

4.2 

XRD ( 4.5) 

 ZrO2/HA

XRD 4.5 

 

 

 

 

 

 

 

1.5

2

2.5

N 1 N 2 N 3 N 4 N 5

Ca
/P
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4.5 XRD 

 

   

N 1 Hydroxyapatite Ca10(PO4)6(OH)2 

N 2 Hydroxyapatite Ca10(PO4)6(OH)2 

N 3 Hydroxyapatite Ca10(PO4)6(OH)2 

N 4 Hydroxyapatite Ca10(PO4)6(OH)2 

N 5 Hydroxyapatite Ca10(PO4)6(OH)2 

 

( 4.5) 

26.0, 31.8, 33.0 39.9 

28, 31.3 34.2 

 conc. HNO3 ( 3.4.1 . .) 

-
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4.5 XRD 

N1 ( ) N2 ( ) N3 ( ) N4 ( ) N5 ( ) HA ( ) ZrO2 ( ) 
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4.2  

 

SEM 
- 900°C 4  

4.6 

191.86  38.82 

900°C 

 

 

4.6 SEM 

- 900°C 4  

 

4.6 4.7  
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4.7 EDX -

900°C 4  

 

4.6 -

900°C 4 EDX 

 

  (mol%) 

C 6.810 

O 31.126 

P 18.736 

Ca 42.328 

 

2.26 

1.67 

 XRD 

4.8 
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4.8 XRD 

- 900°C 4  

 
XRD  

JCPDF 084-1998 Ca10(PO4)6(OH)2 
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4.3 

 ZrO2/HA

1150°C 1250°C 2  

 
. 

TGA  

 
 
 
 
 
 
 
 
 

       
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

( ) 
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( ) 

( ) 
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4.9  (TGA) 

900°C 4 HA/Zr 

100 ( )  HA/Zr  10 ( ) HA/Zr 2 ( ) (HA) ( ) 

(ZrO2) ( )  

( ) 

( ) 
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4.7 

 

 
  (°C )  

HA/Zr 100 

 

483.59 - 540.00 0.063 

838.98 - 1300.00 1.411 
 

HA/Zr 10 

 

172.33 - 660.00 0.288 

895.35 -1300.00 1.413 
 

HA/Zr 2 785.28 - 1300.00 1.059 
 

HA 

 

140.61 - 630.00 0.386 

815.00 - 1300.00 1.280 
 

ZrO2 149.95 - 890.00 0.148 

 

4.9 4.7 

140.00  700.00°C

 HA/Zr 100 HA/Zr 10 

700.00°C HA/Zr 100 
838.98 - 1300.00°C  HA/Zr 10  895.35 - 1300.00°C  HA/Zr 2

785.28 - 1300.00°C  815.00 - 1300.00°C

149.95  890.00°C

HA/Zr 100 
HA/Zr 10 

HA/Zr 2  
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. 

1150°C 2  SEM  

 

 

 

 

 

 

 

 

  

 

 

 

4.10 HA/Zr 100 
1150°C 2 100 ( ) 500 ( ) 20000 ( ) 

 
( ) 

( ) 

( ) 
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4.11 HA/Zr 10 

1150°C 2 100 ( ) 500 ( ) 20000 ( ) 
 

 

( ) 

( ) 

( ) 
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4.12 HA/Zr 2

1150°C 2 100 ( ) 500 ( ) 20000 ( ) 
 

( ) 

( ) 

( ) 
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4.8 1150°C 

2  

 

 
 

(µm) 

 

(nm) 

HA/Zr 100 131.43 ± 52.88 677.78 ± 115.47 

HA/Zr 10 286.67 ± 0.00 411.11 ± 50.19 

HA/Zr 2 266.67 ± 94.28 333.33 ± 194.37 

 

1150°C 2 2 

( 4.10, 4.11, 4.12 . 4.8) 

( 4.10, 4.11, 4.12 . . 4.8) 

[38-39] 

 

 

 

  [40] 

 

 50  150   

100   100  500  

 18-74% [14] 4.7 
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.  

