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3.1  

3.1.1  

1. (CaCO3) 99.8%  Riedel-de Haen 

2. (Na2CO3) 98.5%  Riedel-de Haen 

3. ((NH4)2HPO3) 98%  Fluka 

4. (ethyl alcohol)  95%  Merck 

 

3.1.2  

1. (crucible alumina)  

2.  (zirconia  ball)  

3. (magmetic bar) 

4. (magnetic stirrer) (heater) 

5. (agate mortar) 

6.   

7.  0.01  

8.  

9.  

10. 0.0001 AND HM-300 

11.  120   

12. 10  

13.   

14. (ball-mill)  

15. 500, 800 1200 
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16. (nylon sieve) 120  

17.  (stainless steel plate)  

18. 0.1  

19. (stub) 

20. (carbon tape) 

21.  (x-ray diffractometer)  D500  Siemens 

 

22.  High Temperature DTA Cell Adaptor 

 

23.  (scanning electron microscopy: SEM) 

 Low vacuum (JEOL JSM 5910LV) 7274  

24. sputtering JFC-1100E JEOL  

25. LCZ HP 4276A 

(dielectric loss) 20  10  

26. (d33 meter 35865) 

 

3.1.3  

 2  

3.1.3.1  

3.1.3.1.1  (CPGs bioglass) 

3.1.3.1.2  

BaZr0.05Ti0.95O3 (BZT0.05)  BaZr0.10Ti0.90O3 (BZT0.10) 

3.1.3.2  

3.1.3.2.1   - 

(CPGs/BZT0.05 glass-ceramics) 

3.1.3.2.2   

 (CPGs/BZT0.10 ceramics)  
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3.1.3.1  

3.1.3.1.1  (CPGs bioglass) 

(45P2O5-40CaO-15Na2O bioglass) 

(CaCO3) 

((NH4)2HPO4) (NaCO3) 

3.1  1000 

60 10 

3.1 (alumina crucible) 

(quenched) 

(nylon sieve) 

120 

(Differential thermal analysis, DTA) 

(heat treatment)  

 

3.1 (CPGs) 

75  

Mole Raw materials M.W. M.W. * mole W.F. 75 g. 

0.90 CaCO3 132.056 118.8504 1.2431 93.2376 

0.45 (NH4)2HPO4 100.088 40.0352 0.4187 31.4074 

0.15 NaCO3 105.988 15.8982 0.1662 12.4720 
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3.1  

TRoom 

Time (min) 

1000oC for 60 min 

Temperature (°C)
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3.2 (CPGs bioglass) 45P2O5-

40CaO-15Na2O 

 

 

 

 

 

1000 

60  

(Al2O3 crucible) 

NaCO3 (NH4)2HPO4 CaCO3 

(quenched)

DTA 

120  
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3.1.3.1.2 (BZT)  

(BaCO3) (ZrO2) 

(TiO2) (ball mill) 

BaZrxTi1-xO3  x = 0.05 (BZT0.05) 3.2 BaZrxTi1-xO3  x = 

0.10 (BZT0.10) 3.3 

(stirred) 

120 

24 1250 

BZT0.05 1400 BZT0.10 

120 5 

 3.3 

(nylon sieve) 120 

 (X-Ray diffraction)  

 

3.2  

BZT0.05 100  

 

Mole Raw materials M.W. M.W. * mole W.F. 100 g. 

1.0 BaCO3 197.32 197.32 0.8384 83.8419 

0.95 TiO2 79.85 75.85 0.3223 32.2321 

0.05 ZrO2 123.20 6.16 0.0261 2.6174 

 

 

3.3 

BZT0.10 100  

 

Mole Raw materials M.W. M.W. * mole W.F. 100 g. 

1.0 BaCO3 197.32 197.32 0.8307 83.076 

0.9 TiO2 79.85 71.865 0.3025 30.257 

0.1 ZrO2 123.20 12.32 0.0518 5.187 
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3.3 BZT0.05 BZT0.10 

1250°C for 120 min 

Time (min) 

5°C/min 

1400°C for 120 min 

5°C/min 

TRoom 

Temperature (°C) 

BZT0.10BZT0.10
BZT0.05
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3.4 BZT0.05 BZT0.10 
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3.1.3.2  

3.1.3.2.1  

(CPGs/BZT0.05 glass-ceramics) 

(CPGs/BZT0.05 glass-ceramics) 

( 3.3.1.1) BZT0.05 (

3.3.1.2) CPGs:BZT0.05 100:0 90:10 80:20  70:30 60:40 

50:50 (ball mill) 24 

(stirred) (magnetic bar) 

120 

24 1000 

60 10 

 3.5 (alumina crucible) 

(quenched) 

(stainless steel plate) 450 

450 8 

5 5 

1 

 (XRD) 

(SEM)  (Density) (Hardness) 

(SBF) 
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3.5 CPG/BZT0.05 

 

 

 
 

3.6  
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3.7 (alumina crucible) 

 

 
 

3.8 (stainless steel plate)  
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3.9 CPG/BZT0.05 

 

  

 CPG:BZT0.05 100:0 90:10 

80:20 70:30 60:40 50:50  

(Ball mill) 

(stirred)

120oC

450oC  

1000oC 60  

450oC 

8  

5x5x1  

 

XRD, SEM, Density, Hardness, electrical properties, SBF 
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3.1.3.2.2  

(CPGs/BZT0.10) 

(CPGs/BZT0.10 ceramics) 

( 3.3.1.1) BZT0.10 ( 3.3.1.2) 

 CPGs:BZT0.10 100:0 90:10 70:30 50:50 30:70 

10:90  5:95 (ball mill) 24 

(stirred) (magnetic bar) 

120 

24  (nylon sieve) 

120  

0.35 1.0 

 (uniaxial pressing) 1 

20 

377 427 477 

2 5 

 3.10 

 (XRD) 
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3.10 CPG/BZT0.10 

  

CPG:BZT0.10 100:0 90:10 

80:20 70:30 60:40 50:50  

(Ball mill) 

(stirred)

120oC

450oC  

1000oC 60  

450oC 

8  

5x5x1  

 

XRD, SEM, Density, Hardness, electrical properties, SBF 
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3.11 (punch and die) 1.0  

 

 

 

 
 

3.12  
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3.13  

 

 

 

 
 

3.14 (furnace) 
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3.2  

3.2.1  

1.  (NaCO3)  99.8%  Riedel-de Haen 

2.  (KCO3)  90+%  Aldrich 

3.  (Nb2O5)  99.95% Cerac 

4. (TeO2) 99% Aldrich 

5. (Er2O3) % Aldrich 

6.  (ethyl alcohol)  95%  Merck 

7.  (acetone) 

3.2.2  

1.   

2.   

3.   (platinum crucible)  

4.  Polyetylene 

5.   (stainless steel plate) 

6.   (  0.0001 )  AND  HM-

300 

7.   (agate mortar) 

8.   (aluminium foil) 

9.  (furnace) 

10.  (desiccators) 

11.  0.01  

12. 500, 800, 1000, 1200 

13.  0.3  

14.  (Zirconia ball) 

15.  (stub) 

16.  (carbon tape) 

17.  (ball-milling) 

18.  

19.  120 oC 

20.  (magnetic bar) 

21.  (hot plate) 
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22.  (nylon seive)  120  

23.  

24.  (x-ray diffractometer)  D500  Siemens

 

25.  (scanning electron microscopy: SEM ) 

   Field emission 

26.  sputtering JFC-1100E JEOL  

27.  LCZ  Agilent E4980A 

 (dielectric loss)  20 Hz  2 MHz 

28.  LCR  Agilent E4970A 

 (dielectric loss)  20 Hz  2 MHz  0 –

500  

29.  High Temperature DTA Cell Adaptor 

 

30.  Hysterisis analyzer  RADIANT (Technologie, inc.) 

model 6093 

31.  UV-Visible spectrophotometer  VARIAN Cary 50 Conc 

32.  Spectroscopic Ellipsometer alpha-SE   J.A. Woollam 

33. Multichannel spectrometer Avantes 

 

3.2.3  

 

K0.5Na0.5NbO3 KNN  

TeO2

 (melting-quenching) 

2  

3.2.3.1  

(calcination process) 

3.2.3.2  (melting and quenching method) 

(crystallization process or heat treatment process) 
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3.2.3.1  

 24 

 

Na2CO3 (Riedel-de Haën, 99.9%)  K2CO3 (Sigma-Aldrich, 

99.9%)  Nb2O5 (Sigma-Aldrich,99.9%) 

 3.4  

(ball milling)  24 

 24  

(magnetic bar) 

 600 – 900  2  4 

 100  300 

 (Xray diffraction, 

XRD)  SEM-EDS 

 3.15 

 

3.4  

 

 Weight of powder (g) 

50 100 150 200 

Na2CO3 6.8307 13.6614 20.4921 35.6278 

K2CO3 8.9069 17.8139 26.7208 35.6278 

Nb2O5 34.2624 68.5247 102.7871 137.0495 

Total weight 50.0000 100.000 150.0000 200.0000 
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 3.15  

 

 
 

 3.16  

Na2CO3 K2CO3 Nb2O5 

24 h 

hot plate 24 h 

600-900oC 2 – 4 h 

100 300 oC/h 

XRD SEM-EDS 
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 3.17  

 

3.2.3.2  

K0.5Na0.5NbO3

KNN TeO2) 

 

20 - 30 

70 – 80 

800 15 

 10 

 (glass transition temperature, Tg) 

Tg (Differential thermal 

analysis : DTA) 

  

XRD 

 Archimedes 

SEM-EDS

KNN  

TeO2

(KNN TeO2  3.19 
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3.18 KNN) 

TeO2)  

 

 
 

 3.19 

(KNN TeO2) 

KNN TeO2 

 800 15  

(stainless steel plate)  Tg 

DTA 

 

DTA, Density, XRD, SEM, EDS, 

Dielectric constant, Dielectric loss  
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 3.20 (Platinum crucible) 

 

 

 
 

 3.21 (stainless steel plate)  
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 3.22 (agate mortar) 

 

 

3.3  

3.3.1  

  

 Archimedes 

  5   

 (W3)  

 (W2)  120°C 

 24   (W1) 

 3.1   

 = ×                                                             (3.1) 

 

 s  st    

W1     

W2     

W3     
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 3.23  

 

3.3.2  

 (X-ray diffraction technique) 

 (hkl) 

(scattering)   

  

 (detector) 

  

  (Bragg’s 

angle)  

 

   

1.  (sample holder) 

 X-ray diffractometer (

) 

2.  2   10°  2   

60° 
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3.  2

 JCPDS 

 2  d-spacing 

  3.2 

 

  
sin2

d                                                                       (3.2) 

 

  d   (d-spacing) 

   (  = 1.54439 oA) 

 

 
 

 3.24 X-ray diffractrometer 

 

3.3.3  (Differential thermal 

analysis) 

 

(crystallization temperature, Tc) 

 (heat treatment) 

 (thermal analysis)  

 (differential thermal analysis : DTA) 

  

  High 

Temperature DTA Cell Adaptor (  3.25)  

   1000°C 

 10°C/min  (SiO2)   
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 3.25 Differential thermal analysis (DTA) 

 

3.3.4  

(SEM) 2 

(back scatted electron) (scanning electron image) 

 

1. (stub) crystal bronze  

2.  1,000 1,200 

3.  0.3  

4.   

5.  (ultrasonic) 

6.  12  

7.  stub  

8.  Coat sputtering 30  

SEM 

 



73

 
 

 3.26 sputtering 

 

 

 
 

 3.27 (SEM) 
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3.3.5  

-  (Relative permittivity, r)  

(Dielectric loss, tan )  

  

   28°C 

 LCR HiTESTER  3532-50  3.28  (C) 

 (tan )  1 kHz – 20 kHz  

1.  1,000   

2.  

3. (air-dry silver paint)  

2x2  

4.   1 10 

 20 kHz  

  3.3 

 

A
Cd

r
0                                                        (3.3) 

 

  r    

C     (F) 

d     (m) 

A     (m2) 

0    8.854x10-12 F/m 
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 3.28  
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4

  

(piezoelectric bioglass-ceramics) 

 

 

 

 

2 

 

4.1 

  

4.2 

4.1

4.1.1.1

(X-

 

(Heat treatment)  

    

4.1 
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4.1 

(Heat treatment) 

 

4.1.1.2

(Differential scanning calorimeter: DSC) 

(Heat treatment) 

427  

575 670 

4.2 
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4.2 (Differential 

scanning calorimeter: DSC) 

 

4.1.2.1

BaZr0.05 0.95O3 (X-

BaZr0.05Ti0.95O3  

BaZr0.05Ti0.95O3 

036-0019  4.3 
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4.3 

BaZr0.05Ti0.95O3 

4.1.2.2

BaZr0.10 0.90O3 (X-

BaZr0.10Ti0.90O3  

BaZr0.10Ti0.90O3 

036-0019  4.4 
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4.4 

BaZr0.10Ti0.90O3 

 

4.1.3

-

4.1.3.1

Differential thermal analysis: DTA) 

Heat treatment) 625 725 

BZT 

550 

 



81 

4.5  

 

4.1.3.2

-

(X-

40CaO-45P2O5-15Na2O-xBaZr0.05Ti0.95O3 (CPGs/ 

BZT0.05) (Heat treatment) 500 550 

 

500 

(BZT0.05) 

073-0440 4.6 



82 

4.6 CPGs/BZT0.05 

500  

 

550 

 (calcium phosphate 

Ca2P2O7) 073-0440 

10 20 

 (calcium phosphate Ca2P2O7) 073-0440 

(barium titanium zirconium oxide phase) 

036-0019 

30 40 50 4.7
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4.7 CPGs/BZT0.05 

550  

4.1.3.3

-

(CPGs/BZT0.05 glass-ceramics) 

 

 (Heat treatment) 500 

2.96 3.37 

 

50 3.37  

 (Heat treatment) 550 

2.67 3.46 
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40 

4.8 

 

4.8 CPGs/BZT0.05 

(Heat treatment) 500 550  

 

4.1.3.4

- (

(CPGs/BZT0.05 glass-ceramics)  

(Heat treatment) 500 

(Hardness) 5.79  17.44 

30  

(Heat treatment) 550 

(Hardness) 2.86 17.98 

30  4.9 
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4.9 CPGs/BZT0.05 

(Heat treatment) 500 550  

 

4.1.3.5

 (Dielectric constant)  

 (CPGs/BZT0.05 glass-

ceramics) 1 1000  

(Heat treatment) 500 

50 10.039 1 

4.10 
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4.10 ( r)

CPGs/BZT0.05 500 

1 1000  

 

(Heat treatment) 550 

 10  

72.652 1 4.11 
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4.11 ( r)

CPGs/BZT0.05 550 

1 1000  

 

4.1.3.6

d33

 (piezoelectric coefficient: 

d33)  

(CPGs/BZT0.05 glass-ceramics)  

(Heat treatment) 500 

21 23  

 

(X-ray diffraction: XRD)  
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4.12  CPGs/BZT0.05 

500  

 

(Heat treatment) 550 

 21 33 

10 4.13 

(  30 50 

 30 50 

 (X-Ray 

diffraction: XRD)   
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4.13  CPGs/BZT0.05 

500  

 

4.1.3.7

(CPGs/BZT0.05 glass-ceramics) 

(Scanning electron microscope: SEM)  

(Heat 

treatment) 

4.14 
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4.14 CPGs/BZT0.05 

(Heat treatment)  

 

(Heat 

treatment) 500 

 

10 

 4.15 

50BZT 

0BZT 

40BZT 

20BZT 30BZT 

10BZT 
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4.8 

 (X-ray diffraction: XRD)  

 

 
 

 

4.15 CPGs/BZT0.05 

(Heat treatment) 500  

 

 

50BZT 

30BZT 

10BZT 0BZT 

20BZT 

40BZT 
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(Heat 

treatment) 550 

10 20 

30 40  50 4.16 

 

 
 

4.16 CPGs/BZT0.05 

(Heat treatment) 550  

0BZT 

50BZT40BZT

20BZT 

10BZT 

30BZT 
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 (X-ray diffraction: XRD)  

(Heat 

treatment) 500 

(stimulated body fluids: SBF) 7  (apatite-

liked layer) 

4.17 

 

(Heat 

treatment) 

(stimulated body fluids: SBF) 7  (apatite-

liked layer) 

10 20 4.18  
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4.17 CPGs/BZT0.05 

 500 

(stimulated body fluids: SBF) 7  

 

 

 

 

 

 

50BZT 

30BZT 

40BZT 

10BZT 0BZT 

20BZT 
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4.18 CPGs/BZT0.05 

 550 

(stimulated body fluids: SBF) 7  

 

(Heat 

treatment) 500 

(stimulated body fluids: SBF) 14  4.19 

7 

30  

50BZT 40BZT 

30BZT 20BZT 

10BZT 0BZT 
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4.19 CPGs/BZT0.05 

 500 

(stimulated body fluids: SBF) 14  

 

 

 

50BZT 

10BZT 0BZT 

30BZT 20BZT 

40BZT 
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4.20 CPGs/BZT0.05 

 550 

(stimulated body fluids: SBF) 14  

 

 (Heat 

treatment) 550 

(stimulated body fluids: SBF) 14  4.20 

7 

10 

50BZT 40BZT 

20BZT 

10BZT 0BZT 

30BZT 
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 (Energy Dispersive X-ray: EDX) 

(Ca/P) 10 

 

(BZT0.05) (CPGs) 10 

 

 

 

4.1.4

4.1.4.1 (x-

 (X-

ray diffraction: XRD)    

(CPGs/BZT0.10 ceramics) 4.21 

(JCDPS file) 031-0019  -Ca2P2O7 

 03-0604 NaPO3 

011-0650 

(BZT) (BZT0.10) 
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4.21 CPGs/BZT0.10 

 

 

 

4.1.4.2

 (CPGs/BZT 0.10) 

 4.1  



100 

1.90 

3.36 

0.4 

4.22 

 

 
 

4.22 CPGs/BZT0.10 

 

4.1  

   CPGs/BZT0.10  

 

(1- -xBZT

3 (d33

0.0 1.28 3.20 0 

0.1 0.55 1.90 0 

0.2 1.83 2.84 0 

0.3 2.49 3.27 3 

0.4 2.52 3.36 7 
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4.1.4.3

 (Hardness) 

(CPGs/BZT0.10)  

4.22 0.55 2.52 

0.4 

(Density) 

 

4.1.4.4

(Dielectric constant) 

(CPGs/BZT0.10) 

 

0.4  

( r) 

(f < 10 kHz) 

(permittivity magnitude) 4.23 

 

 



102 

 
 

4.23 

CPGs/BZT0.10 

 

(Piezoelectric coefficient: d33) 

4.24 
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4.24 CPGs/BZT0.10  

 

4.1.4.6

 (CPGs/BZT0.10) 

(stimulated body fluids: SBF) 

(Scanning electron microscope: SEM)  

(stimulated body 

fluids: SBF)  
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4.25 CPGs/BZT0.10 

 

(stimulated body 

fluids: SBF) 7 

0.2  

 

 

 

 

 

 

 

0.0BZT 0.1BZT 

0.4BZT 

0.2BZT 0.3BZT 
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4.26 CPGs/BZT0.10 

SBF 7  

 

 

(stimulated body fluids: 

SBF) 14 

 

 

 

 

 

0.0BZT 0.1BZT

0.4BZT 

0.2BZT 0.3BZT 
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4.27 CPGs/BZT0.10 

SBF 14  

 

4.2.1.1

(X-

Na2CO3 (Riedel-de Haën, 99.9%) 

K2CO3 (Sigma-Aldrich, 99.9%) 

Nb2O5 (Sigma-Aldrich, 99.9%) (ball 

milling) 

0.0BZT 0.1BZT 

0.4BZT 

0.2BZT 0.3BZT
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(conventional mixed oxide method) calcination 

process) 900  4 

1.7 5 

50 

XRD  4.28  

 

 

4.28 XRD KNN Na2CO3 

K2CO3 Na K 

5 

 

4.2.1.1

-

 

FE (Field emission scanning electron microscope; FE-SEM) 

KNN -

Int
ens

ity
 (a

.u.)
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(energy dispersive spectroscopy; EDS)  KNN 

K, Na, Nb O  4.2 

Na K 1 : 1 

 
 

4.29 KNN 

 

 

4.2 KNN 900 

 

 

 
 

 

 

Element Weight% Atomic% 
O K 41.35 72.88 

Na K 6.14 7.53 

K K 8.73 6.30 

Nb L 43.78 13.29 

Totals 100.00  
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4.2.2.1

 KNN 

Tellurium 

dioxide; TeO2) KNN TeO2 30:70  20:80 

(quenching)  

(thermal shock) 2 

DTA (Differential thermal analysis) 

 4.30 

4.30 DTA 

KNN TeO2 

 30:70  20:80  
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 4.30  KNN-TeO2 30:70 

20:80  (glass transiton temperature; Tg) 

420  

 (crystallization temperature; Tc) 2 Tc1 Tc2 

30KNN-70TeO2 Tc1 Tc2 

KNN-80TeO2 Tc1 Tc2 408 498 -

(heat treatment; HT) 

DTA  Tc1 Tc2 

 HT 

4.3  4.31  4.32 

 

4.3  HT  

 

KNN : TeO2 

(mol%)

HT  

30 : 70 498 408 375 350 325 300 

20 : 80 522 420 375 350 325 300 

 
4.31 KNN TeO2 30:70  

 HT 300 oC,   HT 325 oC,   HT 350 oC,   HT 

375 oC,   HT 420 oC   HT 522 oC 

          
            (a)       (b)           (c)                 (d) 

    
  (e)          (f) 

  



111 

4.32 KNN TeO2 20:80  

 HT 300 oC,   HT 325 oC,   HT 350 oC,   HT 

375 oC,  HT 408 oC   HT 498oC 

 

4.2.2.2

(X-

 4.33 

2 KNN 

(K0.5Na0.5)NbO3 2 

TeO2

2 

300 – 

350 2 

(K,Na)NbO3  K  Na  A-site 

(unit cell) 

Jeong et al. xK2O-(14-x)Na2O-14Nb2O5-72TeO2 x = 0-12 

30KNN-70TeO2 300 

(K,Na)NbO3  

 

          
            (a)      (b)           (c)                (d) 

    
  (e)          (f) 
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4.33 2 

 

 

20KNN-80TeO2

30KNN-70TeO2 

30KNN-70TeO2 

420 oC (Tc1) (K,Na)NbO3 

2 KNbTeO6 ( )  TeO2 ( ) 20KNN-

80TeO2  Tc1 (K,Na)NbO3 

2 Tc2 

Na2Nb4O11 ( )  KNbTeO6 ( )  TeO2 ( ) 

30KNN-70TeO2 Tc2 KNbTeO6 20KNN-

80TeO2 Tc2 

 DTA  2 

Tc1  Tg (Tc1-Tg) 30KNN-70TeO2 (Tc1-

Tg 120 oC) 20KNN- 80TeO2 (Tc1-Tg 108oC) 

 XRD 30KNN-70TeO2 

20KNN- 80TeO2 Jeong et al.  
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XRD  4.33 full width at half maximum 

(FWHM) 

 Scherrer 4.1 

 = .
     (4.1) 

 

  1.5406 A° 

  FWHM  

   

 

2  4.33 

2  =  28º 

 4.4 

 

4.4 Scherrer 

 

30KNN- 2  

300 35 

325 62 

350 31 

420 (Tc1) 35 

522 (Tc2) 46 

20KNN- 2  

300 46 

325 111 

350 69 

408 (Tc1) 111 

498 (Tc2) 62 
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 4.4  XRD  

4.33 

 

 

4.2.2.3

 

30KNN- 70TeO2 

Tc2  4.34 650 1 kHz 

0.02 

 KNN 

 30KNN- 70TeO2
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4.34  (a)  (b)  2 

 

 

4.2.2.4

 

4.35 

20KNN - 80TeO2 

KNN 4.64 g/cm3 TeO2 

 5.67 g/cm3 
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4.35  2  

 

4.2.2.5

 

 

4.36 

30KNN-70TeO2  20KNN-80TeO2

20KNN-80TeO2 300-325 

Tc2 2 

 

 4.5 2 

30KNN-

70TeO2 20KNN-80TeO2 
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4.36 2 
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4.5 2  

 

 
(

 

30KNN- 2  

300 2.090 

325 2.012 

350 2.086 

420 (Tc1) 2.154 

20KNN- 2  

300 2.165 

325 2.183 

350 2.089 

408 (Tc1) 2.177 

 

200  

30KNN-70TeO2 

 XRD 

4.33 ( (K,Na)NbO3) 

420 2 KNbTeO6 

20KNN-80TeO2 

XRD 

 4.33 (K,Na)NbO3 

300 – 408 

408  4.37 
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20KNN-80TeO2 

 

 

 
 

4.37 20KNN-80TeO2

300 – 408  



5

 

 

 45P2O5-40CaO-15Na2O 

/xBaZr0.05Ti0.95O3 (CPGs/BZT0.05 bioglass-ceramics) 

(1-x)(45P2O5-

40CaO-15Na2O)-x(BaZr0.10Ti0.90O3) (CPGs/BZT0.10)  

 

 

5.1

- 45P2O5-40CaO-15Na2O/xBaZr0.05Ti0.95O3 -ceramics)

(BaZr0.05Ti0.95O3, 

BZT0.05) 45P2O5-40CaO-15Na2O (CPGs) 

 100:0 90:10 80:20 70:30 60:40 50:50 

(Differential Thermal Analysis, DTA) 

BaZr0.05Ti0.95O3 (BZT0.05) 

(X-Ray Diffraction, XRD) 

 

 

 1.  45P2O5-40CaO-15Na2O/xBaZr0.05Ti0.95O3 (CPGs 

/BZT0.05 bioglass-ceramics)  

BZT0.05 0 10 20 30 40 50  

 2. 

BaZr0.05Ti0.95O3  550  

3. 

CPG/BZT0.05  BZT0.05 0  
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Ca2P2O7 JCPDS 073-0440  BZT 10 

20 Ca2P2O7  BZT0.05  JCPDS 

073-0440 036-0019  BZT0.05 

30 40 50  

4. 

BZT0.05 2.676 

3.463 40  

5. CPGs/BZT0.05 

3.717 18.330 BZT0.05 30 

 

6. 1 

1000 BZT0.05 10 

1 74 

7. 

CPGs/BZT0.05 21 33 

BZT 10  

8. 

14 

CPGs/BZT0.05 

BZT 10 EDX 

(Ca/P) BZT 10  

 

- (1-x)(45P2O5-40CaO-15Na2O)-x(BaZr0.10Ti0.90O3

(BaZr0.10Ti0.90O3: BZT0.10) 

(CPGs) BZT0.10 0.00 0.10 0.20 0.30 0.40 

 CPG/BZT0.10 
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1. (1-x)(45P2O5-40CaO-15Na2O)-x(BaZr0.10Ti0.90O3) 

(CPGs/BZT0.10) BZT0.10 0.00 0.10 0.20 0.30 

0.40  

2. CPGs 

427 575  

550 650  

3. 

BZT JCDPS 031-0019 -Ca2P2O7 

JCDPS 03-0604 NaPO3 JCDPS 011-0650 

BZT  

4.  

CPGs/BZT0.10 1.90 3.36 

BZT 0.40 

5. CPGs/BZT0.10 

0.55  2.52 BZT 

0.4 

 

5.2

KNN – TeO2 

KNN ( 30 ) 

KNN 

Na2Nb4O11 , KNbTeO6 

TeO2  KNN  
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Abstract

In this work, barium iron niobate; BaFe0.5Nb0.5O3 powder has been successfully synthesized by molten salt method. The power was

characterized by a variety technique. Pure phase perovskite was obtained at relative low calcination temperature of <700 8C. The powder exhibits a

fine grain with a relatively uniform particle size and microstructure. In addition, BaFe0.5Nb0.5O3 ceramics were prepared and its dielectric

properties were investigated. The result suggested that the ceramic prepared from molten-salt synthesis may be has a better properties than that of

the ceramics synthesized by a conventional method.

# 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Calcination; A. Sintering; C. Dielectric properties; D. Perovskite

1. Introduction

Barium iron niobate: BaFe0.5Nb0.5O3 (BFN) is an interesting

high dielectric lead free material. This material exhibits a very

high value of dielectric constant (er � 104–105) covering a wide

range of temperature [1–8]. BFN was first synthesized via solid

state reaction by Saha and Sinha in 2002 [3]. After that, many

workers have studied properties of the BFN [4–9]. Rama et al.

[10] reported that the structure of BFN is cubic. However, the

XRD analysis of Saha and Sinha [7] using a standard computer

program (POWD) indicated BFN with a monoclinic type

structure. It has been also reported that BFN is a relaxor

ferroelectric material characterized by a board dielectric

transitions with frequency dependent [7].

In order to achieve a better performance of BFN ceramics, a

high quality of starting powder is required. Various approach have

been applied to synthesis the BFN powders. The conventional

mixed-oxide method has been often used to synthesize BFN

powders; however, it requires a high calcination temperature

which cause the particle coarsening and aggregation of the

powders. Other chemical routes including sol–gel process and

hydrothermal and microwave synthesis have been reported for

producing the fine BFN powders [11]. However, the costs of raw

materials for these routes are quite high. Further, the yield product

that obtained from these methods is so small. Recently, it is

reported that molten salt synthesis is one of the simple and

practical techniques with low cost for preparing fine powder with

the desired composition [9]. In the present work, therefore, the

molten salt synthesis was applied to synthesize the BFN powder.

The characteristic of BFN powder prepared by the molten salt

method was investigated. It is expected that fine particles with a

narrow particle size distribution should be obtain this technique.

The BFN ceramics were fabricated by using the obtained BFN

powder. Properties of the ceramics were also investigated.

2. Experimental procedures

Ba(Fe0.5Nb0.5)O3 powder was synthesized by molten salt

method. An equal molar ratio of inorganic salt mixtures, NaCl

(99.5%, Fluka) and KCl (99.5%, Riedel de Haen) were mixed

by hand-grinding for 20 min. The stoichiometric amounts of

Ba2CO3 (99.0%, Sigma–Aldrich), Fe2O5 (99.5%, Riedel de
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Haen), and Nb2O5 (99.9%, Aldrich) were mixed in a vibro-mill

for 2 h in ethanol medium, and then dried at 110 8C for 12 h.