1250°C 2  SEM 4.13  4.15 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

4.13 HA/Zr 100 
1250°C 2 100 ( ) 500 ( ) 20000 ( ) 

( ) 

( ) 

 

( ) 
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4.14 HA/Zr 10 

1250°C 2 100 ( ) 500 ( ) 20000 ( ) 
 

( ) 

( ) 

( ) 
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4.15 HA/Zr 2

1250°C 2 100 ( ) 500 ( ) 20000  ( ) 
 

( ) 

( ) 

 

( ) 
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1250°C 2  

1150°C 4.13, 4.14 

4.15 4.9 

 

4.9 1250°C 

2  

 

 
 

(µm) 

 

(nm) 

HA/Zr 100 264.00 ± 51.98 827.58± 176.43 

HA/Zr  10 214.29 ± 67.76 724.14  ± 146.29 

HA/Zr 2 400 ± 0.00 502.46  ± 162.79 

 

.

 

1150°C  
1250°C 2 4.16 

[41]

( 4.16  ) 
(

4.16   ) 
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4.16 HA/Zr 100 (
) HA/Zr 10 ( ) HA/Zr 2 ( ) 1150°C (   ) 

1250°C (  ) 2  

 

( ) ( ) 

( ) ( ) 

( ) ( ) 
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4.4  (Bioactivity of scaffold) 

 
. 1150°C 

2 PBS 3  SEM 

4.17 

3

HA/Zr 100

HA/Zr 10

HA/Zr 2 HA/Zr 

10  
HA/Zr 2  
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4.17 

1150°C 2 HA/Zr 100 ( ) HA/Zr 10 ( ) HA/Zr 

2 ( )  (   ) PBS 3 (  ) 

( ) 

( ) ( ) 

( ) ( ) 

( ) 
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. 1250°C 

2 PBS 3 7  SEM 
4.18  4.20 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

4.18 

1250°C 2 HA/Zr 100 ( ) PBS 3 
 ( ) 7 ( ) 

( ) 

( ) 

( ) 
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4.19 

1250°C 2 HA/Zr 10 ( ) PBS 3 
 ( ) 7 ( ) 

( ) 

( ) 

( ) 
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4.20 

1250°C 2 HA/Zr 2 ( ) PBS 3 
 ( ) 7 ( ) 

( ) 

( ) 

( ) 
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4.18, 4.19 4.20 

ZrO2/HA 1250°C 2 

PBS 3

HA/Zr 100 HA/Zr 10

HA/Zr 10 ( 4.19 ( )) 

HA/Zr 2 ( 4.20 ( ))

7 3

( 4.21) HA/Zr 

100 HA/Zr 10 ( 4.18 4.19 ( ))

HA/Zr 10

HA/Zr 100 HA/Zr 2 ( 4.20 ( ))
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4.21 

1250°C 2 PBS 7 HA/Zr 100 

( ) HA/Zr 10 ( ) HA/Zr 2 ( ) 

( ) 

( ) 

( ) 
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. 

 
1150°C 1250°C 

2 3  4.22 

1250°C

1150°C HA/Zr 100 HA/Zr 10 1250°C 
( 4.22 ( ) ( )) 

1150°C ( 4.22 ( ) 

( )) 
HA/Zr 2 1250°C ( 4.22 ( )) 

1150°C 

( 4.22 ( ))  
HA/Zr 2 1150°C 1250°C

PBS 3 

(TGA) HA/Zr 2 
1150°C 1250°C 4.23 
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4.22 PBS 

3 HA/Zr 100 ( ) HA/Zr 10 ( ) 
HA/Zr 2 ( ) 1150°C (  ) 1250°C (  

) 2  

 

( ) 

( ) 

( ) 

( ) 

( ) 

( ) 
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4.23 (TGA)  HA/Zr 2 

1150°C ( ) 1250 C ( ) 2 PBS 

3  

( ) 

( ) 
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4.10 -

HA/Zr 2 1150°C 1250°C

2 PBS 3  

 