The mixed precursors and mixed salts were weighed into 1:1

ratio. After hand-grinding for 30 min, the obtained powder was

heated at temperatures ranging from 700 to 900 8C for 4 h at a

heating and cooling rate of 300 8C/h. To determine the

calcination temperature of BFN powder, DTA technique was

performed at the temperature ranging 30–950 8C (DuPont

Instruments, USA). The products were washed with hot

deionized water several times until no trace of anion was

detected by AgNO3 aqueous solution. The calcined powders

were characterized by a variety technique. Phase formation was

determined by XRD analysis (Bruker AXS D8 Advance

diffractometer, Germany). The morphologies of particles were

examined by FE-Scanning Electron Microscopy (SEM, JEOL

JSM6335F, Japan). Chemical analysis was determined by X-

ray fluorescence (XRF) technique (JEOL, JSX-3400R, Japan).

The obtained powder was pressed into a disc shape and then

sintered at 1250 8C for 3 h. For the dielectric investigation,

silver paste was painted on both sides of the samples. The

samples with silver paste were fired at 650 8C for 15 min.

Dielectric measurements were carried out using a dielectric

measurement system (Agilent LCR meter, Malaysia) in

conjunction with a tube furnace.

3. Results and discussion

DTA thermogram of the mixed starting materials is

displayed in Fig. 1. No peak of water evaporation at 100–

120 8C was observed due to the mixed powder was dried before

the DTA experiment. A sharp endothermic peak was observed

at temperature �630–670 8C. This result suggests that the

reaction between the raw materials started at �630 8C, and then

it finished at temperature �670 8C. Therefore, the calcinations

temperature of the BFN powder prepared by the molten salt

method should be higher than 670 8C.
In the present work, the mixed raw materials powder was

calcined over a temperature range 600–900 8C. The XRD

patterns of the obtained powder calcined at various tempera-

tures are shown in Fig. 2. The XRD result revealed that all

samples exhibited perovskite structure. No impurity other than

BFN was detected by XRD except the samples calcined at the

temperature lower than 700 8C. In general by using the

conventional method, the pure phase of BFN can be obtained at

the calcination temperature over 1200 8C [5–8,10,11]. There-

fore, the existence of pure phase BFN at 700 8C in the present

work, suggests that the molten salt method can reduce the

calcination temperature by <500 8C. In addition, the chemical

analysis showed that there was no evidence of Na and K

impurities in the XRF result because several times of washing

were performed. The Fe and Nb ration was determined to be

<0.8, suggesting that the obtained powder exhibited a non-

stoichiometric composition.

To check the phase formation in the samples, the XRD phase

analysis was carried out based on the Inorganic Crystal

Structure Database (ICSD). The XRD data is consistent with

cubic symmetry (ICSD code 52835 of pure BFN). Our result

consists with the work done by Rama et al. [10] whose samples

were also prepared by solid state reaction. In addition, no

splitting of the diffraction peaks was observed though the

calcinations temperature range, implying there was no change

in symmetry with increasing in the calcination temperature. It

should be note that an increase calcinations temperature

resulted in a decrease in width of the diffraction peaks.

Generally, full width at half maximum (FWHM), can be related

to crystallite size of the powder. In order to investigate the effect

of calcination temperature on the crystallite size of the calcined

powders, the Scherer formula as seen in Eq. (1) was used [12]

B ¼ kl

d cosu
(1)

where B is FWHM (the broadening due to the crystallite sizes),

l is the wavelength of the X-rays, d is the average crystallite

size, u is the Bragg angle, and k is a constant (k < 1.0 in this

work). By assume that the instrumental broadening and the

broadening due to lattice strains of all powder samples areFig. 1. DTA thermogram of the present powder samples.

Fig. 2. XRD patterns of the BFN powders calcined at various temperatures.
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similar and small, it can be approximated that B varies linearly

to the full width at half maximum (FWHM) of the observed X-

ray peak. From Eq. (1), it may be assumed that k, cos u, and l

values are constant parameters for the same reflection. Thus, it

can be roughly estimated that the FWHM is inversely propor-

tional to the average crystallite size as shown in Eq. (2):

FWHM / d�1 (2)

Plots of FWHM and estimated d for the (0 1 1) reflection

from all powder samples were illustrated versus calcination

temperature in Fig. 3. The crystallite size increased from 40 nm

for the 600 8C sample to 55 nm for the 900 8C sample.

Morphology of BFN powder calcined at 700 8C and 900 8C h

is illustrated in Fig. 4(a) and (b). Very fine particles with average

diameter of <160 nm were observed for the 700 8C sample. The

900 8C sample showed a slightly increase in particle size

(<210 nm). Although the powder exhibited a uniform in particle

size, agglomerated particles were observed. This may resulted in

the higher value of average particle size (by SEM) comparing to

the estimated value from the XRD technique.

In this work, the 700 8C powder was selected to form the

BFN ceramics. The sintering was conducted at 1350 8C for 2 h.

The dielectric constant of BFN ceramics as a function of

frequency at various temperatures up to 300 8C is illustrated in

Fig. 5. Very high dielectric >80,000 were observed at 1 kHz

and at temperature of 300 8C. This value is higher than that

obtained from the conventional method [8]. This may be due to

the present ceramics have a higher density (6.12 g/cm3) than

that of the ceramics prepared by the conventional method

(<4.60 g/cm3) [8]. The dielectric constant also exhibited a

nearly frequency dependent, especially at a higher temperature.

Inset of Fig. 5 shows plots of loss tangent versus frequency at

various temperatures. Values of loss tangent at room

temperature were less than 1.5 at frequency 100 Hz. At high

temperature, the dielectric constant exhibited a dielectric –

frequency independent and the values of loss tangent were less

than 1.0. These value are closed agree with the ceramics

prepared by conventional method (loss tangent < 1.0) [8].

4. Conclusions

A molten-salt synthesis was proposed for the preparation of

BFN powder for the first time. Pure perovskite phase with cubic

symmetry was obtained. The molten-salt method could reduce

the calcination temperature to a low temperature. The obtained

Fig. 3. Crystallite size and FWHM values of BFN as a function of calcination

temperature.

Fig. 4. SEM micrographs of (a) BFN powder calcined at 700 8C and (b) BFN

powder calcined at 900 8C.

Fig. 5. Dielectric constant and dielectric loss (inset) of BFN ceramic measured

at various frequencies over broad temperature range.
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BFN powder exhibited very fine particles with a uniform size

distribution. The BFN ceramics prepared by the present route

exhibited rather high dielectric constant with low loss tangent.

Since the molten-salt method shows many advantages for

synthesis the lead free electroceramic powder such as BFN, it is

interesting to apply it for other lead free materials for futurework.
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Abstract

M-type strontium ferrites, Sr0.8La0.2Fe12O19 have been synthesized by conventional ceramic process. The effects of lanthanum addition and

sintering temperature on microstructures and magnetic properties of SrFe12O19 and Sr0.8La0.2Fe12O19 samples were investigated. Microstructural

analysis of the SrFe12O19 and Sr0.8La0.2Fe12O19 specimens, sintered at different temperatures revealed that average grain sizes of SrFe12O19 ferrites

were larger than that of Sr0.8La0.2Fe12O19 ferrite and increased with increasing sintering temperature. The X-ray diffraction (XRD) results

confirmed the strontium hexagonal ferrite phase of SrFe12O19 and Sr0.8La0.2Fe12O19 compounds. A maximum coercivity value of 4850 Oe and

maximum saturation magnetization value of 102 emu/g were obtained for the SrFe12O19 ferrite sintered at 1150 8C and for the SrFe12O19 and

Sr0.8La0.2Fe12O19 ferrites sintered at 1300 8C, respectively. The remanence (Mr) of Sr0.8La0.2Fe12O19 sample sintered at 1200 8C possesses the

maximum value of 60 emu/g.

# 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sintering; C. Magnetic properties; D. Ferrites; E. Hard magnets

1. Introduction

Magnetic materials are widely used as components in

various applications of industrial and medical equipments. A

very well-established class of magnetic materials is made from

magnetic ceramic materials, or ferrites [1], which are essential

in devices for storing energy in a static magnetic field. Major

applications involve the conversion of mechanical to electrical

energy. The applications of magnetic materials in information

technology have been growing continuously [2].

The ferrite materials may be classified into three different

classes; spinel ferrites, garnet ferrites and hexagonal ferrites

[3]. The magnetic spinel has the general formula of MFe2O4,

where M is the divalent metal ion, usually Ni, Co, Mn, or Zn.

During the last few years spinel ferrites have drawn a major

attention because of their technological importance in magnetic

recording, magnetic fluid and catalyst. The garnet ferrites are

the basis of materials for many high-technology devices for

magneto-optic, microwave and memory applications [1]. The

ferrites used for permanent-magnet purposes are the hexagonal

ferrites, also called hard ferrites or M-type ferrites. These are

hexagonal compounds of the general formula MeFe12O19,

where Me = Ba, Sr, or Pb [2]. M-type strontium ferrites with

substitution of Sr2+ by rare-earth La3+, according to the formula

Sr1�xLaxFe12O19 have been of much interest to be used as

permanent magnets since their discovery in the 1950s due to

their rather good energy product and the best performance to

cost ratio. In addition, they also show promising properties for

their use as magnetic and magneto-optic recording media, as

well as in microwave devices.

Various processing techniques have been employed for

fabrication of the strontium ferrites, including the chemical

coprecipitation method, the glass crystallization, the organic

resin method, the sol–gel method and the ceramic process.

However, the simple ceramic process has been extensively used

in industrial manufacturing.

This paper has an attempt to investigate and give further

insight about the magnetic properties of strontium ferrite,
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SrFe12O19, and La doped-strontium ferrite, Sr0.8La0.2Fe12O19.

The investigation covers the study of the effect of La

substitution and sintering temperature on the properties of

the prepared strontium ferrite ceramics.

2. Experimental

The SrFe12O19 and Sr0.8La0.2Fe12O19 ferrites were fabri-

cated by the conventional ceramic process. The powders were

milled in distilled water in a steel cylindrical mill with steel

balls (SPEX CertiPrep, 8000-D Mixer/MILL) to produce finer

and homogenous particles. The resulting slurry was dried and

then calcined at 1100 8C for 2 h. The calcined powders were

pressed into a disk shape compact in the presence of magnetic

field of 12.5 kOe. The green bodies were sintered in air at

temperatures ranging from 1150 to 1300 8C for 1 h. Phase

formation of the powder and ceramic samples was studied by

X-ray diffraction technique (XRD). The microstructure of the

samples was investigated using a scanning electron microscope

(SEM, LEO 1455VP). Average grain sizes of the samples were

determined by the intercept method of ASTM E112, which is

based on the number of the grain boundary intersections per

unit length [4]. Magnetic properties were measured at room

temperature on the sintered samples in the applied static

magnetic fields up to 10 kOe employing a vibrating sample

magnetometer (VSM, LakeShore 7407).

3. Results and discussion

The microstructures and magnetic properties of undoped

(SrFe12O19) and La doped (Sr0.8La0.2Fe12O19) ferrites prepared

at sintering temperatures ranging from 1150 to 1300 8C for 1 h

were studied. XRD patterns of the undoped samples (SrFe12O19)

are shown in Fig. 1. As can be seen in Fig. 1, the diffraction peak

(*) of hematite phase (a-Fe2O3) was observed in the samples

sintered at 1150–1250 8C and the single phase of strontium

hexagonal was obtained in the sample sintered at 1300 8C. In

case of La doped samples, amount of hematite phase decreased

with the increase of sintering temperatures (Fig. 2). It should be

noted that the diffraction pattern of the SrFe12O19 sample (Fig. 1)

is similar to that of the Sr0.8La0.2Fe12O19. In addition, as in the

case of Sr0.8La0.2Fe12O19, the intensity of the hematite phase as

shown in Fig. 2 is higher than that of SrFe12O19 (see also Fig. 1)

the diffraction peaks of LaFeO3 were observed at 1150 8C,
suggesting that the La doping promoted the formation of second

or impurity phases.

The as-sintered bulk surface morphologies of the undoped

and doped samples were investigated using scanning electron

Fig. 1. X-ray diffraction patterns of SrFe12O19 ferrites sintered at different

sintering temperatures for 1 h.
Fig. 2. X-ray diffraction patterns of Sr0.8La0.2Fe12O19 ferrites sintered at

different sintering temperatures for 1 h.
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microscopy (SEM) and the results are shown in Fig. 3. The

average grain sizes with sintering temperature for the undoped

and doped samples are shown in Fig. 4. It is seen that the average

grain size increased from 0.4 to 2.5 mm and 0.4 to 2.1 mm for the

undoped and doped samples, respectively. It may be assumed that

adding of La3+ into SrFe12O19 causes the reduction in the average

grain sizes of the ceramics. The increase of grain size with

increasing sintering temperature is due to the enhancement of

crystallinity in the ceramics at higher sintering temperatures.

The magnetic hysteresis loops of the SrFe12O19 and

Sr0.8La0.2Fe12O19 ferrites measured at room temperature with

magnetic field up to 10 kOe are shown in Figs. 5 and 6,

respectively. From these figures, the magnetic properties of the

ceramics sintered at different temperatures were deduced,

Table 1

Coercivity (Hc), remanence (Mr) saturation magnetization (Ms) and Mr/Ms ratio for SrFe12O19 and Sr0.8La0.2Fe12O19 ferrites sintered at 1150 8C, 1200 8C, 1250 8C,
and 1300 8C.

Sample Sintering temperature (8C) Hc (Oe) Ms (emu/g) Mr (emu/g) Mr/Ms

SrFe12O19 1150 4850 89 55 0.65

1200 4353 94 58 0.62

1250 3393 98 59 0.60

1300 2273 102 59 0.58

Sr0.8La0.2Fe12O19 1150 4796 87 54 0.62

1200 4510 96 60 0.63

1250 3847 67 59 0.88

1300 1781 102 56 0.55

Fig. 3. SEM micrographs of SrFe12O19 ferrites (SF) and Sr0.8La0.2Fe12O19 ferrites (SLF) sintered at different sintering temperatures.
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including the values of saturation magnetization (Ms),

remanence (Mr), coercivity (Hc), and remanence ratio (Mr/

Ms) ratio [5] (Table 1). The variations of coercivity (Hc) and

remanence (Mr) with sintering temperatures for SrFe12O19 and

Sr0.8La0.2Fe12O19 ferrites show that the Sr0.8La0.2Fe12O19 and

SrFe12O19 ferrites possessed the remanence in the range of

about 55–60 emu/g for sintering temperatures from 1150 to

1300 8C. The coercivity of the undoped and doped samples

decreased with sintering temperatures. It was observed that a

maximum coercivity value of 4850 Oe was obtained for the

SrFe12O19 ferrite sintered at 1150 8C. Generally, the Hc of doped

and undoped ferrites decreases with increasing grain size. For

example, Kools et al. reported that addition of SiO2 to strontium

ferrite (in the right proportion), inhibited grain growth by

forming second phase at the grain boundaries, which subse-

quently reduced grain growth during sintering and gave rise to the

increase in the coercivity [6]. Therefore, our result also

corresponds to this rule. Further, the Sr0.8La0.2Fe12O19 ferrites

sintered at 1300 8C showed a high Ms value of �102 emu/g,

comparing to that of the previous work (�70 emu/g) [7]. This

may be due to a different processing used in this study. In this

work the calcined powder was pressed under a magnetic field

(12.5 kOe) before sintering. When a magnetic field was exerted,

particles will rotate in the direction of the field, meaning that the

crystallographic direction (the easy magnetization axis) of the

powder will have partial orientation in the applied magnetic

direction as a result of the higher Ms for the present ceramics.

Fig. 4. Average grain sizes of undoped (SrFe12O19) and doped (Sr0.8La0.2-
Fe12O19) ferrites with sintering temperatures from 1150 to 1300 8C.

Fig. 5. Hysteresis loops of SrFe12O19 sintered at (a) 1150 8C, (b) 1200 8C, (c) 1250 8C, and (d) 1300 8C.
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4. Conclusions

Strontium ferrite ceramics were synthesized by conventional

ceramic process. A single phase of SrFe12O19 and Sr0.8La0.2-
Fe12O19 ferrites formed after the samples were sintered at

1300 8C. A maximum coercivity value of 4850 Oe was

obtained for the SrFe12O19 ferrite sintered at 1150 8C and

high saturation magnetization value of 102 emu/g was achieved

for the SrFe12O19 and Sr0.8La0.2Fe12O19 ferrites sintered at

1300 8C. The results of this experiment show that the SrFe12O19

and Sr0.8La0.2Fe12O19 ferrites are promising materials pointing

the way to further developments for permanent magnets and

high density magnetic recording media.
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Fabrication of transparent lead-free KNN glass
ceramics by incorporation method
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Abstract

The incorporation method was employed to produce potassium sodium niobate [KNN] (K0.5Na0.5NbO3) glass
ceramics from the KNN-SiO2 system. This incorporation method combines a simple mixed-oxide technique for
producing KNN powder and a conventional melt-quenching technique to form the resulting glass. KNN was
calcined at 800°C and subsequently mixed with SiO2 in the KNN:SiO2 ratio of 75:25 (mol%). The successfully
produced optically transparent glass was then subjected to a heat treatment schedule at temperatures ranging
from 525°C -575°C for crystallization. All glass ceramics of more than 40% transmittance crystallized into KNN
nanocrystals that were rectangular in shape and dispersed well throughout the glass matrix. The crystal size and
crystallinity were found to increase with increasing heat treatment temperature, which in turn plays an important
role in controlling the properties of the glass ceramics, including physical, optical, and dielectric properties. The
transparency of the glass samples decreased with increasing crystal size. The maximum room temperature
dielectric constant (εr) was as high as 474 at 10 kHz with an acceptable low loss (tanδ) around 0.02 at 10 kHz.

Keywords: potassium sodium niobate, nanocrystals, ferroelectric, glass ceramics

Introduction
Potassium sodium niobate [KNN] (K0.5Na0.5NbO3)
which has a complex perovskite structure was first
reported in 1960 by Egerton and Dillon [1]. It also has a
high curie temperature of 420°C, piezoelectric constant
(d33) of 80 pC/N, and coupling factor coefficient (kp) of
0.35. The crystal structure of KNN is dependent on the
temperature [2], where an increase from room tempera-
ture to 200°C causes an orthorhombic-tetragonal phase
transformation, and when the temperature is higher
than 420°C, the tetragonal phase changes to a cubic
phase or becomes paraelectric.
The phase diagram of (1-x) KNbO3-xNaNbO3 by Jaffe

et al. [3] shows that the morphotropic phase boundary
of this system occurs at an × approximately 0.5, at
which the two orthorhombic phases separate. The as-
fired ceramics from this system were found to posses
the maximum piezoelectric value even though it is still
far from that of the lead-based materials, such as PZT.

KNN has recently been subjected to intensive studies as
a promising lead-free ferroelectric to replace the toxic
PZT.
Ferroelectric glass ceramics were first developed in

order to combine the electrical properties of ferroelec-
tric crystals and the transparency of a glass matrix,
which makes them suitable for electro-optic applications
especially electronic parts, such as electro-optical, high-
power lasers, optical integrated circuits, adaptive optics,
optical resonator, microwave, and pyroelectric devices
[4,5]. KNN ferroelectric glass ceramics have been inves-
tigated and attracted much attention since the 1970s [6].
Many research projects have reported that the main
problem producing KNN glass ceramics concerns the
difficulty in generating the crystallization of the glass
ceramics with a pure KNN phase. A secondary phase
always occurs in the heat-treated samples.
In this work, the incorporation method was integrated

into the glass-ceramic fabrication process. This method
modifies the production process by aiming to crystallize
only the KNN single phase and reduce the chance of
any unwanted second phase which frequently occurred
in the conventional method. In this method, starting
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powders of simple oxides were mixed to form glass
batches which could then be subjected to a heat treat-
ment schedule for crystallization, as described in the
report of Prapitpongwanich et al. [7]. They also reported
that a glass ceramic containing a single LiNbO3 phase
was achieved in the LiNbO3-SiO2 system when using
the incorporation method. In addition, they were able to
make nanocrystals of LiNbO3 with improved dielectric
property and higher transparency.
In this work, KNN powders were first prepared by cal-

cination, then mixed with SiO2 in a Pt crucible, and
melted at a suitable temperature. The quench and heat
treatment processes were then followed by the crystalli-
zation of the KNN crystals, respectively. Here, we report
on the physical and electrical properties of the prepared
KNN glass ceramics generated using silicate glass modi-
fied via the incorporation method. Phase identification,
thermal analysis, and microstructures of the prepared
glass and glass ceramics were also investigated by X-ray

diffraction [XRD], differential thermal analysis [DTA],
and scanning electron microscopy [SEM], respectively.

Materials and methods
Figure 1 compared the conventional glass-ceramic
method and the incorporation method. In the conven-
tional glass-ceramic method, all simple oxides of a
desired composition were melted before being subjected
to the heat treatment method for crystallization, while in
the incorporation method the calcination or mixed-oxide
method was first employed to synthesize the KNN pow-
der before mixing with the glass former oxide which in
this case is SiO2. To prepare (K0.5Na0.5NbO3) or KNN
powder, starting powders (purity > 99%) of K2CO3,
Na2CO3, and Nb2O5 were first mixed to form the KNN
phase. All compositions were mixed for 24 h, using a wet
ball-milling method with alumina balls in a polyethylene
bottle. Then, the powders were dried for 24 h and cal-
cined at 800°C in ambient pressure for 2 h. The X-ray

Figure 1 Comparison between the conventional glass-ceramic method and the incorporation method.
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diffraction technique was then used to analyze the phase
of the calcined powder. Then, the prepared KNN pow-
ders were mixed with SiO2 in a KNN:SiO2 ratio of 75:25
(mol%) using a mortar. Next, the mixture was melted in
an electrical furnace at 1,300°C for 1 h. The melt was
then quenched between stainless steel plates at room
temperature. The prepared glasses were subjected to a
heat treatment schedule at the crystallization tempera-
tures ranging from 525°C to 575°C in order to form the
glass ceramics with the desired crystal phase. These crys-
tallization temperatures were determined from the DTA
trace (Du Pont Instrument, USA) of the as-quenched
glass. The density of the glass and glass-ceramic samples
were measured employing Archimedes method. The
XRD (D500 type, Siemens, UK) and SEM (JSM 6335F
type, JEOL, JP) techniques were used to investigate the
phase composition and to observe the microstructure of
the glass samples, respectively. Two parallel surfaces of
the glass ceramics were polished and sputtered with gold
as electrodes for the electrical contact. The room tem-
perature dielectric constant (εr) and dielectric loss (tanδ)
of the glass ceramics were measured at various frequen-
cies from 10 kHz to 1 MHz using a precision LCZ meter
(E4980A type, Agilent Technologies, Malaysia).

Results and discussion
The XRD pattern of a calcined KNN sample (Figure 2)
displays the diffraction peaks of the KNN perovskite

phase, together with an unknown phase. The unknown
phase here was K2Nb8O21 (JCPDF 31-1060), which may
have occurred from compositional fluctuation during
the calcination process. This is in accordance with
results reported in the study of Egerton and Dillon and
Bomlai et al. [1,8] that the alkaline carbonate precursor
was sensitive to moisture, leading to difficulty in obtain-
ing a KNN single phase when using the conventional
mixed-oxide technique.
The resulting glass product was light yellow transpar-

ent and mechanically robust. To prepare the KNN glass
ceramics, many past research projects have used less
than 30 mol% of SiO2 because it produces a suitable
ratio to exhibit transparent regions, therefore, 25 mol%
SiO2 was chosen to prepare the glass in this work
according to Yongsiri et al. [9] However, it has also
been reported that the KNN glass with a low content of
SiO2 possessed low mechanical strength.
The thermal parameters such as glass transition [Tg]

and crystallization [Tc] temperatures of the prepared
glass were obtained from the DTA trace as shown in
Figure 3. The Tg and Tc in this system were found to be
at about 508°C and 648°C, respectively. The KNN glass
was then subjected to a heat treatment schedule at var-
ious temperatures from 500°C-648°C to study the crys-
tallization behavior of this glass system. It was found
that the glass ceramics subjected to the heat treatment
at temperatures higher than 575°C were opaque, while

Figure 2 X-ray diffraction pattern of KNN calcined at 800°C for 2 h.
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the lower Tc gave highly transparent glass ceramics.
Further investigation has mainly concentrated on those
transparent glass-ceramic samples heat treated at lower
temperatures.
The appearances of the prepared glass ceramics are

shown in Figure 4. The transparency was found to
decrease with increasing temperature of heat treatment.
Figure 5 shows the optical transmission spectra recorded
at room temperature of the glass and glass ceramics heat
treated from 525°C-575°C. The as-quenched glass is opti-
cally transparent with nearly 80% transmittance. The

transmittance of the heat-treated glass ceramics decreased
greatly with increasing heat treatment temperature, while
the absorption edges were found to shift toward higher
wavelengths. This indicates the change in color from light
yellow to brownish yellow of the corresponding glass cera-
mics. The low transmittance of the glass-ceramic samples
may be attributed to the light scattering due to the occur-
rence of crystals in the sample with sizes larger than 200
nm [10]. Considering the refractive index of the as-
quenched glass which is approximately 1.65, and the KNN
crystal which is in approximately 2.2, this difference is

Figure 3 DTA trace of the as-quenched glass.

Figure 4 Appearance of the glass-ceramic samples at various heat treatment [HT] temperatures.
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another factor causing the light scattering at the crystal
and glass matrix interface, giving rise to the low
transparency.
Figures 6 and 7 show the XRD patterns and density

values of the resulting glass and glass ceramics. As can
be seen from the XRD patterns, the samples heat treated
from 500°C to 550°C have an amorphous pattern, while
that of the 575°C sample contains diffraction peaks of
KNN with a highly amorphous phase, giving rise to the
lowest transparency of this sample. In Figure 7, the as-
quenched glass had the lowest density of about 3.67 g/
cm3, and the heat treatment caused a general increase
in density. It can be assumed that the higher density of
these glasses ceramic resulted from the growth of the
KNN crystals during the crystallization treatment.
SEM micrographs of the glass ceramics are shown in

Figure 8. These micrographs show a bulk crystallization of
the KNN phase with a rectangular shape occurred in the
glass matrices of all heat-treated samples. Even though,
the amorphous XRD patterns were observed in the glass-
ceramic samples heat treated at temperatures lower than
550°C, it is clear from the SEM result that crystallization
of the KNN phase occurred in all temperatures lower than

the observed Tc of 648°C from the DTA trace. It is likely
that the incorporation method using 75 mol% of calcined
KNN powder melted together with 25 mol% SiO2 of glass
former initially stabilized the KNN nuclei, and then, when
this glass was subjected to the further heat treatment pro-
cess, the additional heat was sufficient to generate the
crystal growth of the KNN phase.
The average crystal sizes observed from the SEM micro-

graphs are summarized in Table 1. From the micrographs
of the samples heat treated at 525°C and 550°C, the KNN
crystals were rectangular in shape and were embedded in
the glass matrix with random orientations. The diagonal
values (D) of these crystals are approximately 117 ± 8 nm
for 525°C and 145 ± 18 nm for 550°C, which is less than
200 nm, and therefore, affected less light scattering than
that of the larger crystals from the glass-ceramic samples
heat treated at the higher temperature of 575°C. The cross
sections of the KNN crystals in the glass-ceramic samples
heated at 575°C have a different morphology than other
samples. These crystals lost the rectangular shape and had
an average size (D) of about 330 nm.
Considering previous works of Petrovskii et al. and

Zhilin et al. [11,12] which studied the phase separation

Figure 5 Percent transmittance of glass-ceramic samples at various HT temperatures.
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Figure 6 XRD patterns of glass-ceramic samples at various HT temperatures.

Figure 7 Density of glass and glass ceramics versus HT temperature.
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Figure 8 SEM micrographs of glass-ceramic samples at various HT temperatures. (a) at 525°C, (b) at 550°C, (c) 575°C (10,000×).

Table 1 Summary of crystal morphology and crystallite sizes

Heat treatment temperature: (°C) Shape Average crystalline size (nm)

525 L = 272 ± 224
D = 117 ± 8

550 L = 285 ± 234
D = 145 ± 18

575 L = 450 ± 61
D = 330 ± 28

D, diagonal values, L, length.
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and crystallization in glasses of the Na2O-K2O-Nb2O5-
SiO2 system using the conventional glass-ceramic
method, the high temperature of about 700°C was used
to precipitate a high-niobate phase which caused small
angle light scattering. By using the incorporation
method, a lower temperature of 525°C could be used to
promote crystallization without any trace of a secondary
phase.
The relationship of the dielectric constant (εr) and

dielectric loss (tanδ) of the glass ceramics with various
heat treatment temperatures at 10 kHz to 1 MHz are
illustrated in Figure 9ab, respectively. It can be seen that
the dielectric constant decreased with increasing heat
treatment temperature. The maximum dielectric con-
stant was found in the glass-ceramic sample, heat trea-
ted at 550°C, which is as high as 474 at 10 kHz with
low value of tanδ = 0.02. Considering the SEM micro-
graphs from Figure 8, the sample heat treated at 550°C
has higher amount and larger size of KNN crystals than
that of the sample heat treated at 525°C, leading to a
higher value of dielectric constant of this 550°C heat-
treated sample. However, heat treatment at higher tem-
perature such as 575°C caused the reduction in dielec-
tric constant. This may be due to the increase in oxygen
vacancies in this sample during heat treatment at the
temperature near Tc of 648°C, at which the high growth
rate of KNN crystals occurred. This may attribute to a
high atomic migration in the samples heat treated at
575°C, which in turn generates large amount of oxygen
vacancies and voids in this glass-ceramic sample.
The overall dielectric loss values of all glass ceramics

were low, between 0.014 and 0.023 depending on the
frequency. This KNN glass ceramic is a promising lead-
free ferroelectric glass ceramic which may be applied to

many applications replacing other materials, such as
LiNbO3 and BaTiO3 glass ceramics which have lower
dielectric constants. However, further investigation into
such properties as the nonlinear optical effects should
also be carried out.

Conclusion
This research shows that heat treatment temperature
plays a significant role in controlling the microstructure,
crystallite sizes, and crystal quantity of the glass ceramics.
Highly transparent KNN glass ceramics can be obtained
using the incorporation method with a low heat treat-
ment temperature of 525°C-550°C. The dielectric proper-
ties of these glass ceramics are improved, while the
transparency value dropped with an increase in the heat
treatment temperature. The maximum dielectric con-
stant obtained for these samples was 474 with a low loss
(tanδ) of 0.02 from the glass-ceramic sample heat treated
at 550°C, however, this sample also had the lowest trans-
parency. The optimum values of the dielectric properties
in this work promise a bright future for this KNN glass
ceramic in electro-optical applications.
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Effects of GeO2 addition on physical and electrical properties of BaFe0.5Nb0.5O3

ceramic

P. Kantha a, N. Pisitpipathsin a, K. Pengpat a,*, S. Eitssayeama, G. Rujijanagul a, R. Gua b, Amar S. Bhalla b

aDepartment of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
bDepartment of Electrical and Computer Engineering, College of Engineering, University of Texas at San Antonio (UTSA), San Antonio, TX 78256, USA

1. Introduction

Barium iron niobate: BaFe0.5Nb0.5O3 (BFN), due to its giant
dielectric constant, has been receiving increasing attention for
applications in electroceramic components such as high dielectric
ceramic capacitors [1–5]. It is also one of the perovskite ceramics
with a relaxor-like ferroelectric behavior. However, in order to
achieve the required densification, sintering temperatures used in
the preparations of BFN ceramics are very high, often in the range
of 1350–1400 8C as reported by Eitssayeam et al. [6]. Lower
sintering temperature of BFN is highly desirable especially for
multilayer capacitor fabrication. This is because the BFN ceramics
are often required to be co-fired with an internal Ag/Pd alloy
electrode. Over firing could lead to the formation of interfacial
micro defects and electrode loss.

Much research has been done in order to reduce the sintering
temperature of the BFN ceramics. The lower temperature
fabrication of BFN perovskite ceramics could be achieved by using
fluxing agents as sintering aids. Several fluxing agents including
B2O3, LiF and Bi2O3 have been reported to reduce the sintering
temperature [7,8]. However, with the fluxing agents, the dielectric
loss (tan d) of the resulting BFN ceramics are higher than that of
perovskite ceramics. They are often too high to be used in

multilayer capacitor applications. In order to achieve lower
sintering BFN ceramics with sufficiently low dielectric loss, we
have considered another sintering aid.

This study focused on effects of GeO2-glass former addition
on physical and electrical properties of BFN ceramics. This glass
former has a complete polymerized 3-D tetrahedral structure
with Ge in fourfold coordination (Ge4+). It has been reported that
Ge4+ cations like to segregate along the grain boundary,
resulting in the reduction of the jump of mobile ions. As
reported by Secco et al. [10], a lower ionic hopping frequency is
obtained which in turn caused the decrease in conductivity of
the ceramics.

2. Experimental procedure

Pure BFN powder with cubic structure was prepared by solid-
state reaction method. The reagent powders of BaCO3, Fe2O3 and
Nb2O5 were used as starting materials. The mixtures were ball-
milled together in ethanol media for 24 h with zirconia balls and
dried at 120 8C. After drying, the mixed powder was calcined at
1200 8C with 4 h soaking time and at 5 8C/min heating/cooling rate.
GeO2 glass former was then added into the calcined BFN powder
with varying concentrations ranging from 1 to 5 wt.%. Each batch
was mixed by vibro-milling for 30 min in ethanol. The as-received
slurries were dried and uniaxially pressed into 10 mm diameter
pellets at the pressure of 1 ton. These pellets were subsequently
sintered at various temperatures in the range of 1075–1175 8C at
room atmospheric pressure with 4 h soaking time.
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An X-ray diffractometer and a Scanning Electron Microscope
(SEM) coupled with EDS were used to investigate the phase
formation and identify the phases present. Their densities were
measured by Archimedes’ principle. The mean linear intercept
method was used to determine the grain size. For the electrical
measurements, two circular areas on the surface of each pellet
were polished and coated with silver paste. The dielectric
measurements at 1 kHz with variation of temperatures between
room temperature and 250 8C were carried out using LCR meter.
The ferroelectric hysteresis loops were measured at room
temperature by using a ferroelectric tester at 1.0 kV/cm.

3. Results and discussion

3.1. Density and sintering behavior

The maximum density values of GeO2 doped BFN with GeO2

added between 1 and 5 wt.% were in a range of 5.53–5.93 g/cm3 as
shown in Fig. 1. It was reported in [6] that the pure BFN ceramic
produced by the mixed oxide method obtained its maximum
density of approximately 6.00 g/cm3 by using sintering tempera-
ture as high as 1350 8C. In this work, the maximum density was
obtained at a lower sintering temperature with the addition of
GeO2. To obtain such density the sintering temperatures of the
GeO2 added ceramics were 1125–1150 8C, approximately 200–
225 8C lower compared to that of the pure BFN. The density values
of the GeO2 added ceramics decrease almost linearly with GeO2

concentrations. Since the melting point of GeO2 is 1115 8C, the
presence of molten GeO2 in the liquid phase during sintering
process [11] may lead to the formation of pores in the GeO2 added
ceramics. Similar results were obtained by Pollet and Marinel [9]
and Intatha et al. [7], who reported that the porous microstructures
caused the reduction of the bulk density in their ceramic samples.

3.2. Phase formation

The XRD patterns of all BFN ceramics with various GeO2

contents (Fig. 2) show that the main peaks were matched with the
perovskite BaFe0.5Nb0.5O3 phase with monoclinic structure similar
to that of the pure BFN ceramics studied by Chung et al. [8].
However, the weak extra diffraction peaks were found to coexist
with the BFN main peaks of all GeO2 doped samples, indicating the
presence of secondary phases. These peaks could be indexed as
Ba3Fe2Ge4O14, BaGeO3 and BaGe2O5 phases and they were found to
increase gradually with increasing amount of GeO2 glass former.
This may indicate that the small Ge4+ ions moved into grain
boundaries during sintering process and formed the secondary

phase by replacing Nb5+, leading to the change in crystal structure
from cubic to monoclinic phase.

3.3. Microstructures

The microstructure of the pure BFN ceramic [Fig. 3(a)] contains
few pores at the grain boundaries with the average grain size of
approximately 7.93 mm. This value is approximately five times
larger than that found in the microstructures of the GeO2 added
BFN ceramics which have the average grain size between 1.51 and
1.64 mm. Fig. 3(b) shows the example of their microstructure. The
inhibition of grain growth which occurred in the BFN ceramics
with GeO2 addition might be attributable to the occurrence of
liquid phase occurred during sintering similar to result as found in
[11]. Since high amount of liquid in the ceramics lead to the
reduction of the rate of grain growth, this confirmed the existence
of diffusion-controlled growth mechanism in this system. Similar
results were demonstrated by Kim et al. [12] Fig. 4 illustrates the
evidence of long needle-shaped crystals found around the grain
boundaries of the GeO2 added ceramic. This could imply that the
liquid phase formed during sintering at elevated temperature
subsequently crystallized into the second phase while the ceramics
were cooled to room temperature. The EDS analysis was employed
to identify the atoms in the second phase crystals. The EDS data
revealed significant amount of Ge atoms (1.78 wt.%) presented in
the crystal phase. This confirms the formation of the GeO2 based
second phase compounds in the GeO2 added ceramics which is
consistent with the XRD result.

3.4. Dielectric properties

The dielectric constant of the GeO2 doped BFN ceramics
increases gradually with increasing temperature as can be seen
in Fig. 5. The ceramic samples with 1 wt.% GeO2 content exhibited
the maximum dielectric constant (er) between 3500 and 5500 over
a wide temperature range from room temperature to 250 8C.
However, more amount of GeO2 causes the dramatic drop in er. This
reduction of er which occurred in higher GeO2 doped BFN ceramics
might be due to the low-dielectric-constant additive dilution effect
of GeO2 glass former. In addition, the Ge4+ cations (low resistivity)
segregation surrounded grain boundary may lead to increase the
large difference conductivity between insulating grains of BFN and
semiconducting grains of GeO2, resulting in the enhance resistivity
at grain boundary which in turn caused the decrease in er of GeO2

doped BFN ceramics. This structure can be modeled as an
equivalent electrical circuit consisting of a series of two parallel

Fig. 1. Plot of optimum sintering temperatures and maximum densities as amounts

of GeO2 doped BFN ceramics.

Fig. 2. XRD patterns of GeO2 doped BFN ceramics.
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circuits of a resistance and a capacitor [13], one parallel circuit
representing the grain effects (high resistive component) and the
other the grain boundaries (low resistive component). The
temperature dependence dielectric loss (tan d) of all samples
exhibits opposite trends to that of the er. The increase in
temperature causes the gradual reduction in tan d. However, tan d

changed were insignificance with the GeO2 addition. The values
were between 0.2 and 0.8 in all our samples.

In order to compare the dielectric properties of the GeO2 added
BFN ceramics to that of the pure BFN, the dielectric parameters
with various temperatures are tabulated in Table 1. In our previous
work [7], the er of pure BFN ceramic was approximately 5000 at
room temperature and increased to 132,800 at 200 8C, while tand
were 4.29 at room temperature and decreased with the rising of
the temperature to 200 8C. The er at high temperature was lower
compare to that of our previous work, while the overall tan d values

Fig. 3. SEM surface micrographs of (a) BFN and (b) BFN doped with GeO2 contents.

Fig. 5. Dependence of er and tan d on temperature for GeO2 doped BFN ceramics.

Fig. 4. SEM micrographs and EDS results of second phases in 5 wt.% GeO2 doped BFN ceramics.

Table 1
Temperature dependence of dielectric properties at 1 kHz for BFN and GeO2

containing BFN ceramics.

Sample Sintering

temperature (8C)
Room tem-

perature

100 8C 200 8C

er Tan d er Tan d er Tan d

BFN [7] 1350 5023 4.29 64,811 0.96 132,755 0.35

1% GeO2 1150 3564 0.71 3679 0.34 4642 0.16

2% GeO2 1150 772 0.79 1137 0.61 1940 0.47

3% GeO2 1125 747 0.43 1019 0.36 1272 0.19

4% GeO2 1125 409 0.45 623 0.40 882 0.23

5% GeO2 1125 305 0.39 425 0.38 607 0.21
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in our work are lower. This may be attributed to the existence of
the GeO2 based second phases and the difference in grain size of
the GeO2 added ceramics. Besides sintering conditions, the
dielectric properties of BFN ceramic are strongly dependents on
doping elements and its microstructure as reported in [7,9].

3.5. Ferroelectric behavior

The ferroelectric property of the GeO2 added BFN ceramics was
studied by a typical Sawyer–Tower circuit, and the results are
shown in Fig. 6. The polarization behavior exhibited by all ceramic
samples may be classified as a very high loss capacitor typed loop,
meaning that those samples have high conductivity. However, the
remnant polarization (Pr) of all our samples is very low,
approximately 1.50 mC/cm2 for the 1 wt.% GeO2 added sample
and they were found to decreases with increasing GeO2 content.
Therefore, we concluded that the P–E loop of the GeO2 added BFN
ceramic might not be the feature of truly ferroelectric; this may be
due to the effect of space-charge instead of dipoles between high
resistivity grains and low resistivity grain boundaries in these
ceramic as can be explained by using Maxwell–Wagner theory,
which often occurs in the heterogeneous systems in which the
component dielectrics have different conductivities [14].

4. Conclusion

The BFN ceramics with GeO2 glass former addition were
studied. The liquid phase occurred during sintering plays an
important role in controlling the densification and microstructure
of the GeO2 added BFN ceramics. The maximum density of the
GeO2 added ceramic can be achieved by using sintering
temperatures in the range of 1125–1150 8C, lower than that of
the pure BFN ceramic which normally uses 1350 8C to sinter the
densest ceramic bulk piece. The grain size, porosity and second
phases present in the GeO2 added samples affect the dielectric and

ferroelectric properties. The optimum property of broad dielectric
curve over a wide temperature with the value between 3500 and
5500, and the tan d value of about 0.2–0.8 is obtained from the
1 wt.% GeO2 added ceramic. This promises a good candidate for
applications in electroceramic components such as low loss
capacitor for using at wide range of temperature and/or multi-
layers capacitor.
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Effects of Mn and Sr Doping on the Electrical
Properties of Lead-Free 0.92BCZT-0.08BZT

Ceramics
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The effects of Mn and Sr doping on the electrical properties of lead-free
0.92[(Ba0.85Ca0.15Zr0.1Ti0.9)O3]-0.08[(BiZn0.5Ti0.5)O3] ceramics have been studied. A-
site and B-site doping with 0.00–0.05 mol% of SrCO3 and 0–0.25 mol% of MnO2 was
performed. The ceramics were prepared using the solid state reaction technique. The
powder was ball-milled for 24 h, then calcined at 1,000ºC for 4 h and sintering at
1,300ºC for 2 h. Phase formation and microstructure of ceramics were examined using
an x-ray diffractometer (XRD) and scanning electron microscopy (SEM). All samples
have a single phase of perovskite structure. Grain size and density value were in the
range of 3.43–4.07μm and 5.78–5.83 g/cm3, respectively. The electrical properties of
the ceramics were investigated as a function of Mn and Sr doping. It was found that
the dielectric constant, activation energy and ac conductivity change with the dopant.
Moreover, Mn and Sr doping lead to a decrease of dielectric loss, lower than 0.003 for
all samples (at 1 kHz).

Keywords Lead Free Ceramics; Phase Formations; Solid State Reaction; Dielectric
Properties; Perovskite Structure

1. Introduction

For many years, Pb(Zr1−xTix)O3 (PZT) was reported to exhibit exceptionally high dielectric
and piezoelectric properties. These ceramics are very important for many electronic appli-
cations, including multilayer capacitors, sensors, transducers and actuators [1–3]. However,
PZT ceramics are not environment friendly because of the toxicity of lead oxide and espe-
cially its high vapor during the sintering process at high temperature. Therefore, non-lead
base ferroelectric ceramics such as modified BaTiO3 have been widely investigated due to
the phase transition temperature of BaTiO3 which can be altered by doping the A-site or
B-site [4]. The substitution of Ba2+with Ca2+ does not strongly affect the Curie temperature
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[4, 5]. In the case of doping of BaTiO3 ceramics such as (Ba(1-x)-Cax)(Ti0.9Zr0.1)O3, these
show excellent dielectric constant and piezoelectric properties [6, 7]. Highest piezoelectric
value was observed for a composition of x∼ 0.15 [6, 7]. Moreover, lead-free BCZT doped
with Ho, CeO2 or Pr2O3 improved the electrical properties [8–10].

The development of new lead free bismuth ferroelectric materials, e.g., Bi(Zn2+,
Ti4+)O3 have been widely investigated experimentally [11, 12]. Because of the relative
small size of Bi3+, Bi(M)O3 (where M is: Fe3+, Sc3+, Ni1/2Ti1/2, Zn1/2Ti1/2, etc.) com-
pounds are not stable in the perovskite form. However, the smaller tolerance factor and the
highly polarizable Bi+3 ion can enhance the transition temperature in BZT-containing solid
solutions with PbTiO3, BaTiO3 or Bi1/2K1/2TiO3 and show clearly relaxor ferroelectric be-
havior with increasing BZT content [11, 12]. However, doping of ABO3-BZT ceramics has
not been investigated. Previously, we studied the (1-x)BCZT-xBZT ceramic systems and
found that 0.92BCZT-0.08BZT exhibits the highest density value. Moreover, the doping
with MnO2 has been reported to improve the densification of ceramics [13] and the substi-
tution of SrCO3 in BaCO3 ionic site can improve the dielectric constant of BZT ceramics
[14]. In the present work, the effect of SrCO3 and MnO2 doping on the electrical properties
of (1-x)BCZT-xBZT ceramics for the composition of x = 0.08 was studied.

2. Experimental

2.1 Materials and Ceramics Preparation

The 0.92BCZT-0.08BZT ceramics doped with x mol% of SrCO3 at the BCZT site and MnO2

at the BZT site were prepared by using the solid state reaction method with composition
of ceramic systems as shown in Table 1. Oxide powders were weighed according to
stoichiometric formulae and mixed in ethanol for 24 h using zirconia grinding media. Then
the slurry was dried on a hotplate and calcined in crucibles at 1000◦C for 4 h. After that, the
dried powders were mixed with organic binder (6 wt% PVA). The powders were pressed
into cylindrical pellets 10 mm in diameter and 1 mm in thickness isostatically at 1 ton. The
pellets were then sintered at 1300◦C for 2 h with a heating/cooling rate of 5◦C/min after
the PVA binder was burned out at 500◦C for 1 h.

2.2 Characterization

Phase formation and microstructure of the samples were studied by an X-ray diffraction
(XRD) technique and scanning electron microscopy (SEM), respectively. The density of

Table 1
The compositions of BCZT-0.08BZT dope with SrCO3 and MnO2.

Sample SrCO3 (%mol) MnO2 (mol%)

M1 0.00 0.00
M2 0.01 0.05
M3 0.02 0.10
M4 0.03 0.15
M5 0.04 0.20
M6 0.05 0.25
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Mn and Sr Doping and Lead-Free 0.92BCZT-0.08BZT Ceramics 77

Figure 1. XRD diffraction patterns of the sintered ceramics.

sintered samples was determined by Archimedes method with distilled water as the fluid
medium. For electrical properties characterization, the sintered samples were ground to
obtain parallel faces, and the faces then coated with silver as electrodes. The dielectric
properties of the sintered ceramics were measured as a function of frequency and tempera-
ture with an automated dielectric measurement system.

3. Result and Discussions

3.1 XRD, SEM and Density Analysis

The X-ray diffraction patterns of the ceramics as a function of mol% Mn and Sr for
BCZT-BZT ceramics are illustrated in Fig. 1. It can be seen that the samples exhibited
pure perovskite phase for all concentrations. At room temperature, all samples exhibited
the rhombohedral phase, observed by single (200) peak at 2θ of 45◦ and splitting of
the (220)/(202) peaks at 2θ of 65-66◦ [6, 15]. Figure 2 illustrates SEM micrographs
of the sintered ceramics. The grain size and density values of the ceramics increased
with increasing dopant content for M1–M3 samples, then decreased with dopant content
(Table 2). The highest density value and grain size were found for the M3 sample (5.83 g/cm3

Table 2
The grain size and density of Mn and Sr doping for BCZT-BZT ceramics.

Sample Grain size (μm) Density (g/cm3)

M1 3.43 5.82
M2 3.75 5.80
M3 4.07 5.83
M4 3.84 5.81
M5 3.95 5.80
M6 3.91 5.78
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78 P. Parjansri et al.

Figure 2. SEM micrograph of surface 0.92BCZT-0.08BZT ceramics: a (M1), b (M2), c (M3), d
(M4), e (M5) and f (M6).

and 4.07 μm, respectively). It result suggests that the addition with 0.02 mol% Sr and
0.10 mol% Mn enhanced the density and grain growth of BCZT-BZT ceramics.

3.2 Dielectric Properties Analysis

Figure 3 shows the dielectric constant and dielectric loss of the ceramics as a function of
frequency. The dielectric constants decreased with increasing x mol% of MnO2 and SrCO3

and decreased with increasing frequency for all samples. The dielectric loss for ceramics
in frequency range of 1–100 kHz showed the lowest value less than 0.02.

Figure 3. Dielectric constant and dielectric loss as function of frequency at room temperature.
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Mn and Sr Doping and Lead-Free 0.92BCZT-0.08BZT Ceramics 79

Figure 4. Dielectric constant and dielectric loss as functions of temperature for Mn and Sr dope
content for BCZT-BZT ceramics.

Dielectric properties as a function of temperature for mol% Mn and Sr doped for BCZT-
BZT ceramics are shown in Fig. 4. It can be seen that the dielectric constant and dielectric
loss dependend on the frequency when the temperature is below Tmax (Curie maximum
temperature). These observations suggest a transition from a normal ferroelectric to a relaxor
ferroelectric for all conditions of the ceramics. The clear signature of relaxor behavior is
observed by a broading in the diffuse phase transition for the Curie maximum temperature
(Tmax) and strong dispersion of the dielectric constant and dielectric loss with frequency
[16]. It appears that the dielectric constant at Tmax tends to decrease with increasing mol%
Mn and Sr dopant for BCZT-BZT ceramics. The dielectric loss values gradually decreased
with increasing temperature and doping content, with the loss values lower than 0.02 for
all samples. It can be noted that Mn and Sr doping decreased the dielectric loss values
for BCZT-BZT ceramics. This result may be consistent with a decrease of defects in the
structure of ceramics and is considered to be an important factor to change the balance
of long range and short range forces which deseribe the relaxor state. Figure 5 illustrates
the plot of ln ω (ω = 2π f) as a function of 1000/Tm of the samples. These values were
calculated by the following expression was used to calculate activation energies;

f = foexp

(−Ea

kTm

)
(1)

where f0 is the pre-exponential factor, Ea is the activation energy for the relaxation, k
is Boltzmann’s constant, f is the applied frequency and Tm is the temperature where the
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80 P. Parjansri et al.

Figure 5. Plot of ln (ω) as a function of 1000/Tm for the sample of BCZT-BZT ceramic dope with
mol% Mn and Sr (symbols: experimental data; solid line: Eq. 1 fits).

dielectric constant is the maximum. The activation energy can be considered to be typical of
a hopping process of localized charge carriers [17, 18]. From Fig. 5 it can be observed that
the activation energy increases with increasing mol% Mn and Sr doped BCZT-BZT samples
for compositions of M1-M5 samples (Ea = 0.77–0.82 eV). Thus, it should be noted that
the charge carrier hopping between ions in the structure of BCZT-BZT ceramics increases
with increasing ion substitution. Further, the increase in Ea with dopant concentration is
similar to work done by Wu et al. [19]. Moreover, these activation energies help support
the description of relaxor behavior of dielectric materials.

The ac conductivity (σ ac) of BCZT-BZT doped with mol% Mn and Sr was measured
at room temperature and is shown in Fig. 6. The ac conductivity (σ ac) can be defined as

Figure 6. The plot of log ac conductivity with log frequency of mol% Mn and Sr dope for BCZT-BZT
ceramics.
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following equation:

σac = ωεrεo tan δ (2)

where ω is angular frequency (ω= 2π f), f is frequency, εo and εr are the permittivity of
vacuum and dielectric constant and tan δ is dielectric loss, respectively. The ac conductivity
shows great frequency dependence as observed from the sloped line of σ ac with increasing
frequency. The σ ac values tend to increase with increasing frequency. Note that increasing
σ ac values correspond to decreasing resistance. The dependence of ac conductivity with
frequency is a mechanism for the low temperature region which results from charge carriers,
space-charge polarization in structure or with extrinsic dipoles of impurities [20, 21].
Moreover, the σ ac decreased with increasing dopant content. This might be caused from
the presence of defects or impurities in the ceramics.

3. Conclusions

In the present work, we report the effects of Mn and Sr doping on the electrical properties of
lead-free (1-x)BCZT-xBZT ceramics. The ceramics were prepared via a solid state reaction
method. XRD patterns showed pure perovskite phase for all conditions. Highest density was
obtained for the M3 (0.02 mol% Sr and 0.10 mol% Mn) sample with a value of 5.83 g/cm3.
BCZT-BZT doped with Mn and Sr lead to a decrease of dielectric loss, lower than 0.003
for all samples (at 1 kHz). The dielectric constant, dielectric loss, activation energy and ac
conductivity change with the dopant concentrations.
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Lead-free Ba(1-x)CaxZr0.1Ti0.9O3 (x= 0.15) ceramics doped with 0.00–0.20 mol% MnO2

and Al2O3 were prepared by the molten salt method. The powder was ball-milled for
24 h and then calcined at 1000◦C for 4 h and sintered at 1300◦C for 2 h. The phase
formation and dielectric properties of the ceramic systems were analyzed by X-ray
Diffraction (XRD) and electrical measurement. The phase of the samples showed pure
perovskite structure for all conditions. The BCZT ceramics doped with MnO2 and Al2O3

exhibited a dielectric properties. BCZT doped with Mn has a higher dielectric constant
than BCZT doped with Al. The loss tangent values at 1 kHz were lower than 0.02 of
all samples. The ceramic systems indicate ferroelectric behavior for all samples (Pr ∼
1.25–2.26 μC/cm2and Ec ∼ 3.10–4.25 kV/cm).

Keyword Molten salt method; perovskite phase; dielectric properties

1. Introduction

Recently, research has been carried out on improving of dielectric and piezoelectric prop-
erties of lead-free materials to replace the lead base piezoelectric systems especially PZT.
PZT ceramics are not environment ally friendly because of the toxicity of lead oxide and its
high vapor at high temperature during the sintering process. Work on lead-free materials has
been focused on BaTiO3-based ceramics due to the phase transition temperature of BaTiO3

which can be modified by A-site or B-site substitutions [1, 2]. Recently, the discovery of
lead-free BCZT ceramics by Liu and Ren has attracted great attention [3, 5]. They reported
typical relaxor ferroelectric and excellent piezoelectric properties (d33 = 500 - 620 pC/N
for samples sintered at 1500–1540◦C) [6, 7]. Unfortunately, the BCZT powder preparation
via solid state reaction for pure perovskite phase structure employs very high calcination
temperatures (about of 1300–1350◦C). Many researchers have reported that the molten salt
synthesis is one of the simplest and most practical techniques having low cost and low

Received June 30, 2012; in final form September 29, 2012.
∗Corresponding author. E-mail: sukum99@yahoo.com
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84 U. Intatha et al.

calcination temperature (lower than the calcine temperature ∼200–300◦C) for preparing
fine powder with the desired composition [8, 10]. The density values of ceramics prepared
by the molten salt method also show low values. The doping with MnO2 and Al2O3 has
been reported to improve the densification of ceramics and decreased the dielectric loss in
BST base ceramics [11, 14]. Thus, in this work we studied the preparation of BCZT dope
with MnO2 and Al2O3 ceramics via the molten-salt method. KCl and NaCl were use as the
flux for lowering calcination temperatures. Phase structures, microstructures and electrical
properties of the resulting ceramics were investigated.

2. Experimental

2.1 Synthesis

Ba0.85Ca0.15Zr0.1Ti0.9 ceramics and doped ceramics were prepared by the molten salt
method. Reagent grade BaCO3, CaCO3, ZrO2 and TiO2 were weighed and mixed in a
plastic bottle for 24 h with ethanol and zirconia grinding media. Then, the slurry was dried
and sieved. The powders were mixed with KCl - NaCl salt in 1:1 ratio and calcined at
1000◦C for 4 h. The powders were then washed with hot deionized water until no Cl−

was detected by using AgNO3 solution and dried in an oven at 120◦C. Calcined powders
with x mol% of MnO2 and Al2O3 (x = 0.00–0.20) were obtained via solid state reaction
method. The calcined powder was mixed with organic binder (4wt% PVA). Cylindrical
pellets 15 mm in diameter were isostatically pressed at 1 ton. The pellets were then sintered
at 1,250◦C for 2 h with a heating/cooling rate of 5◦C/min.

2.2 Characterization

Phase formation of the samples was studied by an X-ray diffraction technique (XRD).
The densities of sintered samples were determined by Archimedes method with distilled
water as the fluid medium. For electrical properties characterization, the sintered pellets
were ground to obtain parallel faces and the faces were then coated with silver as elec-
trodes. The dielectric constants and dielectric loss of the sintered ceramics were measured
as a function of frequency and temperature with an automated dielectric measurement
system.

3. Results and Discussions

3.1 XRD Diffraction and Density Analysis

The XRD patterns of pure and modified BCZT ceramic are shown in Fig. 1. From XRD
patterns it can be seen that both pure and doped BCZT ceramics showed pure perovskite
phase for all conditions corresponding to the perovskite peaks of (100), (110), (002)/(200)
and (210). Figure 2 illustrates the density as a function of mol% of Mn and Al. It can be
seen that the density values of the both BCZT doped with Mn and Al tend to increase with
increasing dopant content from 0.00 to 0.05 mol%, and from 0.00 to 0.10 mol% of Al
doped and Mn doped, respectively. The highest density value of 5.50 g/cm3 was found at
0.10 mol% Mn samples.
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Properties of Mn, Al Doped BCZT Ceramics 85

Figure 1. The XRD patterns of BCZT doped with x mol% Mn (a) and Al (b).

Figure 2. Density of BCZT doped with mol% Mn and Al.
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86 U. Intatha et al.

Figure 3. Dielectric constant, εr and dielectric loss, tanδ as a function of temperature for BCZT with
0.05-0.20 mol% Mn (a) and Al (b).

3.2 Dielectric Properties

Dielectric constant and dielectric loss as a function of temperature for BCZT doped ceramics
with Mn and Al (0.05–0.20 mol% Mn, Al) are displayed in Fig. 3. It can be seen that ther
is broadening of the diffuse phase transition about Curie maxima (Tmax) for all ceramic
conditions. The broadening in dielectric peaks may be due to the substitutional fluctuation
and diffuseness of the phase transition. Besides, it seems that the dielectric conatant at Tmax

of BCZT + x mol% Mn, Al ceramics are dependent response with frequency as a function
of temperature. The dielectric properties are shown in Table 1. The dielectric constant
and dielectric loss (at Tm) tend to decrease with increase of both Mn and Al doping. The
dielectric constant for BCZT doped with Mn is higher than that for BCZT doped with Al
in all dopant conditions as shown in Fig. 4. Morever, the loss tangent values at 1 kHz were
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Properties of Mn, Al Doped BCZT Ceramics 87

Table 1
Dielectric properties of BCZT + mol% of Mn and Al at 1 kHz.

sample Tm εm εr (30 ◦C) Tanδ (Tm) tanδ (30 ◦C) γ δ

BCZT 96.4 2970 2227 0.3174 0.2472 1.88 46.18
0.05Mn 92.2 2248 1937 0.0121 0.0140 1.91 60.18
0.10Mn 88.4 2142 1892 0.0119 0.0138 2.08 97.61
0.15Mn 91.4 2208 1914 0.0113 0.0122 1.98 70.71
0.20Mn 97.5 2205 1898 0.0113 0.0118 1.94 64.49
0.05Al 86.0 1949 1784 0.0120 0.0135 2.09 99.88
0.10Al 92.9 2001 1794 0.0116 0.0132 1.90 64.49
0.15Al 91.5 1973 1769 0.0114 0.0124 1.94 70.71
0.20Al 89.6 1995 1764 0.0117 0.0129 1.95 74.04

lower than 0.02 for all samples in the transition phase position. It should be noted that the
Mn and Al doping improved the dielectric loss values.