(°C) (°C ) %  

1150 33.11 - 175.00 

183.75 - 399.00 

453.65 - 600.00 

673.68 - 785.00 

1049.68 - 1305.00 

0.148 

0.168 

0.099 

0.228 

1.540 

1250 39.00 - 285.00 

306.07 - 550.00 

602.60 - 690.00 

724.53 - 800.00 

882.49 - 1225.00 

1.869 

0.927 

0.123 

0.163 

1.367 

 

4.23 4.10

 HA/Zr 2 1150°C 1250°C

1150°C

1049.68 - 1305.00°C

1250 C 882.49 - 1225.00°C

HA/Zr 2 1150°C 1250°C
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. 

1250°C 2 PBS 7 

XRD 
XRD 4.11 

 (Ca10(PO4)6(OH)2) 900°C 4 

1250°C 2 -

-

[30,33,42] 

 

  

 

HA/Zr 100 HA/Zr 10 HA/Zr 2 

- HA/Zr 

100 HA/Zr 10

HA/Zr 2  
(Baddeleyite)  

PBS 7 HA/Zr 100 HA/Zr 10

HA/Zr 2 -

4.10 

XRD 4.24 4.25 

 

 

 

 

 

 

Ca10(PO4)6(OH)2    Ca10-x(PO4)6-x(OH)2-x  +  xCa3(PO4)2 + xCaO + xH2O 
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4.11 

1250°C 2 PBS 7  

 
    

 

HA  
Hydroxyapatite 

ß-Tricalcium Phosphate 

Ca10(PO4)6(OH)2  
Ca3(PO4)2 

HA/Zr 100  
Hydroxyapatite 

ß-Tricalcium Phosphate 

Ca10(PO4)6(OH)2  
Ca3(PO4)2 

HA/Zr 10 

Hydroxyapatite 

ß-Tricalcium Phosphate 

Zirconium Oxide 

Ca10(PO4)6(OH)2  
Ca3(PO4)2 

ZrO2 

HA/Zr 2 

Hydroxyapatite 

ß-Tricalcium Phosphate 

Zirconium Oxide 

Baddeleyite 

Ca10(PO4)6(OH)2  
Ca3(PO4)2 

ZrO2 

ZrO2 

 

HA/Zr 100  

Hydroxyapatite 

ß-Tricalcium Phosphate 

Zirconium Oxide 

Ca10(PO4)6(OH)2  
Ca3(PO4)2 

ZrO2 

HA/Zr 10 

Hydroxyapatite 

ß-Tricalcium Phosphate 

Zirconium Oxide 

Ca10(PO4)6(OH)2  
Ca3(PO4)2 

ZrO2 

HA/Zr 2 

Hydroxyapatite 

Zirconium Oxide 

Baddeleyite 

Ca10(PO4)6(OH)2  
ZrO2 

ZrO2 
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4.24 XRD

1250°C 2 PBS HA/Zr 100 ( ) 
HA/Zr 10 ( ) HA/Zr 2 ( ) ( ) 

 

4.24 4.11

- [35,38]

(intensity) - HA/Zr 2 

-

-

24.1, 30.8, 31.8 32.9 HA/Zr 100

HA/Zr 10 HA/Zr 2
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30, 34.5 59.4 HA/Zr 2

28.27, 34.2 50.2  
 

 

 

  

 

 

 

 

 

 

 

4.25 XRD

1250°C 2 PBS 7 

HA/Zr 100 ( ) HA/Zr 10 ( ) HA/Zr 2 ( ) ( ) 
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4.25 4.11 -

HA/Zr 100 HA/Zr 10 24.1 

31.8  HA/Zr 2 -

HA/Zr 100 HA/Zr 10

HA/Zr 2 

31.8, 32.9  34 

HA/Zr 100 HA/Zr 10

30.8 HA/Zr 2 30, 34.9 50.1 

 

 
. 