To further understand the dielectric behavior of the ceramic systems, the permittiv-
ity of a first-order normal ferroelectric can be described by the Curie–Weiss law and a
second-order relaxor ferroelectric can be described by a simple quadratic law. A modified
Curie–Weiss law was proposed to describe the diffuseness of the ferroelectric phase transi-
tion as the relative dielectric constant can be derived via using the following equation [12,
13];

εm

ε (f, T )
= 1+ (T − Tm (f ))γ

2δ2
(1)

where εm is the maximum value of the dielectric constant at T = Tm(f). The value of γ is
the expression of the degree of dielectric relaxation, while δ is used to measure the degree of
diffuseness of the phase transition. When γ = 1 is a normal Curie-Weiss behavior, whereas
γ = 2 is identical to the quadratic relationship (a complete diffuse phase transition). The

Figure 4. The Maximum dielectric constant and dielectric loss for BCZT + x mol% of Mn, Al at
1 kHz.
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Figure 5. The plot of log [(εm/εr)-1] vs log (T−Tm) (K) for BCZT with x mol% of Mn, Al.

plots of log [(εm/εr)-1] vs log (T−Tm) (K) for BCZT + x mol% of Mn, Al doping shown
in Fig. 5. The slope of the fitting curves using Eq. 1 is used determine the γ value and the
δ value can be determined from the slope of εm/εr versus (T-Tm)2. Both the diffuseness γ

and δ values are listed in Table 1. It was found that the diffuseness γ and δ value depending
on the composition and structure of the BCZT dope with Mn and Al, which confirms that
diffuse phase transition occurs in this system. Figure 6 shows the P-E hysteresis loop of
BCZT with different Mn, Al content measured at room temperature and 3 kV. It can be
observed that the all samples show ferroelectric behavior and that the loops became slimmer
with increase of both Mn and Al content. The remanent polarization (Pr) and coercive field
(Ec) of Mn, Al doped BCZT ceramic are shown in Fig. 7. It was found that the Pr and Ec

decrease as Mn and Al content increases (Pr ∼ 2.26–1.25 μC/cm2 and Ec 4.25–3.10 kV/cm)
and the Mn doped BCZT exhibited higher Pr and Ec values more than the Al doped BCZT
for all conditions which is due to be the formation of mechanical barriers at the domain
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Properties of Mn, Al Doped BCZT Ceramics 89

Figure 6. P-E hysteresis loop of BCZT + x mol% of Mn, Al (Mn: top and Al: below)

Figure 7. Variation of remnant polarization, Pr and coercive field, Ec of BCZT + x mol% Mn, Al.
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90 U. Intatha et al.

walls by oxygen vacancies, so called domain wall pinning [14]. The addition of Mn can
decrease the oxygen vacancies concentration so domain wall pinning is reduced, domain
wall moves easily so that the Ec decreases.

4. Conclusions

Phase formation and dielectric properties of Mn and Al doped BCZT ceramics were
prepared by molten salt method were investigated. The perovskite phase as observed in
all conditions. Density values of ceramics were in the range of 5.42–5.51 g/cm3 with
the highest density values for 0.10 mol% of Mn. The molten-salt method reduced the
calcination temperature to a low temperature (∼200–300 ◦C). The dielectric loss decreased
with increasing dopant concentration and at 1 kHz was lower than 0.02 for all samples
in the range of room temperature to 250◦ C. BCZT doped with Mn or Al have obvious
ferroelectric character, the Pr and Ec decrease as Mn and Al content increases (Pr = 2.26-
1.25 μC/cm2 and Ec= 4.25–3.10 kV/cm) and Mn doped BCZT has higher Pr and Ec values
than the Al doped BCZT for all conditions.
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The (1−x)Pb(Ni0.33Nb0.67)0.5Ti0.35Zr0.15O3 [PNNZT] – xBi0.4871 Na0.4871 La0.0172TiO3

[BNLT] ceramics (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) were prepared by a two
steps mixed-oxide method. XRD patterns of all ceramic samples exhibited a complete
perovskite phase without pyroclore and no second phase. The BNLT addition has a
significant effect on the grain growth inhibition of PNNZT-BNLT ceramics. The dielec-
tric studies indicated that the phase transition behavior of the ceramic compositions
becomes more diffuse with increasing BNLT content. The addition of BNLT content
caused the increase in Tm, for example: about 16% for the 0.03 mol% BNLT sample
while tanδ was reduced to about 60% compared with that of pure PNNZT sample.

Keywords Phase transition; dielectric; PNNZT; BNLT

I. Introduction

Piezoelectric and ferroelectric materials are widely used in electronic devices, including
multilayer capacitors, sensors, transducers and actuators [1]. The PNN-PZT system was
first studied in detail by Buyanova et al. [2]. They confirmed that the highest value of piezo-
electric coefficient (d33) could be obtained from the 0.5PNN-0.35PT-0.15PZ composition.
It also possesses excellent response characteristics of strain. Therefore, new piezoelectric
devices were developed for newly electronic components [2].

BNT is one of the lead-free piezoelectric materials which discovered by Smolenskii
et al. [3]. It has excellent electrical, dielectric and piezoelectric properties. However, many
researchers have tried to improve the electrical properties of BNT by the addition of modi-
fier cations, such as La3+ and K+ into the lattice of the BNT unit cell. Herabut and Safari
[4] reported that the addition of 1.72% La2O3 into the BNT enhanced the piezoelectric con-
stant (d33) and dielectric constant (εr) of the ceramics. The modification of the processing
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∗Corresponding author. E-mail: kamonpan.p@cmu.ac.th
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technique in the cationic substitutions at A and B sites in ABO3 perovskite is considered as
one of the successful methods. For examples, previous works [5, 6] have reported that a two
step mixed-oxide method, where BNLT and BZT powders were calcined separately before
the sintering step, has enhanced the electrical properties of the BNLT–BZT ceramics, over-
coming the conventional mixed-oxide method. In this research, PNNZT/BNLT ceramics
were fabricated by two step mixed oxide and sintering methods. The powder mixture of
(1−x)PNNZT-xBNLT with x = 0,0.03, 0.06, 0.09, 0.12 and 0.15 mol were prepared by
solid state sintering method. Effects of added BNLT contents on density, phase evolution,
microstructure, phase transition and dielectric properties of PNNZT ceramics were revealed
and discussed.

II. Experimental

The (1−x)Pb(Ni0.33Nb0.67)0.5Ti0.35Zr0.15O3 [PNNZT] – xBi0.4871 Na0.4871 La0.0172TiO3

[BNLT] ceramics (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) were synthesized by a solid
state reaction technique. The starting materials used in this work were high purity (purity
>98.0%) powders of PbO, NiO, Nb2O5, TiO2, ZrO2, Bi2O3, Na2CO3 and La2O3. Stoi-
chometric amount of starting powders were weighed and mixed by ball-milling method
for 24 h. Then both mixtures of PNNZT and BNLT were dried and calcined separately at
850◦C for 3 h and then at 1100◦C for 3 h and 900◦C for 2 h, respectively for producing
highly pure powder of both phases. The PNNZT powder was then mixed with 0, 3, 6, 9, 12
and 15 mol% of BNLT powder by ball-milling for 24 h with ethanol as a milling media.
After dried and sieved, the resulting powder was mixed with 5 wt% PVA and uniaxially
pressed into10 mm diameter pellets. After that, pellets were burned out of binder at 500◦C
for 1 h and subsequently sintered at various temperatures between 1100◦C and 1300◦C at
PbO-rich atmosphere under controlled heating and cooling rate of 10◦C/min with soaking
time for 2 h.

The phase formation was identified using X-ray diffraction. Scanning electron mi-
croscopy (SEM, JEOL JSM5910LV) was used to investigate microstructure. Grain size
was measured by a mean linear intercept method from SEM micrographs. The two circular
surfaces of the sintered ceramics were polished and coated with silver paste as electrodes
for electrical contact. The dielectric constant (εr) and dielectric loss (tanδ) of ceramics were
measured at 10 kHz using an LCZ meter (HP4276 A).

III. Results and Discussion

The phase formation of the (1−x)PNNZT-xBNLT with x = 0.0-0.15 ceramics prepared
by a two-step mixed oxide method was studied by XRD and their diffraction patterns are
illustrated in Figure 1. All PNNZT-BNLT ceramic samples exhibited a single perovskite
phase with high purity according to the detection limit of the equipment and no secondary
phase was detected. For x = 0.0 (PNNZT) sample, the diffraction peaks were matched
with the pure perovskite PNN phase with only cubic structure while at higher BNLT
content (x > 0), two phases of cubic and rhombohedral structures were found to exist in
the XRD patterns. Moreover, the amount of rhombohedral phase started to increase with
increasing BNLT content. This can be confirmed by the appearing of peak splits around
2θ ∼ 45−46◦. It is also noticed that the PNNZT-BNLT ceramic samples posses a mixture of
cubic and rhombohedral phase. Figure 2 shows the SEM micrographs of fracture surface of
(1−x) PNNZT- x BNLT ceramics. Pure PNNZT ceramics show a dense structure with the
equiaxed grains as clearly seen in Fig. 2(a). The microstructure of PNNZT-BNLT ceramics
has insignificantly changed by increasing amount of BNLT. However, the 3 mol% of BNLT
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Properties of PNNZT-BNLT Ceramics [249]/3

Figure 1. X-ray diffraction patterns of (1−x)PNNZT- xBNLT ceramics.

addition produced a notable decrease in grain size. Small equiaxed grains and some pores
were found in microstructure of this sample as seen in Fig. 2(b). Similar microstructures
were found in the 6–15 mo% BNLT samples, where the grain size as measured by a linear
intercept method, changed slightly with increasing amounts of BNLT. The average grain
size and density values of all PNNZT-BNLT ceramics are tabulated in Table 1.

The average grain size of PNNZT-BNLT with x = 0 ceramics was ≈2.68 μm then
decreased to ≈1.12 μm with the addition of 3 mol% BNLT. However, the average grain
size of PNNZT-BNLT ceramic turned to slightly increase when BNLT content was higher
than 3% mol. (x > 0.03).

Figure 2. SEM micrographs of (1−x) PNNZT-x BNLT ceramics where (a) x = 0, (b) x = 0.03.
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Table 1
Physical and electrical properties of (1−x) PNNZT-x BNLT ceramics

Dielectric properties at Tc (10 kHz)

Sample Density (g/cm3) Grain size (μm) Tmax (◦C) εr,max tanδmax

X = 0.00 7.65 2.68 139.03 24291.99 0.0369
X = 0.03 7.89 1.12 161.21 7170.29 0.0152
X = 0.06 7.9 1.19 155.98 4523.04 0.0164
X = 0.09 7.87 1.41 155.92 4483.86 0.0191
X = 0.12 7.77 1.51 152.67 5163.96 0.0158
X = 0.15 7.76 1.27 160.98 3590.14 0.0197

The dielectric constant (εr) and dielectric loss (tanδ) of PNNZT-BNLT ceramics as a
function of temperature at 10 kHz are displayed in Figure 3. The addition of BNLT has a
significant effect on the dielectric constant. The temperature at the dielectric peak showed
the ferroelectric to paraelectric phase transition temperature (Tm). The Tm and εr values as
a function of BNLT content are presented in Table 1. It can be found that the Tm value
increases with increasing BNLT content. The maximum of Tm of 161.21◦C was recorded
for the 0.03 mol% BNLT sample, which is ∼16% higher than that of PNNZT sample.
Moreover, the tanδ value of this composition decreased about 60% compared to that of
no-added BNLT content (pure PNNZT). However, the dielectric maximum values decrease
with increasing BNLT content.

As described above, a combination of PNNZT with BNLT introduces dielectric peak
broadening. The dielectric diffusivity can be clearly found in most of the BNLT substituted
PNNZT ceramics. The diffuseness of the phase transition can be determined from the

Figure 3. Temperature dependence of dielectric constant and dielectric loss of PNNZT-BNLT ce-
ramics. (Color figure available online.)
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Properties of PNNZT-BNLT Ceramics [251]/5

Figure 4. The Diffusivity and Diffuseness parameters of (1−x)PNNZT-xBNLT ceramics. (Color
figure available online.)

Curie-Weiss law. For a normal ferroelectric such as PZT, above the Curie temperature the
dielectric constant follows the Curie-Weiss law as in equation (1) [7, 8]:

ε = C

T − T0
(1)

where C is the Curie constant and T0 is the Curie-Weiss temperature. For a ferroelectric
with a diffuse phase transition (board peak), the following equation (2) is determined.

1

ε
= (T − Tm)2 (2)

This equation has been displayed to be valid over a wide temperature range instead of
the normal Curie-Weiss law in equation 1. In equation 2, Tm is the temperature at which
the dielectric constant is at maximum value. The local Curie temperature distribution is
Gaussian, where the reciprocal permittivity can be rewritten as in equation (3)

1

εr

= 1

εmax

+ (T − Tm)γ

2εmaxδ2
(3)

where εmax is maximum dielectric constant, Tm is the phase transition temperature and εr

is the dielectric constant of sample. For the PNNZT-BNLT compositions, the diffusivity
and diffuseness parameters can be estimated from the slope and intercept of the dielectric
data displayed in Figure 4, showing linear trend. The values of γ and δ are both material
constants depending on the structure and composition of the materials. The parameter γ

gives information on the characteristic phase transition. For γ = 1, a material exhibits a
normal Curie-Weiss law and for γ = 2, a material is an ideal relaxor ferroelectric [9].
While the parameter δ is used to measure the degree of diffuseness of the phase transition.
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The γ values of the prepared PNNZT-BNLT were found to vary between 1.86 and 1.97,
which confirms the occurrence of the diffuse phase transition. The diffuseness parameter
increased significantly with increasing of BNLT content. A similar trend was also observed
for substitution with alkali-earth metals in lead-based perovskite [10–11].

IV. Conclusion

PNNZT-BNLT ceramics have been prepared by a two step mixed oxide method and conven-
tional sintering process. Densification increases with the addition of BNLT concentration
while the grain growth is inhibited, which in turns results in the modification of dielectric
properties of PNNZT-BNLT ceramics. The maximum dielectric constant decreases and
the transition temperature increases with increasing BNLT content. The dielectric studies
indicated that the phase transition behavior of the ceramic compositions becomes more
diffuse with the addition of BNLT content.
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Influence of Processing Temperature on Properties
of Sr(Fe0.5Nb0.5)O3 High Dielectric Ceramics
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Influence of processing parameters, calcination and sintering temperatures, on the
properties of Sr(Fe0.5Nb0.5)O3 samples were investigated The Sr(Fe0.5Nb0.5)O3 ceramics
were fabricated by a solid-state reaction method. X-ray diffraction analysis revealed that
pure perovskite phase of SFN powders was observed for the calcination temperatures
≥1000◦C. However, all SFN ceramics showed the pure perovskite phase. Average grain
size increased with increasing sintering temperature, where the hardness value was
related with grain size. The dielectric properties examination indicated that increase
of the sintering temperature is effective in improving dielectric constant of the SFN
ceramics.

Keywords Dielectric properties; high dielectric ceramics; mechanical property

1. Introduction

Recently, there is intense research on developments of lead free dielectric materials due to
the environmental concern and potential use in electronic devices. For high-k capacitance
applications, the giant dielectric constant materials including CaCu3Ti4O12 and some com-
plex perovskite materials containing Fe have been attracted great attention from many re-
searchers [1, 2]. The synthesized giant dielectric constant materials such as BaFe0.5Nb0.5O3

(BFN), BaFe0.5Ta0.5O3 (BFT), and SrFe0.5Nb0.5O3 (SFN) [3–5] have been widely inves-
tigated due to their properties which are suitable for technological applications. Among
these materials, SFN has attracted considerable interest due to its high dielectric constant
(103–104) over a broad temperature, and high dielectric relaxation response [6]. However, it
is known that the properties of many ceramics are also influenced by processing parameter
such as heat treatment conditions. Therefore, various fabrication techniques and processing
parameters have been proposed such as rapid-rate sintering, rate-controlled sintering and
optimized dwell time etc. [7, 8]. The optimized sintering temperature is one of important
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Influence of Processing Temperature on SFN Ceramics [1009]/129

Figure 1. (a, b) X-ray diffraction patterns of SFN powders and ceramics, (c) X-ray diffraction
patterns of SFN ceramics at 72◦-78◦ and the inset is ceramic density vs. sintering temperature.

processing parameter since it can produce a high ceramic density and homogeneous grain
growth which result in good electrical and mechanical properties. In present work, we re-
port our study on the influence of processing temperature such as calcination and sintering
temperature on properties of Sr(Fe0.5Nb0.5)O3 high dielectric ceramics.

2. Experimental

Polycrystalline of SFN ceramics were prepared via the conventional mixed oxide method.
High purity metal oxides of Sr2CO3, Fe2O3, and Nb2O5 were weighed following stoichio-
metric formula of Sr(Fe0.5Nb0.5)O3. The starting powders were then mixed and ball-milled
in isopropanol for 24 h using yttria stabilized zirconia ball as a grinding media. After mix-
ing, the slurry was dried, sieved and calcined at 3 h for 1100◦C. An organic binder, polyvinyl
alcohol, was added into the calcined SFN powders and then ball-milled in isopropanol for
24 h. This slurry was dried and sieved to form a homogeneous powder and then was pressed
at 150 MPa into 10 mm diameter pellets by unisxial pressing using a stainless steel die. The
obtained pellets were sintered between 1200◦C and 1400◦C in an electric furnace under
air atmosphere for 3 h. The density of the sintered samples was measured by Archimedes
method using distilled water as a fluid medium. Phase formation of the sintered samples
was characterized using the X-ray diffraction (XRD) technique. The morphology of the
samples was investigated using a scanning electron microscope (SEM). For the electrical
measurement, silver paste electrode was applied to both sides of the samples. The dielectric
properties were determined with various frequency and temperatures using a LCR meter.
Vickers hardness measurement was performed on polished surface using a microhardness
tester.

3. Results and Discussion

XRD patterns of the calcined powders are illustrated in Fig. 1. A perovskite phase was
observed for all powder samples. However at a lower calcination temperature (such as
900◦C), peaks of second phase were found (as indicates by “∗” in the Fig. 1(a)). The
second phase was determined as Sr5Nb4O15, according to JCPDF No. 01-083-0132. In
this work, the 1000◦C powder was selected for the sintering. XRD patterns of the SFN
ceramics sintered at different temperatures are shown in Fig. 1(b). All ceramics showed
a pure phase perovskite. Further, spitting of XRD peaks such as (332), (240), and (116)
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130/[1010] C. Kruea-In et al.

Figure 2. SEM micrographs of SFN ceramics sintered at (a) 1200, (b) 1300, and (c) 1400◦C.

peaks at 2θ ∼ 75–77◦ were clearly found (Fig. 1(c)). This result indicates that the samples
exhibited an orthorhombic symmetry. The XRD analysis was carried based on JCPDS file
No. 01-070-5965. The orthorhombic symmetry in SFN was also reported by Liu et al. [6].

Density as a function of sintering temperature is shown in the inset of Fig. 1(c) The
density increased with increasing sintering temperature up to 1300◦C and then decreased
for higher sintering temperature. The decrease in density value for the 1400◦C sample may
be due to a formation of close pores in the sample after sintering at high temperature.
Further, sintering at higher temperature may produce many defects in the ceramics. Fig. 2
displays surfaces of the SFN ceramics sintered at different sintering temperatures. All
samples look quite dense. The higher sintering temperature produced a notable increase
in grain size (Fig. 2 and 5). Average grain size, as calculated by an intercept method,
increased with increasing sintering temperature. This increasing can be explained by the

Figure 3. Frequency dependence of dielectric constant and loss tangent for the SFN ceramics
measured at room temperature.

D
ow

nl
oa

de
d 

by
 [C

hi
an

g 
M

ai
 U

ni
ve

rs
ity

] a
t 2

0:
04

 2
7 

A
pr

il 
20

14
 



Influence of Processing Temperature on SFN Ceramics [1011]/131

Figure 4. Dielectric constant (εr) and dielectric loss (tan δ) versus temperature for the SFN ceramics
sintered with different sintering temperatures. Inset shows loss tangent versus temperature for the
SFN ceramics.

phenomenological kinetic grain growth equation expressed as

log G = 1

n
log t + 1

n

[
log K0 − 0.434

Q

RT

]
(1)

where G is the average grain size at the time, n is the kinetic grain growth exponent, K0 is a
constant, Q is the activation energy, R is the gas constant, and T is the absolute temperature.
In the present work, rapidly grain growth was observed for the samples sintered with
temperatures >1200◦C.

Figure 3 illustrates the dielectric constant as a function of frequency for the SEN
ceramic samples. All samples exhibited a dielectric-frequency dependent. The samples also
exhibited higher dielectric constants at lower frequencies due to the presence of different
types of polarizations, such as interfacial, dipolar, atomic, ionic, electronic contribution
in the material. However, the dielectric constant of the samples decreased with increasing
frequency. This may be due to some polarizations as suggested above may have less
contribution. Fig. 3 also shows dielectric loss as a function frequency. The dielectric loss
result exhibits a frequency-dependent behavior. This may related with the concentration of
charge carriers that respond to this evident is not constant [9]. The temperature dependence
of the dielectric constant for all ceramics is presented in Fig. 4. Although the density of the
ceramics was observed to decrease for a higher temperature sample (such as the 1400◦C
sample), the dielectric constants were improved by increasing the sintering temperature.
The high dielectric constants for higher sintering temperature SFN ceramics may be due
to the existence of Fe2+ in sintered SFN ceramics, as proposed by Ananta and Thomas
[10]. The present of Fe2+ and Fe3+ ions on equivalent crystallographic sites can results
in an electron-hopping conduction mechanism [9]. Further, the concentration of Fe2+ ions
is very sensitive to temperature, and it increases with increasing the sintering temperature
[11].

Figure 5 illustrates the Vicker hardness value as a function sintering temperature.
The hardness decrease value of the SFN ceramics decreased with increasing sintering
temperature. Generally, for ceramic materials, the finer grain ceramics exhibits higher
hardness value. Therefore, our result is consistent with this rule. Further, the lower hardness
value for higher temperature sample (1400◦C) can be link with the lower measured density.
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132/[1012] C. Kruea-In et al.

Figure 5. Vicker hardness values as a function sintering temperature of the SFN ceramics Inset
shows a plot of average grain size value versus sintering temperature.

4. Conclusion

Properties of SFN calcined powders and ceramics, prepared by a conventional technique
with different calcination and sintering temperatures, were investigated. Increasing sintering
temperature enhances the grain growth and dielectric constant where the 1300◦C sample
exhibited the highest ceramic density. The sintering temperature also affected the hardness
value where the hardness value was linked with the value of grain size.

Acknowledgments

The authors appreciate Faculty of Science and Technology, Chiang Mai Rajabhat University,
Faculty of Science Chiang Mai University, The Thailand Research Fund (TRF), and Office
of the Higher Education Commission (OHEC) Thailand.

References

1. A. Onodera and M. Takesada, Anomalous dielectric behavior in CaCu3Ti4O12 at high tempera-
tures. Ferroelectrics 379, 15–21 (2009).

2. I. P. Raevski, S. A. Prosandeev, A. S. Bogatin, M. A. Malitskaya, and L. Jastrabik, High dielectric
permittivity in AFe1/2B1/2O3 nonferroelectric perovskite ceramics (A = Ba, Sr, Ca; B = Nb, Ta,
Sb). J. Appl. Phys. 93, 4131–4136 (2003).

3. Z. Wang, X. M. Chen, L. Ni, and X. Q. Liu, Dielectric abnormities of complex perovskite
Ba(Fe1/2Nb1/2)O3 ceramics over broad temperature and frequency range. Appl. Phys. Lett. 90,
022904 (2007).

4. Z. Wang, X. M. Chen, L. Ni, Y. Y. Liu, and X. Q. Liu, Dielectric relaxation on Ba(Fe1/2Ta1/2)O3

giant dielectric constant ceramics. Appl. Phys. Lett. 90, 102905 (2007).
5. S. Saha and T. P. Sinha, Dielectric relaxation in SrFe1/2Nb1/2O3. J. Appl. Phys. 99, 014109 (2006).

D
ow

nl
oa

de
d 

by
 [C

hi
an

g 
M

ai
 U

ni
ve

rs
ity

] a
t 2

0:
04

 2
7 

A
pr

il 
20

14
 



Influence of Processing Temperature on SFN Ceramics [1013]/133

6. Y. Y. Liu, X. M. Chen, X. Q. Liu, and L. Li, Giant dielectric response and relaxor behaviors
induced by charge and defect ordering in Sr(Fe1/2Nb1/2)O3 ceramics. Appl. Phys. Lett. 90, 192905
(2007).

7. A. Eugene, Olevsky: Theory of sintering: from discrete to continuum. Mater. Sci. Eng. R23,
41–100 (1998).

8. W. Liang, D. Xiao, W. Wu, X. Li, Y. Sun, and J. Zhu, Effect of sintering temperature on phase
transitions, properties and temperature stability of (K0.465Na0.465Li0.07)(Nb0.95Sb0.05)O3 lead-free
piezoelectric ceramics. Curr. Appl. Phys. 11, S138–S142 (2011).

9. U. Intatha, S. Eitssayeam, J. Wang, and T. Tunkasiri, Impedance study of giant dielectric permit-
tivity in BaFe0.5Nb0.5O3 perovskite ceramic. Curr. Appl. Phys. 10, 21–25 (2010).

10. S. Ananta and N. W. Thomas, A modified two-stage mixed oxide synthetic route to lead magne-
sium niobate and lead iron niobate. J. Euro. Ceramic. Soc. 19, 155–163 (1999).

11. K. Singh, S. A. Band, and W. K. Kinge, Effect of sintering temperature on dielectric properties
of Pb(Fe1/2Nb1/2)O3 perovskite material ferroelectrics. Ferroelectrics 306, 179–185 (2004).

D
ow

nl
oa

de
d 

by
 [C

hi
an

g 
M

ai
 U

ni
ve

rs
ity

] a
t 2

0:
04

 2
7 

A
pr

il 
20

14
 



Structural and magnetic properties of SiO2–CaO–Na2O–P2O5 containing
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a b s t r a c t

The incorporation method was employed to produce bioactive glass–ceramics from the BaFe12O19–

SiO2–CaO–Na2O–P2O5 glass system. The ferrimagnetic BaFe12O19 was first prepared using a simple

mixed oxide method, where the oxide precursors of 45S5 bioglass were initially mixed and then melted

to form glass. The devitrification of Na3Ca6(PO4)5 and Fe3O4 was observed in all of the quenched glass

samples. The glass samples were then subjected to a heat treatment schedule for further crystallization.

It was found that the small traces of BaFe12O19 phases started to crystallize in high BF content samples

of 20 and 40 wt%. These samples also exhibited good magnetic properties comparable to that of other

magnetic glass–ceramics. The bioactivity of the BF glass–ceramics improved with increasing BF content

as was evident by the formation of bone-like apatite layers on the surface of all of the glass–ceramics

after soaking in SBF for 14 days. The results support the use of these bioactive glass–ceramics for

hyperthermia treatment within the human body.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The use of ferrimagnetic materials is of particular interest in
hyperthermia treatment as an alternative way to destroy cancer
cells, especially deep-seated cancers such as bone tumors [1–3].
When granular seeds of glass–ceramics are implanted around
tumors and then subjected to alternating magnetic fields, heat is
generated from magnetic loss killing the tumors. Generally, such
tumors are effectively heated and destroyed at temperatures
around 42–45 1C, without normal tissue damage [4,5].

The development of bioactive ferrimagnetic glass–ceramics has
attracted much interest as such a biological property is needed for
formation of active bone-like apatite between surfaces of the
implanted glass–ceramic thermoseeds and tumor tissues [6,7].
Bretcanu et al. [8] found that a ferrimagnetic material containing
45wt% of magnetite was a beneficial bioactive material with a
saturation magnetization of 34 Am2 kg�1, coercive value of 0.68�
104 Am�1 and heat loss of 25W/g after applying a magnetic field of
4�104 Am�1. In addition, this material exhibited bioactive behavior
after 14 days of incubation in a stimulated body fluid (SBF). However,
some glass–ceramics such as CaO–SiO2 based glass–ceramics contain-
ing 36% magnetite (Fe3O4) showed ferromagnetic properties without
bioactivity [9]. Therefore, additional research projects have been

undertaken in order to develop bioactive glass–ceramics containing
ferrimagnetic materials with optimum properties to increasing their
potential uses in hypothermia treatment [10–14].

Magnetite is a common magnetic phase found in ferromagnetic
materials, while other ferrite phases, such as (Li, Mn) ferrite, Mg
ferrite and zinc–iron ferrite (ZnFe2O4), have only recently been
investigated [13–15]. However, the Ba ferrite phase which also has
good magnetic properties, has not yet been used for this type of
application. The present work, therefore, attempted to fabricate a
SiO2–CaO–Na2O–P2O5 bioactive glass–ceramics containing the Ba
ferrite (BF) phase using the incorporation method. In thismethod, BF
crystals were first produced using the solid-state reaction technique
and then added to the glass precursors as a glass batch, which was
then further melted to form the glass. The prepared glass was then
subjected to heat treatment to induce crystallization. The effects of
BF incorporation on the structural and magnetic properties of the
prepared glass–ceramics were studied and the bioactive properties
of these materials were investigated.We expected that the BF phase
should easily recrystallize compared to the conventional method of
preparing glass–ceramics, where simple oxides of BaO, Fe2O3, SiO2,
CaO, Na2O and P2O5 are melted to form the glass mixtures.

2. Experiment procedure

2.1. Preparation of materials

The samples were obtained using the incorporation method.
BF powder was produced starting from a mixture of Fe2O3
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and BaCO3 by keeping the proportion at a ratio of 6:1. The
mixture was then ball milled and calcined at 1100 1C for 3 h
at ambient atmospheric pressure in an electric furnace (heating
rate 5 1C/min).

Glass samples with a composition of SiO2 45wt%, Na2O
24.5wt%, CaO 24.5wt% and P2O5 6wt% (Merck, India) were
mixed with various amounts of the prepared BF powder of 5,
10, 20 and 40wt% and the batches were melted in a platinum
crucible for 2 h at 1450 1C. The samples were labeled as 5BF, 10BF,
20BF and 40 BF following the amount of BF used. The melted glass
samples were then quenched between copper plates at room
temperature. After that, the glass samples were subjected to heat
treatment schedules at their crystallization temperature (Tc) with
a heating rate of 5 1C/min and a dwell time of 2 h.

2.2. Materials characterization

The glass transition temperature (Tg) and crystallization tem-
perature (Tc) of the crushed and ground glass powders for each
composition were estimated using a differential thermal analysis
(DTA: 1600 DTA, Du Pont Instrument) and the phase identifica-
tion of the samples was carried out with an X-Ray diffractometer
(XRD: Siemen D-500). Then a scanning electron microscope (SEM:
JSM-6335 F) was used to observe the microstructures of the
prepared glass–ceramics. The magnetic properties were measured
using a vibrating sample magnetometer (VSM: LakeShore Model
7404) at room temperature. An in vitro test was then carried out
by soaking in SBF. The SBF was buffered at pH 7.4 and maintained
at 37.5 1C in order to simulate near physiological conditions for 14
days. After that, the formation of apatite layers were investigated
using a scanning electron microscope based energy dispersive
X-ray spectrometer.

3. Results and discussion

3.1. Thermal parameters

The thermal parameters (Tg and Tc) of each glass composition
were plotted against the BF content as is shown in Fig. 1. These
parameters were deduced from the DTA traces (Fig. 2) of each
glass powder with a heating rate of 5 1C/min. It can be seen that

both Tg and Tc increased with increasing BF content up to 40wt%.
As would be expected, the increasing trends of Tg and Tc with BF
content were observed because BF (4.32 g/cm3) has a much
higher density than that of normal 45S5 glass (2.7 g/cm3).
Generally, a change in Tg and Tc with composition reflects a
structural evolution in the glass network, and both linear trends
observed in this study confirm that no changes in the glass
networks occurred in the 45S5 bioactive glass samples with the
addition of BF compounds. The presence of BF in the glass
samples only increased the crystallization temperature and the
melt viscosity of the glass samples [13].

3.2. Phase formation

The XRD patterns of the as quenched glass samples (Fig. 3)
revealed the presence of an Na3Ca6(PO4)5 phase which occurred
in the low BF content glass–ceramic samples. The amount of this
phase decreased with increasing BF content. The second phase
started to occur in the 20BF sample (indexed as Fe3O4) and was
found to coexist with the Na3Ca6 (PO4)5 phase. Moreover, the
amount of the Fe3O4 phase increased with the addition of BF up toFig. 1. DTA traces.

Fig. 2. Tg and Tc of quenched glasses versus BF content.

Fig. 3. XRD patterns of the quenched glass samples (a) 5 BF, (b) 10 BF, (c) 20 BF,

(d) 40 BF.

W. Leenakul et al. / Journal of Magnetism and Magnetic Materials 325 (2013) 102–106 103



40wt%. The desired BF phase was not found in every quenched
sample, instead it was found to decompose during melting at
elevated temperatures (1450 1C) and the devitrification of Fe3O4

and Na3Ca6(PO4)5 occurred during the cooling of the melts.
The heat treatment process was employed to all quenched

glass samples at their Tc(s) in order to study the crystallization
mechanism. Fig. 4 shows the XRD patterns of the glass–ceramic
samples after being subjected to the heat treatment schedule.
During the heat treatment process at 5BF with a constant heating
rate (5 1C/min), the development of five crystalline phases were
detected: sodium calcium silicate (Na2Ca3Si6O16), barium phos-
phate (Ba3(PO4)2), iron oxide (Fe2O3), wallastonite (CaSiO3) and
sodium calcium phosphate (Na3Ca6(PO4)5). The intensity of the
Na2Ca3Si6O16, CaSiO3 and Na3Ca6(PO4)5 signals decreased while
the intensity of the (Ba3(PO4)2) and Fe2O3 signal increased with
increasing BF content. It was also observed that the samples with
higher BF values greater than 5 wt% showed a small amount of

the magnetite (Fe3O4) phase which slightly increased with
increasing BF content. It should be noted that the magnetic
properties of these glass samples improved due to the increase
in quantity of the magnetite phase. The XRD pattern of the 20BF
sample showed a small trace of the wanted BF (BaFe12O19) phase
which could easily be observed for the higher BF samples such as
the 40BF sample.

3.3. Magnetic properties

The magnetization hysteresis loops for the heat treated glass–
ceramic samples at their Tc(s) collected at 8�105 A m�1 are
shown in Fig. 5. All samples exhibited similar magnetic behaviors
with a narrow hysteresis loop and very low coercivity (Hc) close
to those of typical soft magnetic materials.

The magnetic properties of the heat treated glass–ceramic
samples are summarized in Table 1. It can be seen that the
coercivity (Hc) and the remanence magnetization (Mr) were found
to occur 0.67�104–1.74�104 A m�1 and 0.15–3.37 A m2 kg�1,
respectively. It can also be noted that the remanence magnetiza-
tion of the samples increased with increasing BF content.

The enhancement of the magnetic property is a consequence
of the crystallization process. The higher BF content samples from
10wt% contain the magnetite Fe3O4 phase which plays an
important role in the enhancement of the magnetic properties
of the glass–ceramics. This is especially true for the 20BF and
40BF samples for which small traces of ferrimagnetic BF were
observed resulting in a further improvement of the magnetic
properties.

Fig. 4. XRD patterns of the glass–ceramic samples after heat treatment at their

crystallization temperatures (Tc) (a) 5 BF, (b) 10 BF, (c) 20 BF, (d) 40 BF.

Fig. 5. Room temperature hysteresis loops up to 8�105 A m�1of glass–ceramic samples. with various BF contents.

Table 1
Magnetic properties evaluated from hysteresis loops.

Magnetic and structural parameters Condition (wt% Ba Ferrite)

5BF 10 BF 20BF 40BF

Coercivity Hc (�104 A m�1) 1.516 0.661 0.633 1.741

Remanence magnetization Mr (A m2kg�1) 0.150 0.943 1.274 3.773

Interpolated hysteresis area7(8�105 A m�1) 4.467 7.701 10.183 19.589

Interpolated hysteresis area7(4�104 A m�1) 0.324 0.490 10.524 22.022

W. Leenakul et al. / Journal of Magnetism and Magnetic Materials 325 (2013) 102–106104



Generally, losses in magnetic materials are calculated by mea-
suring the area of the corresponding hysteresis loop. The loss values
of all samples are reported in Table 1, where it can be observed that
for an applied field of 8�105 Am�1, the area of the hysteresis loop
increased with increasing content of barium ferrite from 5wt% to
40wt%. However, such a high magnetic field of 8�105 Am�1 is
difficult to use in a clinical laboratory. Therefore, the hysteresis loops
were also measured at a lower magnetic field (4�104 Am�1). The
magnetic hysteresis loops of the glass–ceramic samplesmeasured at
4�104 Am�1 are shown in Fig. 6. The integrated loop area obtained
from the applied magnetic field of 4�104 Am�1 shows the same
trend as that of the 8�105 Am�1 measurements. The maximum
area was obtained for the 40BF glass–ceramic sample which
exhibited the highest magnetic content and the highest saturation
magnetization.

3.4. Bioactivity in vitro

Fig. 7 shows the SEM images of the glass–ceramic samples at
various BF contents after incubating in SBF for 14 days. It is

evident that the surfaces of all samples were covered with
spherical particles which were found to cover an increased sur-
face area of the glass–ceramics with increasing BF content.
The EDS analysis revealed that the spherical particles which
occurred on the surfaces of the samples had much higher
concentrations of P and Ca, indicating the formation of an apatite
layer. It should be noted that all of the samples were found to be
bioactive. The EDS results also illustrate the remarkable increase
of Ca and P (apatite) contents while Si content decreased with
increasing concentration of BF. These changes in ion concentra-
tionsmay be associatedwith the glass crystallization. For the XRD
results of the heat treated glass–ceramics (Fig. 4), the higher BF
content samples in particular the 40BF sample had lower crystal-
linity values than that of the lower BF samples. This can also be
clearly seen by the decrease of intensity of the Na2Ca3Si6O16 and
Ba3Si5O13 XRD peaks with increasing BF content. This higher glassy
amorphous phase also has a positive effect on the bioactivity
behavior of the samples because the appearance of a crystalline
phase had the effect of hindering ion exchange and delaying the
formation of the apatite layer therefore decreasing the apatite.

Fig. 6. Room temperature hysteresis loops up to 0.4�105 A m�1of glass–ceramic

samples with various BF contents.

Fig. 7. SEM micrographs and EDS analysis of glass–ceramic samples (a) 5 BF, (b) 10 BF, (c) 20 BF, (d) 40 BF after 14 days in SBF.

Fig. 8. pH of the SBF media with incubation time.
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The apatite formation ability was also evaluated with respect
to the pH value in the SBF. From Fig. 8, 14 days after incubation,
the pH values were measured and it was noted that the pH values
increased with increasing incubation time. Moreover, the glass–
ceramic samples with a high amount of BF, such as 20BF and
40BF, showed an increasing trend up to 14 days with high pH
values of 8.75–9.25. This may be due to the high dissolution rate
of Naþ and Ca2þ ions in the solution occurring for the high BF
content glass–ceramics. These glass–ceramics are highly amor-
phous compared to other bioactive glass samples, as mentioned
above. The release of Naþ and Ca2þ ions also helps to accelerate
the apatite nucleation by increasing ionic activity product of
apatite in the SBF fluid [16], leading to a higher bioactivity of
the high BF content glass–ceramics. This is consistent with the
work done by Singh et al. [17] who reported that the apatite
formation increased when the iron oxide content increased as the
replacement of SiO2 with Fe2O3 did not disturb the formation of
CaO and P2O5. The composition variation tended to aid the apatite
forming ability on the surface of their glass samples. It is generally
assumed that the addition of the magnetite phase does not inhibit
bioactivity.

4. Conclusion

New ferrimagnetic glass–ceramics from the BaFe12O19–45S5
glass system were successfully prepared using the incorporation
method. Even though the BaFe12O19 phase was found to decom-
pose during melting, the Fe3O4 phase was found to remain in the
quenched glass samples and is known to play an important role in
the magnetic properties of glass–ceramics. It was found that after
applying a magnetic field of 8�105 A m�1, all glass–ceramic
samples exhibited soft magnetic properties. All of the glass–
ceramics showed good bioactivity in vitro, as is evident by the
formation of a bone like apatite phase. The addition of BF content
to bioglass 45S5 can improve both the magnetic properties and
the bioactivity of these glass materials.
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Abstract

Effects of MgO doping on properties of P2O5–CaO–Na2O glass system were investigated. The glass samples were prepared by

conventional glass melting technique at 1000 1C for 1 h. Thermal parameter of each glass sample were studied by differential thermal

analysis (DTA). The glass samples were annealed at crystallization temperature to form glass ceramics. The glass ceramics were

investigated in terms of phase formations by XRD, microstructure by SEM and in vitro bioactivity. The phases formed in all glass

ceramics are calcium phosphate (Ca2P2O7 file no. 09-0346), sodium phosphate (NaPO3 file no. 11-0650) and sodium calcium phosphate

(Na1.8Ca1.1P6O17 file no. 47-0863) as detected by XRD. The 5–10 mol% MgO glass ceramics having well separated two crystallization

peaks (Tx1 and Tx2) within the temperature range of 557–590 1C contained additional sodium magnesium phosphate (NaMg(PO3)3 file

no. 72-2341). Large porosity was found in all glass ceramics due to free volume and void formation during the crystallized phase. The

in vitro study revealed that all glass ceramic samples exhibited apatite cell growth at the surface after immersed in simulated body fluid

(SBF) for 7 days. The results suggested that these glass ceramics were appropriate for biomedical application.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Porosity; C. Thermal properties; D. MgO; E. Biomedical applications

1. Introduction

Bioactive glasses and ceramics, such as hydroxyapatite,
b-tricalcium phosphate, 45S5 bioglasss, calcium phos-
phate glass and A-W glass ceramics are biomaterials,
which when implanted into bone defects, form sponta-
neously a layer of bonelike apatite on the surface that
induces chemical integration of bone cells [1–5]. Recently,
many researchers have attempted to improve these bioac-
tive materials for bonelike apatite growth capability.

Trace ions, such as Naþ , Mg2þ , Kþ and F� are
prevalent in the organic part of bone. It was found that
of hydroxyapatite doped with some of these metallic ions
had improvement in osteoblast adhesion and the increase
in intracellular alkaline phosphates activity [6]. These

modified hydroxylapatite also showed excellent cell attach-
ment and cell spreading of a modified human osteoblast
(HOB) cells lining on the matrices. Calcium phosphate
glasses containing silica, non-silica phosphate glasses and
other oxides such as Na2O, MgO, ZnO, TiO2, K2O and
Fe2O3, [7–9] have also attracted a lot of interest for
biomaterial application. Calcium phosphate glasses con-
taining silica, indicated toxicity on mice [10]. However,
non-silica calcium phosphate glasses have shown to be
non-toxic because of their chemical composition is closely
similar to that of natural bone. They also have bioresorb-
able property that enable these glasses to be dissolved in
human fluids, so it can be slowly replaced by regenerated
tissue [11–12].
The ternary P2O5–CaO–Na2O glasses are one of the

interesting calcium phosphate glass systems without silica
group. These glasses can be dissolved in water, simulated
body fluid (SBF) and body fluid, which is replaced by
regenerated tissue as these glasses have shown good
biodegradable and biocompatibility in vitro and in vivo
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tests [5,7,13–16]. In addition, these glass systems were
found to exhibit thermal parameters at low temperature,
which can be easily melted and casted [13,17,18]. Previous
works showed that the P2O5–CaO–Na2O glass with fixed
P2O5 content of 45 mol% gave a good range of glasses,
which are easily processed and good biocompatibility
[13,19]. This work, therefore has attempted to modify
these glasses by substituting CaO by MgO from 2.5 mol%
to 10 mol% with fixed amount of P2O5 and Na2O of
45 mol% and 25 mol%, respectively.

2. Experimental

2.1. Glass preparation

The glasses were prepared using (NH4)2HPO4, CaCO3,
Na2CO3 and Mg(OH)2 as starting materials and the formula
used in this study is 45P2O5–(30�x)CaO–25Na2O–xMgO
where x=0, 2.5, 5, 7.5 and 10 mol%. The mixing materials
were melted at 1000 1C for 1 h in alumina crucible and the
melts were quenched between stainless steel plated in air.
The glasses were subsequently examined by differential
thermal analysis (DTA: Stanton redcroft DTA model
673-4) using Al2O3 as reference.

2.2. Glass ceramic preparation

The glasses were annealed at their corresponding crystal-
line temperature (Tx) for 5 h with heating and cooling rate
of 5 1C/min. Phase formation of the prepared glass
ceramics were investigated by X-ray diffraction (XRD:
Rigaku Mini Flex II). In vitro bioactivity was assessed in
SBF, which was buffered to pH 7.4. The glass ceramic
samples were soaked in SBF and indicated for 7 days at
36.5 1C. The microstructures of glass ceramics before and
after immersed in SBF were investigated by scanning
electron microscopy (SEM: JSM-5910). Energy dispersive
X-ray spectroscopy (EDS) was employed for chemical
analysis of the glass ceramics after immersed in SBF.

3. Results and discussion

Thermal properties of all glasses examined by DTA are
shown in Fig.1. The glass transition temperature (Tg)
appeared in the range of 411–417 1C as tabulated in
Table 1. The increase of MgO content did not significantly
affect the change in Tg. For the dopant of MgO at
0–2.5 mol%, the first and the second peaks of crystallization
temperatures (Tx1 and Tx2) overlapped in the range of 525–
555 1C. The 5–10 mol% MgO glasses have shown clearer
splitting of Tx1 and Tx2 in the range of 557–590 1C. This may
be attributed to the addition of MgO, which subsequently
altered the CaO/P2O5 molar ratio of the glass network. As it
is known that Ca2þ ions form the stronger cross-link of
groups than that of Naþ ions [13,19].

The XRD patterns of the glass ceramics annealed at
their corresponding Tx2 are shown in Fig. 2. The main

phase found in all glass ceramics are calcium phosphate
(Ca2P2O7 file no. 09-0346), sodium phosphate (NaPO3 file
no. 11-0650) and sodium calcium phosphate (Na1.8
Ca1.1P6O17 file no. 47-0863) phases. Morever the glass
ceramic samples with 5–10 mol% MgO contained the
additional sodium magnesium phosphate (NaMg(PO3)3
file no. 72-2341) phase, which may correspond to well split
Tx1 and Tx2 (Fig. 1) at higher temperatures comparing to
that of lower MgO content samples (0–2.5 mol% MgO).
Large pores with the size ranging from 100 nm to

200 nm are illustrated in Fig. 3(a) for undoped sample,
which may be due to mass transport of many atoms and
ions during crystallization at Tx2. This may be in turn
beneficial to cell growth as described in previous works
[20,21]. Fig. 3(b) and (c) shows the denser structure of the
7.5% doped glass ceramic containing well distributed
crystals which were formed similarly in all doped samples
after annealing. It may be noted that the MgO doped
samples tend to have better mechanical robust than that of
the undoped one. However, nano indentation may be
needed for precise assumption.
For the in vitro bioactive test the apatite cells were

found on the surface of all glass ceramics as shown in SEM
microstructures (Fig. 4). The chemical compositions of the

Fig. 1. DTA trace of all glass samples.

Table 1

Codes and thermal parameter of P2O5–CaO–Na2O–MgO glasses.

Code Thermal parameter (1C)

Tg Tx1 Tx2

45P30C25N 415 525 541

45P27.5C25N2.5M 411 532 554

45P25C25N5M 417 533 590

45P22.5C25N7.5M 413 534 590

45P20C25N10M 417 527 578
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cells were detected by EDX (Fig. 5). On each surface, the
formation of individual apatite grains with spherical in
shape with diameter in nanosize range are clearly revealed.
The typical spectra of apatite cells in 0 mol% MgO sample
contains P, Ca, and O atoms while in that of 2.5–10 mol%
samples are P, Ca, Na, Mg and O. The apatite formation
mechanism in non MgO samples explained by dissolution
of Ca2þ and Naþ while for MgO added samples explained
by dissolution of Ca2þ , Mg2þ and Naþ . The results
suggested that these glass ceramics were appropriated glass
ceramics for biomedical application.

It can be noted that after immersion in SBF solution for
7 days, the glass ceramics surfaces show some degree of

wearing out by comparing with the surface of the glass
ceramic before immersion in SBF. (Fig. 3(b)). The degree
of wearing out was found to increase with increasing MgO
content to 5 mol% and decrease with increasing MgO
content of more than 5 mol%. This result is consistent with
the work done by Frank et al. [22] that the solubility of
ions was found to be inhibited when MgO was used to
substitute CaO in glass network.

4. Conclusions

The phase found in all glass ceramics are calcium
phosphate (Ca2P2O7 file no. 09-0346), sodium phosphate
(NaPO3 file no. 11-0650) and sodium calcium phosphate

Fig. 2. XRD patterns of the glass ceramics after annealed at their cor-

responding Tx2: Ca2P2O7 file no. 09-0346 (r), NaPO3 file no. 11-0650 (~),

Na1.8Ca1.1P6O17 file no. 47-0863 (�) and NaMg(PO3)3 file no. 72-2341 (o).

Fig. 3. Microstructures of glass ceramic samples after annealing at Tx2:

(a) 100 x of undoped sample, (b) 100� and (c) 5000� of 7.5% MgO

doped sample.

Fig. 4. Microstructures of glass ceramics after immersions in SBF

solution for 7 days: (a) 0 mol%, (b) 2.5 mol%, (c) 5 mol%, (d) 7.5 mol%

and (e) 10 mol%.

Fig. 5. The EDS spectra of apatite cells on surface of glass ceramics

recorded after immersion in SBF solution for 7 days: (a) 0 mol% MgO

and (b) 2.5–10 mol%.
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(Na1.8Ca1.1P6O17 file no. 47-0863) phases. The dopant of
5–10 mol% MgO resulted in another magnesium phos-
phate phase, crystallizing at Tx2. The glass ceramics
contained high because free volume and pores generate
during crystal phase formation. For in vitro study, all glass
ceramics exhibited apatite cells growth at their surface
after immersed in SBF for 7 days. The results suggested
that these glass ceramics were appropriated glass ceramics
for biomedical application.
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Abstract

Electrical properties of lead-free solid solution ceramics from the Bi0.4871Na0.4871La0.0172TiO3 (BNLT) and BaZr0.05Ti0.95O3 (BZT)

system have been improved by a thermal treatment technique. A modified two step mixed-oxide method was employed for the

preparation of the (1�x)BNLT–xBZT ceramics, where x¼0.06, 0.09, 0.12 and 0.20. After sintering at 1125 1C for 4 h, the BNLT–BZT

ceramics were annealed at 825, 925 and 1025 1C. The annealing treatment caused an increase in dielectric constant of BNLT–BZT

ceramics with xr0.09 mol% and with x higher than 0.09 mol% the dielectric value dropped considerably. The ferroelectric properties

of all annealed ceramic samples tend to decrease with increasing annealing temperature as confirmed by the slimmer P–E loops. The

piezoelectric coefficient (d33) increased with annealing temperatures and a maximum value of �170 pC/N was obtained from the

ceramic samples annealed at 1025 1C with x¼0.02.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Dielectric properties; C. Ferroelectric properties; C. Piezoelectric properties; D. Perovskites

1. Introduction

Bismuth sodium titanate (Bi0.5Na0.5TiO3:BNT)–barium
titanate (BaTiO3:BT) and BNT–BZT based ceramics, as
lead-free ABO3 perovskite ceramics, have been of great
interest among researchers lately, due to the awareness of
lead pollution during processing [1–4]. However, the elec-
trical properties of BNT–BZT ceramics compared to that of
typical BNT or BT ceramics particularly piezoelectric
properties are not comparable with those found in the Pb-
based ceramics. Thus, the development of these BNT–BZT
ceramics in terms of improving their electrical properties to
replace the toxic Pb-based has been carried out.

In general, the cationic substitutions at A and B sites in
ABO3 perovskite is considered to be one of the best
solutions for improving electrical properties of a typical
piezoelectric ceramic [5]. We reported that the addition of
1.72%La2O3 into the BNT–BZT and BNT–BT ceramics
[6–7], enhanced the piezoelectric constant (d33) and dielectric
constant (er) of the ceramics. Chen and Hu [8] studied the

(1�x)BNBT–xBZT ceramics and found that the doping of
A-site ion, Bi3þ enhanced their piezoelectric properties.
The modification of the processing technique in the

cationic substitutions at A and B sites in ABO3 perovskite
is considered as one of the successful methods. For
example, our previous work [6] reported that two step
mixed-oxide method, where BNLT and BZT powders were
calcined separately before the sintering step, has enhanced
the electrical properties of the BNLT–BZT ceramics,
overcoming the conventional mixed-oxide method.
The thermal annealing method is also of particular interest

as it is an effective way to improve the electrical properties of
some lead-free ferroelectric materials such as the B2O3-doped
BZT ceramics and Bi2GeO5 glass ceramics [9–10]. The
treatment helps to improve the heterogeneity in composition
and microstructure of the ceramics after sintering [9–10].
In this work, the annealing treatment at various tem-

peratures was employed to the (1�x)BNLT–xBZT cera-
mics. The range of x values was chosen near the
morphotropic phase boundary (MPB) of the BNLT–BZT
system (x¼0.06, 0.09, 0.12 and 0.20). Effects of annealing
temperature on physical and electrical properties of the
BNLT–BZT ceramics were investigated.
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2. Experiment procedure

A modified two step mixed-oxide method was employed
to fabricate the lead-free ceramics with compositions of
(1�x)(Bi0.4871Na0.4871La0.0172TiO3)–x(BaZr0.05Ti0.95O3) where
x¼0.06, 0.09, 0.12 and 0.20. High purity (499.0%) powders
of Bi2O3, Na2CO3, La2O3, TiO2, ZrO2 and BaCO3 were used
as starting materials. The BNLT and BZT powders were
separately calcined at 900 1C and 1250 1C for 2 h, respectively
in order to produce highly pure powders of both phases.
Both powders were then combined and mixed again
corresponding to the above formula by wet ball-milling.
After drying, the resulting powders were made into pellets
by uniaxially pressed in a stainless steel mould, using the
pressure applied at 1 t for 10 s and subsequently sintered at
1125 1C in normal atmospheric pressure for 4 h with
constant heating and cooling rate of 5 1C/min. This
sintering condition was chosen according to our previous
work [6] as the resulting samples showed maximum density
with no trace of any second phase and abnormal grain
growth. After that, the sintered ceramic samples were
thermally annealed at 825, 925 and 1025 1C in an electric
furnace with constant heating and cooling rate of 5 1C/min
and with a dwell time of 4 h.

The bulk density and phase formation of the annealed
BNLT–BZT ceramic samples were measured by Archi-
medes’ method and an XRD technique, respectively. For
electrical property characterizations, two circular surfaces
of all annealed ceramics were ground to obtain parallel
faces and then coated with silver paste as electrodes for
electrical contact. The room temperature dielectric con-
stant and dielectric loss of the annealed samples were
measured at 1 kHz using an LCZ meter (HP4276A). The
ferroelectric hysteresis (P–E) loops were also measured at
room temperature by using a ferroelectric tester with
controlled modified Sawyer–Tower circuit. Prior to piezo-
electric measurements, the ceramic samples were poled at
50 1C in a silicone oil bath by applying a DC electric field
of 4.0 kV/mm for 15 min. The piezoelectric coefficient of
the samples was measured using a piezo d33-meter.

3. Results and discussion

The density and porosity of the BNLT–BZT ceramics
annealed under various annealing temperatures are shown
in Fig. 1. It can be clearly seen that the annealing
treatment slightly enhances the bulk density of the
annealed samples having BZT content (x)r0.09 mol%,
while those density of the annealed ceramics of x40.09
mol% decreases with increasing annealing temperature.
The opposite trend is found in the porosity of the annealed
samples which is consistent with the bulk density data. The
porosity rates (porosity (%)/annealing temperature (1C))
of the annealed samples with xr0.09 mol% are negative
while those of the samples with x40.09 are positive. The
porosity rate of the higher BZT content (x40.09) samples
was found to be higher than that of the lower BZT content

samples. It is interesting that the annealed ceramics with
x¼0.09, which is a composition at MPB, exhibit a nearly
constant porosity rate, while after this point the porosity
rate is positive.
The decreasing trend in the bulk density or positive

porosity rate of higher BZT content (x)40.09 mol%
samples may be due to the excess amount of Zr4þ ion,
which may react with oxygen in the atmosphere during
annealing treatment and form a ZrO2 phase. This in turn
leads to a large amount of oxygen vacancies and free
volumes left in the bulk ceramic, giving rise to the decrease
in density of these ceramics where x¼0.12 and 0.2 mol%.
This hypothesis is confirmed by the SEM micrographs of
the 0.12 mol% sample surface annealed at 1025 1C, as seen
in the inset of Fig. 2b, showing the white long needle like
shape of ZrO2 crystals. Moreover, the related XRD
patterns of this 0.12 mol% sample at various annealing
temperatures show the existence of ZrO2 peaks at 2y¼281
along with the major peaks of perovskite phase.
To investigate phase formation, the XRD technique was

employed to examine ground samples at room tempera-
ture. The XRD patterns of the annealed samples with
xr0.09 mol% exhibit a pure perovskite phase as shown in
Fig. 2a while a small amount of a secondary ZrO2 phase
occurs in the annealed samples with xZ0.12 mol%
(Fig. 2b). Moreover, the amount of secondary ZrO2 phase
increases with increasing annealing temperature.
We believe that the high BZT contents x40.09 mol% of

MPB composition lead to the high degree of heterogeneity
in the BNLT–BZT composition especially at grain bound-
aries. Therefore, it is highly possible that these annealed
samples may have more defects than those of the lower
BZT content samples; therefore, they may decompose
easily to form ZrO2 crystals at grain boundaries as
previously discussed. This observed result corresponds to
the density data, where the density decreases considerably
at higher annealing temperature for the annealed samples
with higher x content.
The dielectric properties at room temperature of the

annealed BNLT–BZT ceramics with various annealing
temperatures are graphically presented in Fig. 3. It can

Fig. 1. Density and porosity of the annealed ceramics.
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be clearly seen that the annealing treatment enhances the
dielectric constant (er) for only the ceramic samples with
BZT contentr0.09 mol%. For the higher BZT content
samples (Z0.12 mol%), higher the annealing temperature,
the lower is the dielectric constant obtained. This finding is
consistent with the density result, thus it can be assumed

that the change in er of the annealed samples is related to
their densities.
However, the dielectric loss (tan d) of all annealed

samples increases with increasing annealing temperature.
The increasing loss rate in samples with high BZT content
(Z 0.12 mol%) is found to be higher than those of the
lower content. This may be a result of the increasing
amount of secondary phase ZrO2 in the high BZT content
ceramics with increasing annealing temperature. We sus-
pect that in these high impurity samples, the occurrence of
oxygen vacancies and pores may generate more mobile
ions, which in turns gives rise to the high dielectric loss.
The plots of the polarization versus electric field (P–E)

loops at room temperature of the un-annealed and
annealed BNLT–BZT ceramics are shown in Fig. 4.
In general, the BNLT-based ceramics have a strong ferro-
electric property with large remnant polarization (Pr) at
room temperature [7]. Therefore, it should be noticed that
the P–E loops of un-annealed ceramic samples with
xr0.09 mol% were not fully saturated due to the limita-
tion of our measurement system while those of un-
annealed ceramics with x40.09 mol% were saturated
under an applied electric field of 15 kV/cm.
For the annealed BNLT–BZT ceramics, the P–E loops

change to the slimmer loops with increasing annealing
temperature. We suspect that during annealing, the homo-
geneity of these compositions was enhanced at the atomic
scale, giving rise to alteration of the domain switching in
these ceramics. However, their P–E loop area decreased
with increasing annealing temperature which may be due
to the formation of ZrO2 and oxygen vacancies, occurring
in the higher annealing temperature samples as confirmed
by the XRD result.
The piezoelectric coefficients (d33) of all annealed cera-

mics are graphically plotted in Fig. 5. The d33 values of the
un-annealed ceramics where x¼0.06, 0.09, 0.12 and 0.20
are 97, 126, 117 and 138 pC/N respectively, which are
consistent with the values reported in the previous work [6].
We would like to point out that a significant improvement
in the piezoelectric coefficient was achieved by thermal
annealing treatment, as the d33 values increase significantly
with increasing annealing temperature. It is known that
easier reorientation of ferroelectric domains during the
poling process results in a lower coercive field (Ec) [11].
Therefore, the increase in d33 value in this work may be due
to the lower Ec which enables the ease in poling the BNLT–
BZT ceramics.