1250°C 2 PBS 7 FTIR 

 

 

4.26 FTIR 1250°C 
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4.26 HA/Zr 100 HA/Zr 10 

hydroxyl (OH-) bending 3575  cm-1 [24,33] HPO4
2-  2200  2000 

cm-1 [43] phosphate (PO4
3-, O-P-O) bending (v4) [38] 

582 620  cm-1 961 cm-1 tetrahedral phosphate 

(PO4
3-, P-O) symmetric stretching (v1) HA/Zr 100 1054 cm-1 

phosphate (PO4
3-, P-O) asymmertric stretching (v3)  

HA/Zr 10 [44] HA/Zr 100 HA/Zr 10 

O-H P-O  

HPO4
2- -

HA/Zr 100 HA/Zr 10 HA/Zr 100 

- HA/Zr 10 
 HPO4

2- HA/Zr 2 phosphate 

bending (v4) 594 cm-1 asymmertric stretching (v3)  1054 cm-1

hydroxyl HA/Zr 2

- P-O 

1200 - 900 cm-1 3 

HA/Zr 10 

HA/Zr 2 asymmertric stretching 

HA/Zr 10 symmetric stretching 
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4.27 FTIR 1250°C 

2 PBS 7  

 
4.27 1200 - 900 cm-1  

PO4
3- PBS ( 2.26) 

HA/Zr 100 961 cm-1 1054 cm-1

PO4
3-

HA/Zr 10 PO4
3-

HA/Zr 2 PO4
3- 594 cm-1 

PO4
3- OH- PO4

3- HA/Zr 

100 HA/Zr 10 HA/Zr 2 HA/Zr 

100 HA/Zr 10 OH- PO4
3- HA/Zr 2 
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2 PBS 7  
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4.29 XRD
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4.28 HA/Zr 100 

PO4
3- 961 cm-1 1054 cm-1 PO4

3-

PO4
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1054 cm-1 OH- PO4
3- 

-

XRD ( 4.29) -

24.1 30.8  
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4.30 FTIR HA/Zr 10 

1250°C 2 ( ) PBS  7  

( ) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.31 XRD

HA/Zr 10 1250°C 2 ( ) 
PBS 7 ( ) 
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4.30 PO4
3-  582, 620 1054 cm-1

PBS -

XRD ( 4.31) 
24.1 30.8 -

HA/Zr 10 PBS 7 -
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4.33 XRD

HA/Zr 2 1250°C 2 ( ) 
PBS 7 ( ) 

 

4.32 OH- 3575 cm-1

PBS PO4
3- 594 1054 cm-1

-

XRD ( 4.33) 
- HA/Zr 2

PBS 7  
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1150°C 1250°C 2

PBS 

(dynamic equilibrium) (dissolution)  (deposition) [45] 

PBS Ca2+ 

Ca2+ PO4
3- 

(supersaturated) 

[45]  

[46] 

 

 

 

XRD FTIR 

1250°C PBS 7 

OH- 

Ca2+ 

PO4
3- PBS 

[25,45] 

1250°C 2 PBS 3 

7 4.13, 4.14 4.15 

-

HA/Zr 2 1250°C 2

- XRD FTIR 

PBS (1250°C) 

FTIR OH-

 HA/Zr 2 Yiping Tian  [45]  
(dissolution)  

5Ca2+ +3PO4
3- + OH-     Ca5(PO4)3OH 
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Ksp = 10-117.1

Ksp = 10-25.5 PBS Ca2+ 

-
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5 
 

 
 

-

ZrO2/HA 0.01, 0.1 0.5 HA/Zr 100 HA/Zr 10 HA/Zr 2 

1150°C 1250°C 2  
 

 
-

900°C 4
191.86 ± 38.82  Ca/P 2.66 

1150°C 
1250°C 2  

1. (ZrO2) 
1.1  ZrO2

ZrO2 ZrO2 

( HA/Zr 2) 
ZrO2  

1.2 ZrO2 

ZrO2 

 
1.3 ZrO2

ZrO2 -
-
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2.  
2.1  

 
2.2  

-
 

HA/Zr 2 1250°C 2

HA/Zr 10 HA/Zr 2 1250°C 2

 
 

 

 
1.  

(spongy bone) 
2.  

PBS 
(carry)  
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