4. Conclusions

The effect of thermal annealing temperature on the
electrical properties of BNLT–BZT ceramics, which have
been fabricated by a modified two step mixed-oxide
method, was investigated. Based on our experimental
results, it can be clearly seen that the annealing tempera-
ture has significant effects on the density and phase
formation of ceramics, leading to alteration in their

Fig. 2. XRD patterns of ceramics with (a) 0.09 mol% and (b) 0.12 mol%

BZT content annealed at different temperatures.

Fig. 3. Dielectric constant and loss at room temperature of the annealed

BNLT–BZT ceramics.
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electrical properties. The dielectric properties noticeably
increase with increasing annealing temperature for the
samples with xr0.09 mol% while the dielectric values
decrease for samples with x higher than 0.09 mol%. The
ferroelectric properties of all annealed ceramics decreased
with increasing annealing temperature. The piezoelectric
coefficient (d33) of all annealed ceramic samples was
improved by the thermal annealing method.
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Abstract

Bioactivity of ferrimagnetic glass-ceramics is useful as thermo seeds for hyperthermia treatment of cancer. Ferrimagnetic glass-

ceramics were prepared from the BaFe12O19(BF)–SiO2–CaO–Na2O–P2O5 system using the incorporation method. The mixture was then

further sintered at 800 1C to form the glass-ceramic samples. The structure and microstructure of the samples were characterized by

X-ray diffraction, energy dispersive X-ray analysis (EDXA) and scanning electron microscopy. Magnetic hysteresis loops of the glass-

ceramic samples were obtained with maximum field of 10 kOe, in order to evaluate the potential of these samples for hyperthermia

treatment of cancer. In vitro bioactivity was investigated in simulated body fluid (SBF) for 14 days. The results showed that

Na2Ca2Si3O9 and BaFe12O19 were the main phases in the glass-ceramic samples. Apatite was formed on the surface layers of the glass-

ceramics, confirming their biocompatibility. It was found that the bioactivity increased with an increase in BF contents.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Since the discovery of Bioglasss by Hench in 1970s [1], a
variety of bioactive glasses and glass ceramics have been
developed for clinical applications due to their good
bioactivity [2,3]. Recently, development of bioglass-
ceramics with good bioactivity containing magnetic prop-
erties has received much attention as a thermo-seed in
hyperthermia treatment of cancer, especially deep seated
bone tumors [2]. When granular seeds of glass-ceramics are
implanted around tumors and then subjected to alternating
magnetic fields, heat is generated from magnetic loss,
killing the tumors. Generally, such tumors are effectively
heated and destroyed at temperatures around 42–45 1C,
without the damage of normal tissue. Ferrimagnetic

glass-ceramics are potential candidates for magnetic induc-
tion hyperthermia [3,4]
Since bioactive ferrimagnetic glass-ceramics possess both

bioactivity and magnetic properties having good prospect
in hyperthermia, various kinds of such materials have been
widely investigated. Abdel-Hameed [5] prepared glass-
ceramics containing magnetite phase in a matrix of SiO2–
CaO–P2O5–Na2O based glass which showed ferrimagnet-
ism and good bioactivity after soaking in SBF for 1 week.
Another interesting work[6] revealed that the dopant of
Mg ferrite to wallastonite-fluorapatite bioglass-ceramics
led to the development of magnetic properties but
decreased the bioactivity of the materials. However, the
Ba ferrite phase, which also has good magnetic properties,
has been scarcely used for this type of application. As
known, Fe can react with P and Si easily at high
temperature to form non-magnetic phase [6]. In order to
solve this problem, the present work, therefore attempted
to synthesize SiO2–CaO–Na2O–P2O5 bioactive glass-
ceramics containing the Ba ferrite (BF) phase using the
incorporation method. In this method, BF crystals were
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firstly produced using the solid-state reaction technique
and then added to the glass precursors as a glass batch,
which was then further mixed and sintered to form the
glass-ceramic. The influence of BF addition on the struc-
tural and magnetic properties of the prepared glass-
ceramic was studied and the bioactive properties of these
materials were analyzed.

2. Experimental procedures

Firstly, barium ferrite (BaFe12O19) powder was pro-
duced by solid-state reaction technique using Fe2O3 and
BaCO3 as starting materials with ratio of 6:1. The mixture
was ball-milled and calcined at 1100 1C for 3 h.

Secondly, 45S5 bioglass was produced by melting appro-
priate combinations of SiO2 45 wt%, Na2O 24.5 wt%,
CaO 24.5 wt% and P2O5 6 wt% in an alumina crucible.
The mixture was melted at 1300 1C for 2 h and quenched
in water. The glass was crushed and ground into powder
which was then mixed with the calcined barium ferrite
BaFe12O19 at 5, 10, 20, and 40 wt.%.The samples were
labelled as 5BF, 10BF, 20BF, and 40BF, correspondingly.
The green bodies were sintered at 800 1C for 2 h.

The glass transition temperature (Tg) and crystallization
temperature (Tc) were estimated using a differential ther-
mal analysis (DTA: 1600 DTA, Du Pont Instrument) and
the phase identification of the samples was carried out with
an X-ray diffractometer (XRD: Siemen D-500). Then, a
scanning electron microscope (SEM: JSM-6335F) was used
to observe the microstructures of the prepared glass-
ceramics. The magnetic properties were measured using a
vibrating sample magnetometer (VSM: LakeShore 7404) at
room temperature. In vitro test was carried out by soaking
in SBF [7]. The SBF was buffered at pH 7.4 and
maintained at 37 1C for 14 days. After that, the glass-
ceramic samples were analysed for the apatite formation
by using a scanning electron microscope based energy
dispersive X-ray spectrometer (EDS).

3. Results and discussion

The DTA traces of the investigated glass samples are
presented in Fig. 1. It is shown that both Tg and Tc

increase when the level of BF increases from 5 to 40 wt %.
The increasing trends of Tg and Tc with BF content are
attributed to the higher density of BF (4.32 g/cm3) com-
pared to normal 45S5 glass (2.7 g/cm3). Generally, the
change in Tg with composition reflects a structural evolu-
tion in the glass network, and linear trend observed in this
work (the inset in Fig. 1) confirms that there is no change
in the glass networks of the 45S5 samples with the addition
of BF compounds. The sample with 5 wt% BF however
exhibits two Tc values at 594 1C and 664 1C, while the
higher BF content samples show only one Tc. This may be
due to the occurrence of phase separation in the 5 wt%
BF glass.

The X-ray diffraction patterns of the samples sintered at
800 1C are shown in Fig. 2. Two major phases, sodium
calcium silicate (Na2Ca2Si3O9) and barium iron oxide
(BaFe12O19), were identified in all of the sintered samples
containing BF. Sodium calcium silicate is nontoxic and its
presence indicates the biocompatible nature of the glass-
ceramics [8]. By increasing the BF content, the intensity of
BaFe12O19 increases whereas the intensity of Na2Ca2Si3O9

decreases.
Magnetic hysteresis loops of glass-ceramic samples are

shown in Fig. 3. All of the bioglass–ceramic samples
display similar magnetic behaviours [5,6]. The results are
summarized in Fig. 4. The remanence (Mr) and maximum
magnetization increase with an increase in BF contents.
It is well known that the saturation magnetization (Ms)
depends on the concentration of magnetic phase. With
increasing BF contents, the magnetic response of the
samples increases. The 40BF sample has the highest
magnetic phase with the highest value of saturation
magnetization as shown in the inset of Fig. 3. On the
other hand, the coercivity changed from 4.4 kOe in 5BF to
2.9 kOe in 40BF. It can be noted that the coercivity of the
samples decreases with a rise in BF levels present in the

Fig. 1. DTA traces.

Fig. 2. XRD patterns of the glass ceramic samples sintered at 800 1C.
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samples as indicated in the inset of Fig. 3 showing the plot
of coercivity versus 1/d.

This result is consistent with the finding that crystallite
size depends on the coercivity [7]. In consideration of the
multi-domain structure, coercivity decreases with increas-
ing crystallite size because the domain walls can rotate
easily along the magnetic field [9]. In contrast, for the
pseudo-single domain structure, the coercivity increases
with increasing crystallite size [9]. From the result, it may
be assumed that the BaFe12O19 crystals growing in the
glass matrices have a multi-domain structure because the
coercivity values decrease with an increase in crystallite
size.

The magnetic loss of the materials can be calculated and
presented in Fig. 4. It is clearly shown that, for an applied
field of 710 kOe, the area of the hysteresis loop increased
with increasing content of barium ferrite from 5 wt% to
40 wt%. The maximum area was obtained from the 40BF
glass ceramic sample exhibiting the highest magnetic
content and the highest magnetization.

Fig. 5 shows the SEM micrographs of all samples
sintered at 800 1C before incubating in SBF. The micro-
graphs reveal the small granular crystals distributed on the
glass ceramic fracture surface. EDS analysis indicated that
these granular crystals (bright areas) contained high con-
centration of Fe, O, and Ba. It may be assumed that these
crystals are BaFe12O19 phase. The dark areas illustrate
glass matrix after sintering at 800 1C (Si, O, Na and Ca).
Moreover, the uniform distribution of BaFe12O19 crystals
increased with increasing BF content while their grain size
decreased.
Fig. 6 shows the SEM photographs of all sintered

samples after soaking in SBF for 14 days. New layers
covering the surface of all samples after incubating in SBF
are revealed. EDS analyses showed that the layers con-
tained P and Ca, indicating the formation of apatite layers,
confirming that all samples are bioactive. The surface of
5BF sample was plentifully covered by apatite layers with
numerous spherical particles. In higher BF samples (10BF
and 20BF), the particle sizes of the apatite phase were
slightly increased. In addition, EDS analysis confirmed the
increase in Ca and P concentrations with simultaneous
decrease in Si, Fe, and Ba ions. Especially, the samples
having higher BF content exhibited better apatite cell
growth. The sharp increase in P concentration is due to
the migration of Ca2þ and PO4

3� from the solution to the
surface whereas the decrease in Si from the surface to the
solution resulted in the formation of Si–OH [8]. This is
consistent with pH value of SBF solution as shown in
Fig. 7. The pH of the initial SBF solution increased due to
the ionic exchange between the species Hþ of SBF solution
with Caþ and Naþ from sample, and the continuous
formation of Si–OH layers. However, in the 40BF sample the
spherical particle did not continue to fill the surface layer,
with some localized coagulation of the particle (Fig. 6(d)).

Fig. 3. Hysteresis loops of different glass-ceramic samples containing

different BF concentrations.

Fig. 4. Magnetic properties evaluated from hysteresis loops.
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EDS analysis showed lower Ca and P than that of the
lower BF samples whereas Si ions were higher. These
changes in ion concentrations may be associated with the
crystallization in glass matrices.

For the XRD results of the sintered samples (Fig. 2), the
higher BF content samples, in particular the 20BF sample,
had lower crystallinity (Na2Ca2Si3O9) those that of the

lower BF samples. This can be clearly observed by the
decrease in intensity of the corresponding XRD peaks of
Na2Ca2Si3O9 phase with increasing BF content. This higher
glassy amorphous phase also has a positive effect on the
bioactivity behavior of the samples because the appearan-
ceof a crystal phase has an effect on hindering ion exchange
and delaying the formation of the apatite layer resulting in

Fig. 5. SEM micrographs and EDS analyses of glass-ceramics: (a) 5BF, (b) 10BF, (c) 20BF and (d) 40BF.

Fig. 6. SEM micrographs and EDS analyses of glass-ceramic samples: (a) 5BF, (b) 10BF, (c) 20BF and (d) 40BF after 14 days in SBF.
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reduction of the apatite formation. This is consistent with
the work done by Sinsh and Shrinivasan. [7] reporting that
the apatite formation increased when the iron oxide con-
tents increased because SiO2 with Fe2O3 did not disturb the
formation of Ca and P on the material surface. It is
confirmed that the addition of the magnetite phase does
not inhibit bioactivity. However, for the 40BF, sample
apatite cell growth decreased dramatically. This might be
because the amount of Na2Ca2Si3O9 phase which has
predominant effect on bioactivity behavior is less in this
sample, resulting in the inhibition of apatite cell growth.

4. Conclusion

New ferrimagnetic glass-ceramics from the BaFe12O19

(BF)–45S5 system were successfully prepared using the
two-step mixed oxide method. Two major phases, sodium
calcium silicate and barium iron oxide, were obtained and
developed in all sintered samples. The saturation magne-
tization and hysteresis area increase when BF content
increases. The BF crystallite has a multi-domain structure.
All of the glass ceramics possess good bioactivity in vitro

with the formation of a bone-like apatite phase. Hence, the
addition of BF into bioglass 45S5 can improve both the
magnetic properties and bioactivity of the glass materials.
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Abstract

In the present work, the hydroxyapatite (HA) fine powders were synthesized through the co-precipitation in conjunction with

ultrasonic vibration with various pH. The effects of solution pH on the formation and morphology of the HA powders were

investigated. The obtained powders and sintered samples were characterized using various techniques. The bioactivity test was also

examined by using stimulate body fluid (SBF). Pure HA was obtained without any calcination process. The formation and particle

morphology of pure HA powders varied with the pH of the solution, changing from needle like to round shape as the pH increased from

5 to 11. The pH 11 ceramic sample exhibited high thermal stability, while pure phase HA was still present after sintering at 1300 1C. The
pH level also affected the properties of the studied ceramics. The bioactivity test revealed that the pH 8 sample showed a higher amount

apatite layer on the surface than the other samples.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite [Ca10(PO4)6(OH)2; HA] is one of the
most widely employed bioceramics since it can be used for
human body part replacement. They can be used to replace
bone and teeth because HA ceramics are inert to body
fluids and have a high compressive strength. The HA may
also be employed in the form of powders, porous blocks or
beads to fill bone defects or voids. These defects may arise
when large sections of bone have been removed (e.g., bone
cancers) or when bone augmentations are required (e.g.,
maxillofacial reconstructions or dental applications) [1].
Recently, HA materials have been applied to drug delivery
systems including the delivery of anti-tumor agents and
antibodies for the treatment of osteomyelilis [2]. Synthetic
hydroxyapatite has also been widely used for repairing
hard tissues due to its chemical and structural similarity to
the mineral phase of bone and tooth. Different clinical
applications of hydroxyapatite involve the repair of bone

defects, bone augmentation, as well as coatings for human
body metallic implants [3]. Several different HA synthesis
techniques have been developed in recent years such as
direct precipitation from aqueous solutions [4], sol–gel
procedures [5] and hydrothermal synthesis [6]. The gen-
eration of homogeneous and high purity nano-size pow-
ders is one of the main objectives of HA preparation. The
control of the pH of the solution was found to be an
important parameter for the synthesis of the HA powders
[7]. In this work we present a preparation of HA nano-
powders created using the co-precipitation method in
conjunction with ultrasonics. The reason why this techni-
que was used, is less time consuming synthesis and cheaper
expense for processing. The effect of varying the pH of the
solution was studied. Properties of ceramics prepared from
the synthesized powder were investigated.

2. Experimental

The HA powders were prepared using the co-precipitation
technique. Initially the diammonium hydrogen phosphate
solution was slowly dropped into a calcium nitrate solution.
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The pH of the mixture was then varied from 4 to 11, by
adding the ammonium hydroxide solution. The ultrasonic
finger was put into the solution and the temperature of the
solution was maintained at 48 1C throughout the precipita-
tion process. After completion of the reaction, the slurry was
formed in the solution. It was separated by filtration and
thoroughly washed with deionized water to remove the
NO3� and NH4þ ions before a final wash with ethanol.

The obtained powders were dried and pressed into discs
of 15 mm in diameter and 2 mm in thickness using the
uniaxial pressing technique. Then the green discs were
sintered at 1300 1C for 2 h under normal air atmosphere.
The densities of all ceramics were determined after sinter-
ing using the Archimedes method. The phase purity and
crystal structure of the obtained powders were examined
by X-ray diffraction technique (XRD, Rigaku Mini Flex
II) with Cu-Ka radiation (l) 1.5406 (Å), employing a
scanning rate of 0.020 s�1 in the 2y range from 201 to
601. The morphology of the HA nanoparticles and ceramic
surfaces were examined by scanning electron microscope
(SEM, JEOL JSM-6335F) using a field emission SEM (FE-
SEM). For mechanical examination, the Vickers hardness
test was performed on the polished surface of the samples
using a microhardness tester. For biological testing, the
obtained ceramics were soaked into a simulated body fluid
(SBF) at 37 1C for 14 days. Morphology of the soaked
samples was examined by SEM.

3. Result and discussion

The XRD patterns of precipitated powders prepared at
different pH are displayed in Fig. 1. The diffractograms
revealed that all samples except the pH¼4 sample showed
pure HA phase. The analysis was carried out based on the
JCPDS 09-0432. It should be noted that precipitation through

the ultrasonic process can produced pure HA powder without
any calcinations process. In addition, the XRD peak positions
of all samples remained unchange, suggesting that the lattice
parameters of the precipitated HA powder remained the same.
Further, the XRD peaks exhibit a low intensity, indicating
that the samples had low degree of crystallinity. To check the
effect of pH on the degree of crystallinity (Xc) [8], the Xc was
estimated using the expression

B0 0 2

ffiffiffiffiffiffi
Xc

3
p

¼K ð1Þ

where B0 0 2 is full width at half maximum (FWHM) of peak
(0 0 2) plane XRD reflection and K is a constant (�0.24). In
the inset of Fig. 1, it can be seen that there is no relation
between Xc and pH, however the values of Xc indicated that
the pH¼7 samples exhibited the highest degree of crystallinity.
SEM images of the synthesized powders are displayed in

Fig. 2. All powders exhibited a very fine grain structure
(nano-particles) and pH had an effect on particle morphol-
ogy. Further, the powder exhibited higher agglomeration
with increased pH levels. For the pH 5 sample, the
particles of obtained powder showed a plate like shape
Fig. 2(a). The average thickness of the plate was 20 nm and
500 nm in average length. The shape of particles became
rounded with increasing pH. For example, the pH 7
sample had about 300 nm long spikes (Fig. 2(b)) while
the pH 11 sample showed rather round grain with the
average diameter of 100 nm (Fig. 2(c)).
Fig. 3 shows XRD patterns of sintered pellets prepared

with different pH levels. The main phase of the sintered
pellets is HA, but second phase such as a-tricalcium
phosphate still occurred for most samples. However, it
should be noted that pure phase of HA was present for the
pH 11 samples, while previous works reported that the
second phase only occurred at lower sintering temperature
(r1150 1C). The same results were also obtained by
Mostafa [9] and Raksujarit et al. [10]. This result indicates
that the pH affected the phase of the prepared samples.
Selected SEM images of fracture surface of the ceramics

are displayed in Fig. 4. The porosity levels in the SEM
images of fracture surfaces are consistent with the trend in
measured density values (Table 1). The micro structural
analysis also showed that change in pH resulted in a
change in grain size. Average values of grain size, as
calculated by the linear intercept method, were in a range
of �1.6–6.8 mm, but the pH 9 samples showed the highest
value of 6.8 mm (Table 1).
It is known that mechanical hardness property is

important for biomaterial applications. In the present
work, the Vickers hardness test was chosen for the hard-
ness examination. The Vickers hardness value as a function
pH is listed in Table 1. It seems that there is no direction
trend between pH and hardness value, but the pH 9 sample
showed the maximum Vickers hardness value of 6.1 GPa.
The higher hardness values of the samples could be linked
to the density data where the high density was found for
pH 9–11 samples.

Fig. 1. X-ray diffraction pattern of as-dried HA. Inset shows degree of

crystallinity of HA at various pH values.
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For bioactivity test the samples were immersed in SBF at
37 1C for 14 days. Tiny flakes or apatite layer were observed
on the surface of all the tested samples (Fig. 5). This
microstructure is similar to that observed in previous works
[11]. However, the pH 8 sample showed higher amount of the
flake structure (Fig. 5(b)). The Ca/P value has been determined
by EDS at many areas of surfaces and it was in a range of
1.46–1.78. These values suggested a variation of apatite
composition at the surface of the tested samples.

4. Conclusions

This work demonstrated that the co-precipitation
method when associated with ultrasonic vibration could
produce pure homogeneous and fine hydroxyapatite

particles. The formation and morphology of the particles
were found to depend on the pH (from 4 to11) of the
solution. The particles changed from plate like to round
shapes with increases in pH level. However, the pH r4
samples showed impure phase while the pH 7 sample had
the highest crystallinity. Properties of ceramic samples
prepared from the obtained powder were found to have
no direction trend with the pH level. However, the pH 9
sample exhibited higher hardness value. In addition, the
pH 8 samples showed a good response for the bioactivity
testing.

Fig. 2. Selected SEM images of hydroxyapatite powders prepared with

different pHs: (a) pH 5, (b) pH 7, (c) pH 11.

Fig. 3. X-ray diffraction pattern of the sintered pellets prepared with

different pH levels and sintered at 1300 1C (�¼a-tricalcium phosphate).

Fig. 4. SEM images of fracture surface for the ceramics prepared at:

(a) pH 5 and (b) pH 11.

Table 1

Properties of HA ceramics prepared with different pH levels.

pH Density (g/cm3) Grain size (lm) Hardness (GPa)

5 2.7570.10 2.1970.74 3.1270.28

6 2.8270.14 1.6470.66 3.3970.29

7 2.8370.14 1.7270.81 3.5070.30

8 3.0070.10 5.9771.52 4.6370.24

9 3.0470.08 6.8171.48 6.0670.25

10 2.9870.15 4.3471.26 4.6870.23

11 3.0270.12 2.3871.06 4.6770.21
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Abstract

In the present work, lead-free (Ba1�xCax)(Zr0.04Ti0.96)O3 (x¼0.00–0.09) ceramics were fabricated via a solid-state reaction method.

The microstructure and electrical properties of the ceramics were investigated. The microstructure of the BCZT ceramics showed a core

shell structure at compositions of x¼0.03 and 0.06. The substitution of small amount of Ba2þ by Ca2þ resulted in an improvement of

the piezoelectric, dielectric and ferroelectric properties of the ceramics. The orthorhombic–tetragonal phase transition was found in the

composition of xr0.03. Piezoelectric coefficient of d33�392 pC/N and lowest Ec�3.3 kV/cm with highest Pr�14.1 mC/cm2 were

obtained for the composition of x¼0.03 while its Curie temperature (TC) was as high as 125 1C. However, the ferroelectric to

paraelectric transition temperature had slightly shifted towards room temperature with increasing Ca2þ concentration.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Dielectric properties; C. Diffusion; C. Piezoelectric properties

1. Introduction

For a half century, Pb-based piezoelectric ceramics, such as
lead zirconium titanate [PbTiO3–PbZrO3 (PZT)], have domi-
nated the field of piezoelectric ceramics worldwide. However,
the volatilization of PbO during processing and the waste
products containing Pb cause a series of environmental
problems. For this reason, numerous researchers have been
developing a number of lead-free piezoelectric ceramics to
substitute the Pb-based ceramics.

Ferroelectric, dielectric and piezoelectric properties of
barium zirconium titanate, BaZrxTi1�xO3 (BZT), a classi-
cal perovskite-type compound, has been extensively
studied fundamentally and as a material for applications
in electronic devices.

Recently, many researchers have reported that the sub-
stitution of Ca2þ to replace Ba2þ in Ba1�xCaxTiO3 solid
solutions can cause a slight change in TC, but has strongly
lowered the orthorhombic to tetragonal TO–T transition
temperature, which is of great value in improving the
temperature stability of piezoelectric materials for many

practical applications [1,2]. Liu et al. [3] reported that a high
piezoelectric coefficient (d33 about 300–600 pC/N) was
achieved in Ca doped BZT ceramics. Unfortunately, their
optimal composition with high d33 values exhibited a low
TC (93 K), which limited their use in real applications.
In order to obtain excellent piezoelectric properties and

a high TC, we redesigned the (Ba1�xCax) (Zr0.04Ti0.96)O3

(BCZT) system. The effect of Ca doping on the structure,
microstructure, dielectric, piezoelectric and ferroelectric
properties of the BCZT lead-free ceramics were system-
atically studied.

2. Experimental procedure

The (Ba1�xCax)(Zr0.04Ti0.96)O3 (BCZT) ceramics for
x¼0.00, 0.03, 0.06 and 0.09 were prepared via a solid
state reaction method. High purity (499.0%) powders of
BaCO3, CaCO3, ZrO2 and TiO2 were mixed, dried and
calcined at 1200 1C for 4 h. After that, the calcined
powders were pressed into pellets of 10 mm diameter and
the pellets were sintered between 1300 and 1450 1C for 4 h.
The phase identification and density of the BCZT ceramic
samples were investigated using X-ray diffraction (XRD)
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and Archimedes’ method. Scanning electron microscope
(SEM) and energy dispersive spectroscopy (EDS) were
used to observe the surface microstructures and quantita-
tive element analysis of selected sintered ceramics with
maximum density. The linear intercept method was used to
estimate the grain size of ceramics. The dielectric constant
(er) and dielectric loss (tan d) of the samples were measured
at 1 kHz for various temperatures from room temperature
to 250 1C using a LCZ meter. Polarization and strain were
measured as a function of electric field by using a Sawyer–
Tower circuit. The ceramic samples were polled in a
silicone oil bath at 40 1C at 3 kV/cm for 20 min and the
piezoelectric properties were measured at room tempera-
ture by using a piezoelectric-d33-meter.

3. Results and discussion

The XRD patterns for 2y ranging from 201–701 and
smaller range of 431–481 for the BCZT ceramics with
different compositions are shown in Fig. 1. All of the
ceramics show patterns suggesting that Ca and Zr diffuse
into the BaTiO3 lattices during sintering to form a solid
solution of highly pure perovskite structure. At room
temperature, the BCZT ceramic for x¼0.00 possessed
orthorhombic structure seen as a single peak of the (200)
between 2y of 43–481. It is also noticed that ceramics with
x¼0.03 possess a mixture of orthorhombic and tetragonal
structure. When Ca was added Z0.06, BCZT ceramics
showed a tetragonal structure, with splitting of (002)/(200)
peaks between 2y of 431–481.
The SEM micrographs of the BCZT ceramics are shown

in Fig. 2. As can be seen here, samples with a high density
and low porosity are obtained from solid state reaction
method. However, it was found that the core-shell could be
observed at compositions of x¼0.03 and 0.06. Also, the
addition of Ca inhibited grain growth as shown in Fig. 2b
and c for the SEM and EDS of the BCZT ceramics with
x¼0.03 and 0.06. The Zr-rich phase with a trace of Ca
noticeably occurred at the grain boundary as confirmed by
EDS, which led this phase to form the core-shell structure.
However, the XRD could not detect the phase of these
core shells which may be due to the very small amount of
this phase in the ceramic samples.
Fig. 3 shows the temperature dependence of the dielec-

tric constant and dielectric loss for the BCZT ceramics at
1 kHz. The BCZT ceramics for 0.00rxr0.03 display two
obvious polymorphic phase transitions corresponding to
the orthorhombic to tetragonal (TO–T) and tetragonal to

Fig. 1. XRD patterns at 2y ranging from 201–701 and inset: a reduced

range for 431–481 of BCZT ceramics.

Fig. 2. The SEM and EDS of the BCZT ceramics: (a) x¼0.0, (b) x¼0.03, (c) x¼0.06, and (d) x¼0.09.
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cubic phase (Tm or TC). The TO–T transition peaks shifted
towards lower temperatures with the Ca addition. More-
over, it can be clearly seen that the er maximum (er,max)
increased with the addition of Ca at x¼0.03
(er,max�12716) which is �40% higher than that of the
undoped sample. However, a slight decrease of Tm of
x¼0.03 was detected at 125 1C. The considerable increase
in er values for x¼0.03 may be due to the coexistence of
orthorhombic and tetragonal phases near room tempera-
ture and their core shell structure. Furthermore, the
density and microstructure may play a role in controlling
the er of these ceramics. The average density and grain size
values of the BCZT ceramics are shown in Table 1. It can
also be noticed that the er of the x¼0.06 sample is lower
than that of the x¼0.03 sample, which may be attributed
to the reduction of its grain diameter as it is well known
that ferroelectric materials like the BT ceramics have a
grain size dependence on the ferroelectricity [4,5]. The
decrease in er with decreasing grain diameter was also
observed in Reference [6].

The core shell structure in the x¼0.06 sample seems to
have insignificant effect on the improvement of er which is
in contrast to that of the x¼0.03 sample. The core-shell
ceramics were generally considered to be especially difficult
to possess high er in fine grain ceramics such as the x¼0.06
sample [7]. Moreover, the grain growth was inhibited
during sintering as in the core-shell ceramics. The inhibition

of grain growth results in large stresses in the grains and thus
the er,max at the Curie temperature is reduced by surface stress
of the grains [8].
Dielectric diffusivity can be clearly found in most Ca

content BCZT ceramics. The diffuseness of the phase
transition can be determined from the modified Curie–
Weiss law, using the following expression [9]:

1

er
¼ 1

emax

þ T�Tmð Þg
2emaxd

2
ð1Þ

where emax is the maximum dielectric constant, Tm is the
phase transition temperature and er is the dielectric con-
stant of the sample. For BCZT compositions, the diffusiv-
ity and diffuseness parameters can be assessed from the
slope and intercept of the dielectric data displayed in
Fig. 4, which should be linear. The values of g and d are
both material constants depending on the composition and
structure of the materials. The value of g is the degree of
dielectric relaxation, which normally ranges from 1 for a
normal ferroelectric to 2 for an ideal relaxor ferroelectric,
while the parameter d is used to measure the degree of
diffuseness of the phase transition. The value of g of the
prepared BCZT ceramics was found to vary between 1.28
and 1.52, which confirms the occurrence of the diffuse
phase transition. It was also found that the value of d
increased with increasing Ca content (xZ0.06), confirming
that the addition of Ca promoted the diffuse phase
transition of the BCZT ceramics.
Fig. 5 shows the plots of the P–E loops at room

temperature for the four tested compositions of BCZT
ceramics. These results display the most prominent fea-
tures, which is slightly changed with increasing Ca content.
The values of coercive field Ec and the remnant polariza-
tion Pr of BCZT ceramics are shown in Table 1. The value
Ec reduced with the addition Ca at x¼0.03; however, it
then increased with increasing Ca content for xZ0.06. The
value of Pr of BCZT ceramics was maximum at x¼0.03
and then decreased with increasing Ca content for
xZ0.06.

Fig. 3. Temperature dependence of dielectric constants (er) and dielectric

loss (tan d) of BCZT ceramics at 1 kHz.

Table 1

Physical and electrical properties of BCZT ceramics.

X (mol) 0.00 0.03 0.06 0.09

Density 5.93 5.98 5.81 5.73

Porosity 1.51 0.27 0.60 1.18

emax 9122.0 12716.1 7882.7 8239.6

Tm (1C) 126.0 125.4 123.9 123.0

TO–T 62.3 49.0 – –

Pr (mC/cm
2) 13.2 14.1 12.3 11.5

Pmax (mC/cm2) 22.0 22.0 21.5 21.2

Ec (kV/cm) 5.2 3.3 6.9 7.3

d33 262 392 158 232

Grain size (mm) 38.9 36.1 23.8 24.1

Fig. 4. Variation of ln(1/er�1/emax) vs ln(T�Tm) of samples at 1 kHz as

function of Ca content.
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The unipolar electric field-induced strain curves of
the BCZT ceramics with various x contents at room
temperature are shown in Fig. 6. The normalized strain
(dn

33 ¼ Smax=Emax) of the BCZT ceramics for all studied
compositions is summarized in the inset of Fig. 6 and
was calculated from the maximum strain (Smax) to the
maximum electric field (Emax) [10]. The values of dn

33 for
the compositions x¼0.00, 0.03, 0.06 and 0.09 are 332, 416,
383 and 513 pm/V, respectively. These values indicate that
Ca doping has improved the normalized strain of the
ceramics.

d33 of the undoped sample is 262 pC/N. With increasing
Ca content (x¼0.03), d33 of these ceramics reached the
maximum average value of 392 pC/N. The maximum value
of d33 of the BCZT ceramic at x¼0.03 could be attributed
to the high Pr of 14.1 mC/cm2 and relative low Ec of
3.3 kV/cm, which indicate an improvement in the poling
process. Furthermore, the improved piezoelectric proper-
ties are considered to be reasonably consistent with the
occurrence of both tetragonal and orthorhombic phase
near room temperature. The composition of the induced
orthorhombic–tetragonal phase transition results in
instability in the polarization state, therefore the polariza-
tion direction can be easily rotated by external stress or
electric field, thus resulting in a high piezoelectricity [11].

4. Conclusions

Ceramics with compositions of (Ba1�xCax) (Zr0.04Ti0.96)O3

ceramics were prepared using solid state reaction technique.
The coexistence of orthorhombic and tetragonal phases at
room temperature of the composition x¼0.03 leads to the
most extreme increase in the dielectric and piezoelectric
properties of emax¼12716 and d33¼392 pC/N. The core shell

structure found in the compositions of x¼0.03 and 0.06 had
accounted for the reduction of dielectric and piezoelectric
properties of the BCZT ceramics. However, further develop-
ment of this system may be a future candidate for lead free
piezoelectric materials.
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Materials Characterization of Potassium Sodium
Niobate based Tellurite Glass-Ceramics

PLOYPAILIN YONGSIRI1,∗ AND KAMONPAN PENGPAT1,2

1Department of Physics and Materials Science, Faculty of Science, Chiang Mai
University, Chiang Mai 50200, Thailand
2Materials Science Research Center, Faculty of Science, Chiang Mai 50200,
Thailand

In this research, materials characterization of transparent glass-ceramics containing
ferroelectric potassium sodium niobate (K0.5Na0.5)NbO3 (KNN) crystals in a tellurite
glass system were studied. The samples were prepared via an incorporation method.
Glass-ceramics containing KNN crystals were successfully fabricated by mixing KNN
calcined powder with TeO2 of about 70 and 80 mol% and melting at 800◦C for 15 min
in a platinum crucible. The prepared glasses were then subjected to heat treatment at
350–550◦C. The optical properties of the samples were characterized by UV-Vis-NIR
and ellipsometer. It was found that heat treatment temperature had significantly affected
the optical properties. XRD patterns of the glass-ceramics revealed an amorphous-like
structure with different degrees of crystallinity. SEM results confirmed the XRD data,
where the degree of crystallinity increased with increasing heat treatment temperature.

Keywords Potassium sodium niobate; Glass-ceramics; Tellurium dioxide

1. Introduction

Glass-ceramics containing ferroelectric crystals, such as BaTiO3:BT, (K0.5Na0.5)
NbO3:KNN and LiNbO3 have been studied extensively as they possesses the properties
of non-porous glasses and solid crystals, giving rise to novel materials that have the good
mechanical properties of glass and the electro-optical properties of ferroelectric crystals
[1–2]. Among these crystals, KNN is of particular interest due to its good electrical and
non-linear optical properties [3]. Moreover, KNN contains no toxic lead oxide, which can
easily evaporate and accumulate in the human body. Thus, the KNN crystal has the potential
benefit of reducing the use of lead-based materials which have been used for many decades
in electrical industries worldwide [4].

Tellurium oxide (TeO2), one of the glass forming oxides, is used for producing glasses
with high refractive index (n2). Moreover, its IR transmission range is up to 6 μm and
it possesses a large third order non-linear optical susceptibility (χ3) [5–6]. These unique
optical and electrical properties make tellurite glass a potential candidate material for IR
windows, all-optical switching devices and laser hosts [7].

In our previous work [8], we prepared glass ceramic KNN-SiO2 which contained
KNN single phase by the incorporation method. The resulting glass-ceramics have high

Received June 30, 2012; in final form October 16, 2012.
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KNN based Tellurite Glass-Ceramics [497]/155

transmission and high dielectric constant. The crystal size and crystallinity were found to
increase with increasing heat treatment temperature, which then plays an important role in
controlling the properties of the glass-ceramics, including physical, optical, and dielectric
properties. The transparency of the glass samples, however, decreased with increasing
crystal size. The maximum room temperature dielectric constant (εr) was 474 at 10 kHz
with a low loss (tanδ) of around 0.02 at 10 kHz.

In this work, KNN powders were firstly prepared by a mixed oxide method and subse-
quently mixed with TeO2 in a Pt crucible, and the well mixed powder melted at a suitable
temperature to form a glass. The crystallization of the KNN crystals in the glass was ac-
complished by heat treatment processes which were also used to control the KNN crystal
shape and size. Here, we report the physical, electrical and optical properties of the prepared
KNN glass-ceramics generated using TeO2 and a modified incorporation method. Phase
identification, thermal analysis, percent transmission and microstructures of the prepared
glass and glass-ceramics were investigated by X-ray diffraction [XRD], differential ther-
mal analysis [DTA], UV visible spectroscopy and scanning electron microscopy [SEM],
respectively.

2. Experimental

From our previous work, it was found that the incorporation method was a suitable way
to prepare glass-ceramics containing KNN single phase [8]. In the incorporation method
[9–10], KNN precursor was first prepared by using Na2CO3 (Riedel-de Haën, 99.9%),
K2CO3 (Sigma-Aldrich, 99.9%) and Nb2O5 (Sigma-Aldrich, 99.9%) powders. From a
related study [11], KNN single phase was successfully prepared by excess Na2CO3 and
K2CO3 of about 5mol% with ratio 1:1 in order to achieve the pure phase. The starting
powders were mixed by a ball milling technique for 24 hours in a polyethylene bottle using
zirconia balls and acetone as grinding and liquid media respectively. Well mixed powder
was dried by using a magnetic stirring hot plate at 40–60◦C for 24 hours and the sample
was kept in an oven for 24 hours at the same temperature. Then, the dried powder was
calcined in an electric furnace at 900◦C for 5 hours with a heating rate of 1.67◦C/min and
a cooling rate of 5◦C/min. The prepared KNN powder was agglomerated and therefore,
was sieved to separate the fine powder. To identify some phase of this KNN powder, XRD
[X-ray diffractometer; D500 type, Siemens, UK], FE-SEM [scaning electron microscope;
JSM 6335F type, JEOL, JP] and EDS [energy dispersive spectroscopy] were employed. The
KNN powders were then mixed with the glass forming substance; TeO2 at a composition of
70 and 80 mol%, in order to form transparent glass-ceramics. The components were mixed
in a platinum crucible and subsequently melted at 800◦C for 15 min and then quenched
between stainless steel plates. The quenched glass was immediately annealed in another
electric furnace for 6 hours to release their stress. Thermal properties of as-received glass
were measured to find the glass transition temperature (Tg) and crystallization temperature
(Tc) by using DTA [Differential thermal analysis; Du Pont Instrument, USA]. Then, as-
received glass was subjected to heat treatment (HT) at temperatures ranging between 300
to 550◦C depending upon the Tg and Tc of each glass, for 4 hours. Heating rate of 5◦C/min
and cooling rate of 10◦C/min was employed.

To analyze the glass and glass-ceramic properties, various techniques were employed.
XRD and SEM techniques were used to investigate the phase composition and to observe
the microstructure of the glass and glass-ceramic samples. The room temperature dielectric
constant (εr) and dielectric loss (tanδ) of the glass-ceramics were measured at various
frequencies from 10 kHz to 1 MHz using a precision LCZ meter [E4980A type, Agilent
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156/[498] Ploypailin Yongsiri and Kamonpan Pengpat

Figure 1. X-ray diffraction patterns of KNN with 5 mol% of Na2CO3and K2CO3 in ratio 1:1 and
calcined at 900◦C for 5 h (∗ K0.5Na0.5NbO3 phase)

Figure 2. The SEM image of KNN powder obtained cubic crystal sizes 100–200 nm at 900◦C for
5 hours
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KNN based Tellurite Glass-Ceramics [499]/157

Technologies, Malaysia]. The transmission and refractive index values were measured
by UV-Vis-NIR Spectrophotometer [VARIAN Cary 50, USA; λ = 190–1100 nm.] and
Ellipsometer [J.A. Woollam Co., Inc. series α-SETM, USA].

3. Result and Discussion

Powder Characterization

Generally, to prepare the single phase of KNN powder by conventional mixed oxide method
is rather difficult. Many studies have revealed that the alkaline carbonate precursor was
sensitive to moisture, leading to difficulty in obtaining the KNN single phase [4]. Bomlai
et al. [11] reported that an excess of 1, 3 and 5 mol% of Na2CO3 and K2CO3 with ratio 1:1
resulted in the ease of formation of KNN single phase. We therefore have chosen to prepare
KNN powder with an excess of 5 mol% Na2CO3 and K2CO3 (ratio 1:1). XRD result of the
calcined powders is shown in Fig. 1.

From Fig. 1, it is clearly seen that the KNN single phase can be achieved by the excess
of 5 mol% Na2CO3 and K2CO3. To confirm single phase, data was compared with JCPDS
file number 77-0038.

It can be assumed that by using stoichiometric compositions of Na2CO3, K2CO3 and
Nb2O5 to prepare the KNN powder, the incomplete reaction via calcination method is likely
to occur because of the compositional fluctuation from easily volatile precursors such as
Na2CO3 and K2CO3 at high temperature [3].

The FE-SEM micrograph in Fig. 2 shows the morphology of the prepared KNN crystals
with cubic shape and size ranging from 100-200 nanometers. The EDS study (Table 1) also
confirms the composition of the prepared powder which has the weight and atomic ratio of
Na:K close to 1:1 as expected.

Glass Preparation and Properties

Transparent KNN glasses were obtained after melting and quenching of KNN and TeO-2

powder with weight ratio 30:70 and 20:80 mol%. As-received glasses were orange in color

Table 1
Quantitative analysis of calcined KNN powder at 900◦C for 5 hours by EDS technique.
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Figure 3. Physical appearances of 30KNN-70TeO2 glass-ceramics after various heat treatment (HT)
temperatures a) 300◦C b) 325◦C c) 350◦C d) 420◦C and e) 522◦C.

and had low mechanical strength as shown in Fig. 3 and 4. Thus, annealing is an important
process which was employed to reduce stress in the quenched glass. Annealing temperature
for the glass were decided from the DTA traces of the two glasses and were chosen near
their Tg points. DTA traces are shown in Fig. 5.

Fig. 5 shows that 30KNN-70TeO2 and 20KNN-80TeO2 glasses have Tg around 300◦C.
Crystallization temperatures of the two glass compositions were different. For the 30KNN-
70TeO2 glass, Tc1 and Tc2 at 420◦C and 522◦C were observed while for 20KNN- 80TeO2

glass, Tc1 and Tc2 were at 408◦C and 498◦C. Small differences between these thermal
parameters may arise from the difference in TeO2 concentration. It may be assumed by
considering the difference between Tc1 and Tg (Tc1−Tg) of each glass that the 30KNN-
70TeO2 (Tc1-Tg ≈120◦C) is more stable than that of the 20KNN- 80TeO2 (with Tc1−Tg

≈108◦C).
The heat treatment process was employed in order to crystallize KNN crystals in the

glass matrix with the desired crystal size. The glasses were subjected to a heat treatment
schedule at 300◦C, 325◦C, 350◦C and at their Tc1 and Tc2. The heat treatment near Tg in
the range of 300–350◦C was performed to achieve transparent glass-ceramics, while the
heat treatment at Tc1 and Tc2 was for checking formation of crystal phases at their crys-
tallization temperatures. The appearances of all glass-ceramics are displayed in Fig. 3 and
Fig. 4.

Glass-Ceramics Properties

The XRD results in Fig. 6 of the heat treated glass-ceramics revealed that KNN;
(K0.5Na0.5)NbO3 was not retained by the incorporation method. This may be due to the very
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KNN based Tellurite Glass-Ceramics [501]/159

Figure 4. Physical appearances of 20KNN-80TeO2 glass-ceramics at various heat treatment (HT)
temperatures a) 300◦C b) 325◦C c) 350◦C d) 408◦C and e) 498◦C.

low viscosity of telluride glasses at their melting temperatures, giving rise to compositional
fluctuation in these glasses [5–7]. However, the heat treatment temperature plays an impor-
tant role in controlling the crystal phase in these glass-ceramics. At low HT from 300◦C to
350◦C, the resulting glass-ceramics for both compositions, contained similar crystal phase,

Figure 5. Thermal analysis (DTA) of KNN-TeO2 glasses which were melted at 900◦C for 15 minutes
and quenched between stainless steel plates at room temperature.
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Figure 6. XRD patterns of two series of glass-ceramics after various HT temperatures. (� KNbTeO6

peaks, � TeO2 peaks and � Na2Nb4O11 peaks)

which may be identified as the typical cubic structure of (K,Na)NbO3 with random variation
of K and Na ions in the A-site of the unit cell. This result is consistent with the work done
by Jeong et al. [10] who studied the glasses of xK2O-(14-x)Na2O-14Nb2O5–72TeO2 where
x = 0∼12 mol%. For HT at 300◦C, the glass-ceramics sample for the 30KNN-70TeO2

glass series exhibited slightly amorphous patterns with a trace at crystalline peaks of the
same cubic (K,Na)NbO3 phase. For the 20KNN-80TeO2 series, the crystalline peaks of
the cubic phase were more revealed, indicating a higher degree of crystallinity. This is
more evidence of greater glass stability of the 30KNN-70TeO2 glass series over that of

Table 2
The calculated average crystallite sizes in two glass compositions.

Heat treatment temperature (◦C) Crystallite size (nm)

30KNN- 70TeO2

300 35
325 62
350 31
420 (Tc1) 35
522 (Tc2) 46

20KNN- 80TeO2

300 46
325 111
350 69
408 (Tc1) 111
498 (Tc2) 62
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KNN based Tellurite Glass-Ceramics [503]/161

Figure 7. Dielectric constant (a) and dielectric loss (b) of two series of glass-ceramics at various HT
temperatures and frequencies (Color figure available online).

D
ow

nl
oa

de
d 

by
 [C

hi
an

g 
M

ai
 U

ni
ve

rs
ity

] a
t 0

3:
49

 2
7 

A
pr

il 
20

14
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Figure 8. Density of glass and glass-ceramics versus HT temperature.

the 20KNN-80TeO2, confirming the DTA result as mentioned before. Moreover, this also
affirms the previous work done by Jeong et al. [10].

The glass-ceramics heat treated at Tc1 and Tc2 for each glass series are also illustrated
in Fig 6. It can be seen that the 30KNN-70TeO2 glass ceramic with HT = 420◦C (Tc1)
contained two other phases apart from the cubic (K,Na)NbO3 phase, which may be identified
as KNbTeO6 (�) and TeO2 (�), while that of the 20KNN-80TeO2 glass ceramic had no trace
of any other phase apart from the (K,Na)NbO3. At Tc2 for both glass series, the additional
Na2Nb4O11 (�) phase was clearly revealed, together with two phases of KNbTeO6 (�) and
TeO2 (�). However, the amount of KNbTeO6 phase of the 30KNN-70TeO2 (HT at Tc2 =
522◦C) was greater than that found in the 20 KNN-80TeO2 (HT at Tc2 = 498◦C).

From the full width at half maximum (FWHM) values of the most intense diffraction
peak detected from XRD patterns, the average crystallite sizes (diameter, d) were calculated
by conventional procedure using the Scherrer’s equation.

d = 0.9λ

β cos θ

where, λ is the wavelength of X-ray radiation (CuKα = 1.5406 A◦), β is the FWHM of the
reflection peak that has the maximum intensity in the diffraction pattern. The diffraction
peak located at 2θ = 28◦ (2θ = maximum intensity peak) has been considered for this
estimation. The calculated average crystallite sizes are summarized in Table 2. It can be
seen that the crystallite size analyzed from XRD increased with increasing heat treatment
temperature. The crystallite sizes are varied after different heat treatment glasses because
of the occurrence of new phases at high heat treatment temperatures.

Fig. 7 shows the dielectric properties of the heat treated glass-ceramics at various tem-
peratures. The maximum dielectric constant was found in 30KNN-70TeO2 glass-ceramic
heat treated at Tc2, which was as high as 650 at 1 kHz and the dielectric loss was rather
low about 0.02. It can be seen that the dielectric constant increased with increasing heat
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Figure 9. The percent transparent of glass-ceramic which heat treated at various temperatures.

treatment temperature. The overall dielectric values of both glass-ceramics indicate that the
higher amount of KNN addition in such a series of 30KNN-70TeO2 glass-ceramics could
improve their dielectric properties.

Densities as a function of HT temperature of the prepared glass-ceramics are shown
in Fig. 8. The density variation was consistent with the dielectric trend which was found
to increase with increasing HT temperature. Higher values were found in the series of
20KNN-80TeO2 glass-ceramics. This may be due to the lower value of density of KNN
(4.64 g/cm3) than that of TeO2 (5.67 g/cm3)

Fig. 9, shows optical transmission spectra of the quenched and heat treated samples of
the 30KNN-70TeO2and 20KNN-80TeO2 glass-ceramics. All optical transmission spectra
were recorded at room temperature. The percent transmission of all glass-ceramics tends
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to decrease with increasing HT temperature. The low transmission in glass-ceramics of
20KNN-80TeO2 series heat treated at 300–325◦C confirms the appearance of glass-ceramics
as shown in Fig. 3 and 4, having low transparency. The 30KNN-70TeO2 and 20KNN-
80TeO2 samples heat treated at their Tc2 are opaque. The effect of HT temperature on
the transparency of glass originates from the type and size of crystals precipitated in the
glass matrix. For visible light, samples possessing crystals larger than 200 nm should show
light scattering and hence the respective samples should be opaque. Transparent samples
should contain crystals �200 nm and also a small crystal size distribution. For 30KNN-
70TeO2 glass-ceramics, the crystal size may play an important role in the transparency of
the glass-ceramics as the increase in HT temperature caused the decrease in transparency
up to the HT 350◦C. This is consistent with the XRD result where the crystallinity of the
(K,Na)NbO3 crystals increased with increasing HT temperature. When the HT temperature
was 420◦C, a secondary phase of KNbTeO6 occurred and reduced the transparency of the
glass ceramic greatly. For the 20KNN-80TeO2 glass-ceramics, there is no good tendency
between transparency and HT temperature. Considering their corresponding XRD patterns,
only one crystal phase of cubic (K,Na)NbO3 was observed in all glass-ceramics with
HT temperature from 300◦C–408◦C. The highest degree of crystallinity was found in
the glass-ceramic sample with HT of 408◦C, while other lower HT temperature samples
(300–350◦C) posses similar crystallinity. It may be assumed that the crystal sizes in these
20KNN-80TeO2 glass ceramic series may come from the inhomogeneous distribution of
the cubic (K,Na)NbO3 in the glass matrices. The corresponding SEM micrographs of these
glass-ceramics are shown in Fig 10. It can be clearly seen from the micrographs that, some
large crystals (bright phase) were inhomogeneously dispersed in the glass matrices.

Figure 10. SEM photographs of 20KNN-80TeO2 glass ceramic heat treated at HT of 300◦C–408◦C.
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Table 3
Refractive indices of various heat treatment temperature glass-

ceramics samples of two glass composition.

Heat treatment Refractive index of
temperature (◦C) various HT glasses (at 532 nm.)

30KNN- 70TeO2

300 2.090
325 2.012
350 2.086
420 (Tc1) 2.154

20KNN- 80TeO2

300 2.165
325 2.183
350 2.089
408 (Tc1) 2.177

Table 3 shows the refractive indices of the heat treated glass-ceramics at various
temperatures. It can be noted that the overall refractive indices of 30KNN-70TeO2 glass-
ceramics are lower than that of 20KNN-80TeO2. This consistent with the density result, as
in general the higher density of glass is, the greater refractive index is obtained.

4. Conclusion

Various materials characterization techniques were performed to study the effect of heat
treatment temperature on physical, phase, dielectric and optical properties of KNN-TeO2

glass-ceramics prepared via incorporation method. It was found that the amount of KNN
in glass controlled the thermal stability of glass where a higher amount of KNN (30 mol%)
promotes the stability of the glass. The XRD revealed similar crystals phase of cu-
bic (K,Na)NbO3 in all glass-ceramics with low HT temperature of 300◦C–350◦C. The
glass-ceramics heat treated at Tc1 and Tc2 of each glass composition contained additional
Na2Nb4O11, KNbTeO6 and TeO2 with amount depending on the added KNN content. The
crystal phases and their sizes in turn play the most important role in controlling physical,
appearance, density, dielectric and optical properties of the heat treated glass-ceramics. It
was found that the larger amount of KNN (30 mol%) gave improved properties of the glass-
ceramic, as a glass-ceramic with high transparency, good mechanical and high dielectric
constant could be obtained. Further studies should add for more understand KNN-TeO-2

phenomena.
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In this work, ferroelectric Ba0.92Ca0.08Zr0.05Ti0.95O3/45S5 bioglass composite or
(BCZT/45S5 composite) has been produced for orthopedic applications. The BCZT
concentrations ranged from 0–15 wt.%. The BCZT/45S5 composite was prepared by
conventional melting method at 1300◦C for 1 h following by heat treatment schedule at
the crystallization temperatures of glass. The effects of BCZT addition on the dielectric
and piezoelectric properties and the biocompatibility of BCZT/45S5 composites were in-
vestigated. It was found that, the addition of BCZT improved the hardness and dielectric
properties of materials, which may be caused by the presence of the BCZT. Moreover, the
bioactivity of the 45S5 bioglass was improved with addition of BCZT phase as evident
by the formation of bone like apatite layers on the surface of all BCZT/45S5 composites
after soaking in simulated body fluid (SBF).

Keywords 45S5 Bioglass; Barium Calcium Zirconium Titanate; Ferroelectric;
Piezoelectric

1. Introduction

Due to the disadvantages related with bone grafting and bone replacement procedures
using autograft and allograft, the development of synthetic bone replacement materials has
continuously augmented. The materials, having biomechanical properties matching that of
bone and sufficient bioactivity to form a bond with living bone and soft tissues, are of
particular interest in the biomaterials field [1].

45S5 bioglass is a commercially available inorganic material which has been used as
bone replacement for more than 20 years. This bioactive glass was firstly developed by
Hench et al. in 1969 [2]. The chemical composition of this bioglass composites of 45 wt.%
SiO2, 24.5 wt.% Na2O, 24.5 wt.% CaO and 6 wt.% P2O5. The bioactivity of this glass
resulted from the formation of a hydroxycarbonate apatite (HCAp) layer on its surface.

Received June 30, 2012; in final form October 24, 2012.
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BCZT/45S5 Bioglass [683]/145

This layer is chemically similar to the mineral part of bone. The rate of HCAp formation
has a significant effect on the tissue bonding rate, following a sequence of reactions between
the implanted material and the physiologic fluids and surrounding tissue [3].

Many researchers have found the improvement in osteobonding and bone growth on
the surface of polarized hydroxy apatite (HA) due to the generation of a permanent surface
charge on the materials in vitro. Nagamura et al. [4] found that apatite crystal growth on
HA was accelerated by the negatively charged surface. Moreover, it is known that bone
displays intrinsic piezoelectric behavior and possesses a charge under the application of a
mechanical stress. It has been hypothesized that stress-induced potentials in bone affect the
activity of osseous formation [5].

Ferroelectric materials have attracted some interest in medical applications. Feng et al.
prepared HA-BaTiO3 composites with piezoelectric coefficient (d33) of 6 pC/N, which
promoted osteogenesis in the jaw bones of dogs [6]. N. Pisitpipathsin et al. studied HA-
BaZr0.05Ti0.95O3 composites, and found that the bioactivity of the HA composites was
improved with 10 wt.% BaZr0.05Ti0.95O3 after soaking in simulated body fluid (SBF) for
15 days [7].

In this work, the fabrication of BCZT/45S5 composites with the amount of BCZT
being 0, 5, 10 and 15 wt.%, was carried out in order to study phase evolution and the me-
chanical and electrical properties and bioactivity of BCZT/45S5 composites. The selected
Ba0.92Ca0.08Zr0.05Ti0.95O3 (BCZT) phase has a high piezoelectric coefficient (d33) of about
365 pC/N [8].

2. Experimental

2.1 Materials Preparation

The BCZT/45S5 composites with Ba0.92Ca0.08Zr0.05Ti0.95O3 (BCZT) concentrations 0, 5,
10 and 15 wt.% were prepared by melt-quenching method. The mixed powders of these
compositions were prepared from reagent grade Na2CO3, CaO, NH4H2PO4, SiO2 and
Ba0.92Ca0.08Zr0.05Ti0.95O3 powders. The powders were mixed and melted in Pt crucibles for
1 h at 1300◦C. Each melt was quenched between stainless steel plates at room temperature.
The thermal properties of the selected samples were investigated using difference thermal
analysis (DTA). The resulting glasses were subjected to heat treatment schedules for crys-
tallization at temperature of 750◦C with heating/cooling rates of 5/10◦C/min, respectively
and with 4 h dwell time.

2.2 Materials Characterization

X-ray diffraction (XRD: Siemen D-500) technique was employed to investigate the phase
composition in the prepared BCZT/45S5 bioglass composites. Well-polished surfaces were
subjected to Vickers indentation (Galileo Microscan, LTF S.p.a., Antegnate, Italy) for
hardness (Hv) determination. The room temperature dielectric constant (εr) and loss (tanδ)
of BCZT/45S5 bioglasses was measured using LCZ meter (Model 4276A, Hewlett Packard)
at 100 Hz to 2 MHz. The dielectric constant was calculated from the capacitance by the
following equation [9]:

εr = Cd

ε0A
(1)
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146/[684] Nuttapon Pisitpipathsin et al.

where C is the capacitance (farads), ε0 is the free space dielectric constant value (8.854 ×
10−12 Fm−1), A is the capacitor area (m2) and d is the thickness (m) of the BCZT/45S5
composites. In vitro test was carried out by soaking in SBF. The SBF was buffered at pH 7.4
and maintained at 37◦C in order to simulate near physiological condition for 7 days. After
that, the formation of apatite layers was investigated by using scanning electron microscope
(SEM Model JEOL JSM-5910LV). The piezoelectric properties were measured at room
temperature by using a piezoelectric-d33-meter (S5865 d33 METER).

3. Result and Discussions

In this study, the heat treatment temperature (750◦C) was determined from thermal param-
eters, such as, glass transition temperature (Tg) and crystallization temperature (Tc), mea-
sured from the DTA trace of the 45S5 bioglass (0 wt.% BCZT) as shown in Figure 1. From
the trace, two exothermic peaks at 759◦C and 916◦C were observed, which corresponds to
two crystallization temperatures TC1 and TC2, respectively. The softening temperature (TS)
was found at 689◦C while two glass transition (Tg) temperatures observed in the DTA trace
were calculated to be at 560◦C (Tg1) and 844 (Tg2).

Consequently, the heat treatment temperature of 750◦C as mentioned earlier, was
chosen between Ts (689◦C) and Tc1 (759◦C) of the 45S5 bioglass (0 wt.% BCZT), to avoid
the crystallization peak of Tc1 (759◦C), which also applied to other higher BCZT content
samples. Generally at the peak of Tc, the crystallization occurs at the highest rate, leading
to a high migration rate of atoms or molecules. Thus, a porous body of the BCZT/45S5
composites may be obtained after the chosen heat treatment process.

The increasing trend of density data of the BCZT/45S5 composites with increasing
BCZT content is illustrated in Figure 2. However, the SEM micrographs of the BCZT/45S5
composites (Fig. 3.), show interesting result as the highest porosity sample was obtained

Figure 1. DTA trace of 45S5 bioglass.
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BCZT/45S5 Bioglass [685]/147

Figure 2. The density and Vicker hardness value of the BCZT/45S5 composites for various BCZT
contents.

from the highest BCZT content sample (15 wt.%). This may result from the higher density
of BCZT (∼5.70 g/cm3) than compound with of 45S5 bioglass (∼2.78 g/cm3).

The linearly increasing trend of hardness (Hv) versus BCZT content, similar to the
density trend, was also obtained as illustrated in Figure 2. This is believed to be contributed

Figure 3. SEM micrographs of the BCZT/45S5 composites; (a.) 0 wt.% of BCZT, (b.) 5 wt.% of
BCZT, (c.)10 wt.% of BCZT, (d.)15 wt.% of BCZT.
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148/[686] Nuttapon Pisitpipathsin et al.

Figure 4. XRD patterns of BCZT/45S5 composites for 2θ between 20◦ and 60◦.

by the occurrence of grains in these composites. Grain boundaries are known as stress
concentration sites, which acted as effective obstacles to dislocation pile-up in the adjacent
grains, leading to harder materials [10]. This was the reason that the highest BCZT con-
tent sample (15 wt.%), has the smallest grain size, possessed the highest hardness value
compared to those with larger grain or no grain boundary as in the lower BCZT content
samples (0–10 wt.%). As can be seen in Fig. 3, the higher grain boundary was obtained
from the higher BCZT content samples.

The XRD profiles of heat treatment BCZT/45S5 composites for 2θ between 20◦ and
60◦ are presented in Figure 4. The main diffraction peaks of all ceramics corresponded to
the crystal structure of the sodium calcium silicate (Na2Ca2Si3O9) (JCPDS0075-1687). The
BCZT peaks are clearly observed for the high BCZT content samples of 10 and 15 wt.%.
The relative intensity of the Na2Ca2Si3O9 phase was found to decrease with increasing
BCZT content. This may be due to the decomposition of Na2Ca2Si3O9 to from a trace of
unknown secondary phase (∗), at the high BCZT content of 15 wt.% samples.

The frequency dependence of the relative permittivity (εr) is presented in Figure 5.
Results indicated that all BCZT/45S5 samples showed a degree of dielectric dispersion at
low frequency (f < 1 kHz). The permittivity magnitude and degree of dispersion increased
with increasing BCZT content, which may be caused by the presence of the added ferro-
electric BCZT phase [11]. The dispersions of the BCZT/45S5 composites may result from
the dipole moment of ions and the presence of some dc conductivity in these materials
[12, 13]. The dielectric loss (tanδ) of the BCZT/45S5 composites is presented in the inset
of Figure 5. It can be seen that the tanδ values of the BCZT/45S5 composites were between
0.1–0.4 at 1 kHz.

The ac conductivity (σ ) of the BCZT/45S5 composites was investigated at different
frequencies as shown in Figure 6. The ac electrical conductivity of the BCZT/45S5 samples
was calculated from the following equation [14]:

σac = ωε0εr tan δ (2)
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Figure 5. The frequency dependence of relative permittivity and dielectric loss (tanδ) of BCZT/45S5
composites.

where εo is the vacuum dielectric permittivity and ω is the angular frequency (2πf ). At
low frequency (<0.3 kHz), the conductivity showed insignificant changes with varying in
frequency. However, at higher frequencies (>0.3 kHz) the conductivity increased almost
linearly with frequency (f ) following the universal power law behavior [15] such that
σ (ω) αωn where n is 0.58 < n < 0.70. Moreover, the ac conductivity at a particular
frequency increased with increasing BCZT content. It can be assumed that all BCZT/45S5

Figure 6. The frequency dependence of ac conductivity of BCZT/45S5 composites.
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Figure 7. SEM micrographs of the BCZT/45S5 composites before and after 7 days in SBF.
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composites exhibited the ac conductivity of the insulating phases [13], as ωε0ε0, contributes
to the conductivity in the power law region.

The variation of the piezoelectric coefficient (d33) as the function of BCZT content is
plotted in the inset of Figure 6. All BCZT/45S5 composites exhibited no piezoelectric effect
(d33 = 0 pC/N). In polymer-piezoelectric composites the polymer can mechanically possess
the piezoelectric and prevent it from developing a strain during the poling process. This can
lead to mechanical depolarization and loss of piezoelectric properties of composites [16].
For the case of these BCZT/45S5 composites the volume fraction of the glass matrices is
much longer than that of the BCZT phase, leading to overall zero value of d33. Thus, in
order to improve the piezoelectric properties of these materials, a higher amount of BCZT
phase of >20 wt.% should be considered.

SEM micrographs of the BCZT/45S5 composites for various BCZT contents before
and after incubating in SBF for 7 days are presented in Figure 7. Apatite formation was
observed on the surface for all samples. However, the morphology of the formed apatite
layers varied with the different BCZT content in the composites. After incubation for 7 days,
the surface of 0 wt.% BCZT sample was fully covered by one apatite layer, and this layer
was composed of fiber-like apatite. For the sample containing 5 wt.% BCZT, the newly
formed apatite layer was slightly compact. However, for the 10 wt.% BCZT samples, the
surface was composed of two different zones of numerous small spherical particles and
was a compact layer. Also for the 15 wt.% BCZT samples, different morphologies of
the apatite layers were clearly observed. Furthermore, for the 0 and 15 wt.% of BCZT
sample surfaces many pores were observed after soaking in SBF, which may be due to
the dissolution of crystal phase during soaking in SBF [17]. Apatite formation upon the
surface of BCZT/45S5 composites when in contact with physiologic fluids is speculated
to progress by the following mechanism. The BCZT/45S5 composites release Na+ and
Ca2+ions from the glass which exchange with the H+ and H3O+ ions from SBF to form
hydrated silica (Si–OH) groups on the glass surface. Apatite nucleation was induced by
the Si–OH groups through the formation of calcium phosphate and amorphous calcium

Figure 8. The pH as a function of immersion time in SBF for BCZT/45S5 composites.
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silicate. Once nucleated, the apatite can grow spontaneously as the SBF fluid is highly
supersaturated under normal condition. The Na+ and Ca2+ ions released from the surface
of the composite also accelerate apatite nucleation by increasing the ionic activity product
of apatite in the SBF fluid. The dissolution of BCZT/45S5 composite is dependent on Na+

and Ca2+ within it [18, 19].
The pH as a function of BCZT/45S5 composites immersion time in the SBF medium

during 7 days is shown in Figure 8. Ions were leached out from the composites, and then
exchanged with H+ and H3O+ ions from the SBF solution. It was apparent that the pH of the
SBF solution increased by the dissolution [20]. The dissolution rate as well as pH increment
decreased after about 5 days due to the decrease of Na+ and Ca2+ ionic concentration in
surface. The BCZT/45S5 composite samples with high BCZT content of more than 10 wt.%
possessed the highest rate of dissolution. This may affect the formation of the apatite layer,
especially their morphologies as can be seen in the corresponding SEM micrographs in
Fig 6.

4. Conclusions

Bioactive ferroelectric Ba0.92Ca0.08Zr0.05Ti0.95O3/45S5 composites (BCZT/45S5 compos-
ites) for orthopedic applications were successfully formed by conventional melt quenching
and heat treatment techniques. The addition of BCZT improved the Vickers hardness and
dielectric property of materials, which may be attributed to the presence of the ferroelec-
tric phase. The frequency dependence of ac conductivity and permittivity trends of all
composites are typical of insulating component materials. Moreover, the bioactivity of a
45S5 composite was improved with addition of BCZT content as evident by the formation
of bone like apatite layers on the surface of all BCZT/45S5 composites after soaking in
simulated body fluid (SBF).
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Effect of Camphor Addition on Mechanical
Properties and Bioactivity of P2O5-CaO-Na2O

Bioactive Glass
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In this work, we have studied the effects of camphor addition on the properties of porous
ceramics of P2O5-CaO-Na2O glass for biomedical applications. Mixed powders were
formed into pellets and subsequently sintered at the temperatures ranging between 550
and 650◦C. The sintered ceramics were investigated in terms of pore characteristics,
phase formation, and in vitro bioactivity. The pore sizes of the structures were observed
by SEM to be in the range of 150–400 μm. XRD results revealed that calcium phosphate
and sodium phosphate phases were formed in the porous ceramics. In vitro bioactivity
was assessed in SBF solution and the results confirm the formation of apatite like cells
on the surface of all glass ceramic compositions.

Keywords P2O5-CaO-Na2O glass; Porous ceramics; Calcium phosphate

1. Introduction

Bioactive ceramics such as hydroxyapatite, β-tricalcium phosphate, silicate based glass
and phosphate based glass have been of much interest for biomedical applications [1–7],
particularly, phosphate based glass, as it has greater osteoblastic activity comparing to
hydroxyapatite [8, 9]. P2O5-CaO-Na2O glass is one of the bioactive phosphate based
glasses, which has already played a vital role in areas of clinical medicine [9–13].

P2O5-CaO-Na2O glasses were found to exhibit low thermal parameters (glass transition
temperature (Tg), crystallization temperature (Tx) and melting point (Tm)), depending on
the amount of CaO content in glass composition [9–12]. CaO also has a strong effect in
reducing the CaO dissolution rate in distilled water and simulated body fluid [SBF]. The
thermal parameters increased and dissolution rate decreased with increasing CaO content
as the network of cross-linked PO3−

4 groups with Ca2+ are stronger than that of the chain
structure of PO3−

4 groups with Na+ [9, 13]. The suitable composition of this glass system
was found for samples where the amount of P2O5 was more than 40 mol% especially for
the 45 mol% sample which also possessed good biocompatibility [9, 10]. Phosphate phases

Received June 30, 2012; in final form October 15, 2012.
∗Corresponding author. E-mail: kamonpan.p@cmu.ac.th
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which are essential in controlling biocompatibility can be formed in this P2O5-CaO-Na2O
glass system [11].

Porosity also plays an important role in bone substitute applications for bone tissue
regeneration, cell increment and drug delivery. Dimension, morphology and distribution
of pores are important factors to control bone tissue regeneration and a pore size range
of 100–400 μm has been accepted as a suitable condition for cell in growth. Moreover,
interconnectivity of pores in substitute bone is equally important for bone tissue regener-
ation, which allows penetration of the osteoblast-like cells [14, 15]. Porous structure was
formed by including volatile materials which are burnt out during sintering. The volatile
materials used were organic compounds such as paraffin, naphthalene, carbon, starch,
flour, hydrogen peroxide and polymers. The pores characteristics (fraction, size, morphol-
ogy and distribution) were controlled by the type, amount and properties of the volatile
materials and the evaporation and sublimation mechanisms of the volatile materials dur-
ing the burn out process [14, 15]. In addition, Ramay and Zhang [16] prepared porous
hydroxyapatite scaffolds by a combination of gel-casting and polymer sponge methods.
Their results showed that the scaffolds prepared have an open, uniform and interconnected
porous structure with a pore size range of 200–400 μm. Due to the low sintering temper-
atures of P2O5-CaO-Na2O glass production, low boiling point volatile materials should be
considered.

In this study, camphor (C10H16O) was chosen as a suitable volatile material for forming
P2O5-CaO-Na2O porous ceramics because the evaporation process of camphor can be
completed at its boiling point as low as 204◦C (Materials Safety Data Sheets: (MSDS)).
The influence of camphor addition on the porosity of the prepared ceramics with various
compositions of P2O5-CaO-Na2O glasses and a comparison of their properties with that of
natural bone were reported.

2. Experimental

2.1 Glass Preparation

Three glasses were prepared from (NH4)2HPO4, CaCO3 and Na2CO3 with nominal compo-
sitions as shown in Table 1. The precursors were weighed and melted in an alumina crucible
at 1200◦C for 1 hour in an electric furnace. The homogeneous melts were quenched to room
temperature onto a stainless steel mold and the quenched melts was subsequently pressed
by another stainless steel plate to avoid crystallization. An automatic milling machine
was employed for grinding the prepared glasses into a fine glass powder of about 2 μm
in size.

Table 1
Nominal glass compositions, thermal parameters and sample codes used.

Content (mol%) Thermal Parameter (◦C) [17]

Code P2O5 CaO Na2O Tg Tx1 Tx2

P45C32N23 45 32 23 440 578 —
P45C36N19 45 36 19 446 564 593
P45C40N15 45 40 15 455 606 625
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2.2 Preparation of Porous Ceramics Using Camphor

The three glass powders (70 wt%) were mixed with camphor (30 wt%) and the batches
were pressed into pellets. The pellets were sintered in an electric furnace using a 3-stage
schedule, including heating from room temperature to 204◦C (boiling point of camphor)
with heating rate of 5◦C/min for 1 h (to burn off the camphor), afterward heating to the
sintering temperature with heating rate of 5◦C/min for 2 h, and finally cooling down to
room temperature at a cooling rate of 5◦C/min. Sintering temperatures, ranging between
550 to 650◦C were employed as they are in the range of the crystallization temperatures of
this P2O5-CaO-Na2O glass system as show in Table 1 [17].

2.3 Characterization of the Porous Ceramics

The density and apparent porosity analysis of the porous ceramics were measured at room
temperature via ASTM C20-00 (2010) Standard test methods. The shape and size of pores
were investigated by scanning electron microscopy (SEM: JSM-6335F). Strength was
measured using a universal testing machine (Instron model 55R4502) in compressive stress
mode.The crystal structures of the porous ceramics were identified by X-ray diffraction
(XRD: Bruker AXS D8 ADVANCE) and energy dispersive X-ray spectroscopy (EDX). Mi-
crostructures of the prepared ceramics were investigated by scanning electron microscopy
(SEM: JSM-6335F).

2.4 In Vitro Bioactivity

Simulated body fluid (SBF) is an acellular solution with ion concentration similar to
those of blood plasma, in order to reproduce formation of apatite on bioactive materials
in vitro [18]. The SBF was prepared by dissolving reagent-grade chemicals in deionized
water. The reagent-grade chemicals consisted of sodium chloride (NaCl), sodium hydrogen
carbonate (NaHCO3), potassium chloride (KCl), di-potassium hydrogen phosphate trihy-
drate (K2HPO4·3H2O), magnesium chloride hexahydrate (MgCl2·6H2O), calcium chloride
(CaCl2) and sodium sulfate (Na2SO4). The solution was buffered to pH standards with
Tris-hydroxymethylaminomethane ((HOCH2)3CNH2)(Tris)) and hydrochloric acid (HCl)
[19]. In vitro studies showed that when hydroxyapatite [20], silicate-based glass [6, 21]
and phosphate-based glass [22–23] were immersed in SBF, apatite formation could be re-
produced on their surfaces. These apatite layers are chemically and structurally equivalent
to the mineral phase in bone.

In this study, the samples were immersed separately in solutions of SBF under a static
regime [24] and stored with constant volume in the incubation apparatus for 7 days at a
temperature of 37◦C. After being immersed, the ceramics were rinsed with deionized water
and dried in desiccators at room temperature [21]. The ceramics were then analyzed using
SEM and energy dispersive spectroscopy (EDX) to investigate apatite formation.

3. Results and discussion

3.1 Phase Formation

The XRD patterns of all porous ceramics after sintering are shown in Fig. 1. The crystalline
phase precipitated in sintered ceramics could be clearly assigned to four phases comprising
two calcium phosphate phases and two sodium phosphate phases (with the same com-
position). The calcium phosphate phases were Ca2P2O7 (JCPDS file no. 73-0440) and
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Figure 1. XRD patterns of all ceramics and of β-Ca2P2O7 phase file no. 03-0604 (•), Ca2P2O7

phase file no. 73-0440 (◦), NaPO3 phase file no. 76-0788 (�), NaPO3 phase file no. 11-0650 (♦) and
unknown ( ∗).

β-Ca2P2O7 (JCPDS file no. 03-0604) while sodium phosphate phases were NaPO3 com-
pounds with different JCPDS file no. of 11-0650 and 76-0788. The sodium phosphate
phases increased with increasing sintering temperature to near crystallization temperature
at Tx1 and decreased with increasing sintering temperature above Tx1. Calcium phosphate
phases were formed at the sintering temperature near crystallization temperature at Tx2.
The P45C40N15 sample that was sintered at 650◦C contained the highest amount of
β-Ca2P2O7 phase, which is considered to be suitable for bioactive applications [8, 9].

3.2 Compressive Stress and Density

Fig. 2 shows the results of density and compressive stress of porous ceramics at various
sintering temperatures. For the high Na2O content glasses of P45C32N23 and P45C36N19,

Figure 2. Relationship between compressive stress and density of porous ceramics.
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Effect of Camphor Addition [677]/139

the increase in sintering temperature from 500 to 600◦C improve the compressive stress
and density of the porous ceramics, while further increasing of the sintering temperature
up to 650◦C decreased both values. For the lowest Na2O content glass of P45C40N15, both
compressive stress and density decreased with increasing sintering temperature.

3.3 Porosity

Fig. 3(a) shows apparent porosity of the three glass sample series. As expected, opposite
trends between porosity and density were observed. It can be seen that the P45C32N23

samples have lowest porosity ranging between 20–35%, while those of P45C36N19 and
P45C40N15 were between 40–50%. Pore morphologies of all prepared porous ceramics are
closely similar as shown in Fig. 4, showing facture images of the three ceramics sintered
at the temperature of 650◦C. The average pore size shown in Fig. 3(b) revealed the similar
trends for all samples with sizes ranging between 150–400 μm, which is suitable for cell
growth as described in previous works [14, 15]. However, poorly interconnect pores were
formed by the evaporation process of camphor.

The changes in density and compressive strength depend very much on the structure
of the glass network. In general, the basic building blocks in the P2O5-CaO-Na2O glass
consist of chain structures of PO3−

4 tetrahedral structural units while the modifier ions of
Ca2+ and Na+ act as charge compensators. The divalent cations Ca2+ can form cross-links
between non-bridging oxygen atoms of two different PO3−

4 tetrahedral chains, leading
to the strengthening of phosphate glass network [9, 13]. The density data of the porous
sodium calcium phosphate glasses in Fig. 2, shows the lower density values of high CaO
samples (P45C36N19 and P45C40N15), which may be attributed to the crystallization of
some crystal phases during sintering. Sodium phosphate and calcium phosphate phases
are distributed throughout the glass matrices as can be seen in the larger magnification
micrographs in Fig. 5 as investigated by EDS. It is interesting to mention that the high
Na2O content samples (P45C32N23 and P45C36N19) contain the highest amount of NaPO3

phases especially at low sintering temperatures (550 and 600◦C). The surface crystallization
of these crystal phases with needle like shape occurred as shown in Fig. 5, or the bright
spots in the lower magnification micrographs in Fig. 4(a) and (b) of the ceramic fracture
surfaces. This may reduce the pores and enhance the densification in the glass matrix by

Figure 3. (a) Percentage of apparent porosity and (b) pore size of porous ceramics.
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Figure 4. The facture images of porous ceramics sintered at 650◦C: (a) P45C32N23, (b) P45C36N19

and (c) P45C40N15.

Figure 5. Energy dispersive X-ray spectroscopy (EDX) of calcium phosphate and sodium phosphate
phases formed on porous ceramics after sintering at 650

◦
C.
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Effect of Camphor Addition [679]/141

Figure 6. Mictrostructures and energy dispersive X-ray spectroscopy (EDX) of porous ceramics
after sintering at 650

◦
Cafter immersion in SBF solution for 7 days: (a) P45C32N23, (b) P45C36N19, (c)

P45C40N15 samples.

pulling in the glass particles to be closely attached to each other during sintering. This may
result in the highest compressive stress and density values and lowest porosity values of
the P45C32N23 ceramics.

3.4 Assessment of Bioactive in Vitro

The bioactivity of porous ceramics was assessed in vitro using SBF solution for 7 days
and the results are shown in Fig. 6. Formation of bone like apatite layers during bioactivity
experiments was evaluated by the investigation of surface morphology. SEM and EDX were
used to detect chemical composition of this apatite layer. Apatite-like layers were found to
form on the surface of all calcium phosphate porous ceramics, confirmed by EDS spectra
where phosphorus (P), calcium (Ca) and oxygen (O) atoms were detected in the apatite
layer. On each surface, the formation of individual apatite grains like spherical balls, with
diameters in the range of nanometers are clearly revealed. Apatite cell growth increases
with increasing Na2O content [19–20]. Samples having sodium phosphate crystals as a
major phase exhibit better apatite cell growth.

The mechanism of apatite cells formation may be explained by initial dissolution of
Na+ and Ca2+ ions from the surface of ceramics which accelerate apatite nucleation
in SBF solution [19, 22]. The dissolution rates of calcium phosphate phases are lower
than that of sodium phosphate phases as the network structure of PO3−

4 groups forming
cross-links with Ca2+ is stronger than that of PO3−

4 groups forming chain structure with
Na+ [9, 13]. Therefore, the P45C32N23 sample series (Fig. 4(a)) with highest Na2O content
and containing NaPO3 as a major phase possesses the optimum bioactivity as compared
to the other samples.

4. Conclusion

Porous ceramics from the P2O5-CaO-Na2O glass system were successfully produced by
camphor addition. Changes in CaO/Na2O ratio played an important role in controlling the
densification and phase formation of the ceramics. The pore sizes formed by burnt out
camphor were in a range of 150–400 μm for all sample conditions, and are suitable for cell
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growth. The crystalline phases precipitated in sintered ceramics could be clearly assigned
to calcium phosphate and sodium phosphate phases. In vitro study revealed the formation
of apatite layers for all porous ceramics with the maximum apatite cell growth found in the
P45C32N23 sample series with the highest content of Na2O and containing sodium phosphate
as a major phase.
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Microstructure and Dielectric Properties of
Bismuth Germanate Glass-Ceramics
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Bismuth germanate composites containing Bi2GeO5-Bi4Ge3O12 phases were prepared
by glass ceramic method and sintering techniques. The existences of three bismuth
germanate crystals of Bi2GeO5, Bi4Ge3O12 and BiBO3 were found in XRD patterns.
The amount of each phase depended mostly on the sintering temperature where the
Bi4Ge3O12 phase was found to increase with increasing sintering temperature. The
mixing of round and pyramidal shape crystals was observed in the sample sintered
at 650◦C. This gave rise to the improvement in its dielectric properties where the
εr was found to increase from ∼78 to ∼395 for the sample sintered at 500◦C and
650◦C, respectively. Moreover, the tanδ was found to decrease greatly with increasing
sintering temperature. Thus, this Bi2GeO5-Bi4Ge3O12 composite may be considered as
a promising candidate of microwave dielectric materials.

Keywords Bismuth germanate; glass-ceramics; dielectric properties

1. Introduction

Glass ceramics, having properties between glass and crystal, have shown a great potential in
electroceramic design, preparation and application. Thus many glass ceramic compositions
are being intensively studied and developed. A glass ceramic embedded with Bi2GeO5

crystals is one of particular interest as it is an environmentally friendly material and it was
found to exhibit ferroelectric properties as first reported by Pengpat and Holland [1, 2].
After that, our work has been on the fabrication of these glass ceramics and we reported
that it has a large dielectric constant (εr) of 77 with a low dielectric loss (tanδ) of about
0.005 which suits the requirements for use in microwave devices [3, 4]. The εr of Bi2GeO5

glass ceramics was found to increase up to 246 with a low tanδ after being annealed at
375◦C for 12 h, due to the enhanced crystallinity of the glass ceramics [5]. However,
these Bi2GeO5 crystals, having needle like shape, were crystallized near the surface and
distributed heterogeneously within the bulk glass matrix. This non-uniform distribution
together with the large amount of residual glass left in the glass matrix may cause the
reduction in dielectric constant of the overall bulk glass ceramics. In order to enhance the
electrical properties of these glass ceramics, the amount of Bi2GeO5 crystals should be
increased and distributed homogenously in the samples.
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In general, to produce materials for use in microwave devices, the conventional sintering
method has been utilized due to its low cost and easier preparation in comparison to other
methods of production. However, the Bi2GeO5 phase cannot be prepared by this method
due to the metastable form of the Bi2GeO5 phase [1–2], thus making it difficult to synthesis
by the conventional mixed-oxide method. Therefore, the glass ceramic route was chosen to
prepare the pure Bi2GeO5 phase before the sintering method.

In this work, pure Bi2GeO5 glass ceramic was reground and pressed into pellets
in order to enhance the surface area of the Bi2GeO5 crystals. This action may help to
homogeneously distribute the ground Bi2GeO5 crystals within the pressed glass ceramic
pellets or compacts. The pressed compacts were then subjected to the sintering method at
different temperatures in order to recrystallize and form dense body of glass ceramic samples
with mixed phases between Bi2GeO5 and Bi4Ge3O12. The cubic phase of Bi4Ge3O12 (non-
ferroelectric phase) is actually one of most interest for bismuth germanate phases from the
Bi2O3-GeO2 glass system, as it possesses valuable electrical properties [6–9]. Therefore,
we assume that mixing between Bi4Ge3O12 and Bi2GeO5 phases may help to improve the
dielectric properties of these composites as similar results were reported by other studies
of binary systems of BNLT-BZT [10] and BNLT-BT ceramics [11]. Phase formation and
microstructure of the as-sintered samples were then investigated using X-ray diffraction
(XRD) and scanning electron microscopy (SEM) techniques. The physical and electrical
properties of the sintered glass ceramics were finally characterized and discussed.

2. Experiments

2.1. Glass-ceramics Preparation

The glass ceramic route was employed for growing pure bismuth germanate (Bi2GeO5)
crystals in the glass matrix following procedures from our previous work [1–5]. Bismuth
oxynitrate (BiONO3.H2O), reagent grade germanium dioxide (GeO2) and boron oxide
(B2O3) were used as starting materials and weighed according to the composition of
60 mol% BiO1.5: 20 mol% GeO2: 20 mol% BO1.5. The mixed powders were melted in
a Pt crucible at 1075◦C for 15 min and splat-quenched on a stainless steel plate at room
temperature to form glass. The as-received glasses were subjected to a heat treatment
schedule, in order to form pure Bi2GeO5 phase, of 18 h at 475◦C using heating and cooling
rates of 5 and 10◦C/min respectively. After that, all samples were ground and made into
pellets of 10 mm diameter using uniaxial pressing. The pellets were subsequently sintered
between 500◦C and 650◦C in an electric furnace under a controlled heating and cooling
rate of 5◦C/min with a dwell time of 4 h to recrystallize and achieved a dense body for the
Bi2GeO5-Bi4Ge3O12 glass ceramic samples.

2.2. Glass-ceramics Characterization

After sintering, X-ray diffraction with CuKα radiation and scanning electron microscopy
(SEM) were used to investigate the phase formation and microstructure of Bi2GeO5-
Bi4Ge3O12 glass ceramic samples. For dielectric measurements, two flat circular surfaces of
the selected glass ceramic samples were polished and coated with silver paste as electrodes
for electrical contact. The capacitance and loss tangent (tanδ) with variation of temperature
between room temperature and 500◦C were measured using a LCR meter over a frequency
range of 1–100 kHz. The dielectric constant (εr) was calculated from the capacitance by
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the following equation [12]:

εr = Cd/ε0A (1)

where C is the capacitance (farads; F), ε0 is the free space dielectric constant value
(8.854 × 10−12 F/m), A is the electrode area (m2) and d is the thickness (m) of the glass-
ceramic sample.

3. Results and Discussion

3.1. Phase Formation

Phase formation investigation of the bismuth germanate glass ceramics sintered at various
temperatures was carried out by XRD and their diffraction peaks are illustrated in Fig. 1.
The main diffraction peaks of all recrystallized glass ceramic samples contained Bi2GeO5

phase with orthorhombic structure (JCPDS file no. 036-0289) after being sintered at 500◦C,
similar to that of non-recrystallized Bi2GeO5 glass ceramics as reported by Pengpat and
Kantha [1–5]. The diffraction peaks of the interested bismuth germanate phase: cubic
Bi4Ge3O12 (JCPDS file no. 034-0416) were also found to coexist with the main phase for
all sintered samples. The Bi4Ge3O12 phase increased gradually with increasing sintering
temperature and then started to be the dominant phase with a smaller amount of Bi2GeO5

phase in the glass ceramic samples sintered at temperatures from 600◦C and higher. This
is consistent with the results reported in [1–2] as the Bi4Ge3O12 phase preferred to crys-
tallize in the glass matrix after heat-treatment above 545◦C. However, a phase of BiBO3

Figure 1. XRD patterns of bismuth germanate glass ceramics recrystallized at various sintering
temperatures.
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(JCPDS file no. 27-320) was also observed in those glass ceramic samples which may be
due to compositional fluctuation during sintering.

3.2. Density and Surface Morphology

Figure 2 shows the SEM micrographs of the as-sintered surfaces of all bismuth ger-
manate glass ceramics. It can be clearly seen that at the higher sintering temperature, lower
amounts of pores were observed in the surface of the glass ceramic samples. This agrees
well with the density data where the density value increased at higher sintering temper-
ature as shown in Fig.3. From the SEM micrographs in Fig. 2, not only the reduction of
porosity was found but also an alteration of morphology was observed with increasing the
sintering temperature. At lower sintering temperature, an agglomeration of round shape
crystals was revealed while two different types of round and pyramidal shape crystals
were observed in the glass ceramic sample sintered at the highest temperature of 650◦C.
These pyramidal crystals may be Bi4Ge3O12 phase, similar to the work done by Souza
[7] who studied the Bi4Ge3O12 glass ceramic of the BiO1.5-BO1.5-GeO2 system. However,
Bi2GeO5 and BiBO3 phases were not obviously distinguished from the corresponding SEM
micrographs.

Figure 2. SEM micrographs of bismuth germanate glass ceramics subjected to various sintering
temperatures: (a) 500◦C, (b) 600◦C, (c) 625◦C and (d) 650◦C.
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Figure 3. Density and average grain size of bismuth germanate glass ceramics sintered at different
temperatures.

3.3. Dielectric Properties

Figure 4 shows the temperature dependence of the dielectric constant (εr) and dielectric loss
(tanδ) of sintered bismuth germanate (Bi2GeO5-Bi4Ge3O12) glass ceramics measured at dif-
ferent frequencies. All recrystallized bismuth germanate glass ceramics exhibited a higher
dielectric constant with increasing temperature (from room temperature to 500◦C) with di-
electric constant decreasing with increasing frequency. This behavior is consistent with that
of relaxor-liked ferroelectrics [13]. Higher values of εr at lower frequencies could be due to
the contribution from many different types of polarizations (i.e., interfacial, dipolar, atomic,
ionic or electronic contribution) in the material, with some of that polarization having less
contribution to εr at high frequency [13]. Not only that, dielectric anomalies, indicating
some phase transition (Tx) at around 200–400◦C, were found in Bi2GeO5-Bi4Ge3O12 glass
ceramic samples sintered at 600 to 650◦C, while the sample sintered at 500◦C showed no
transition in both εr and tanδ curves. The glass ceramic sample sintered at 500◦C contained
Bi2GeO5 as the major phase, therefore the phase transition may not be observed for this
sample as the Bi2GeO5 single crystal has a high phase transition temperature of more
than 527◦C [1]. For the samples sintered at higher temperatures (600–650◦C), the phase
transition Tx may be attributed to some structural change of the Bi4Ge3O12, which was
found to be a major phase in those high sintering temperature ceramics, as confirmed by the
XRD patterns in Fig.1. Moreover, the higher the sintering temperature, the more profound
relaxor behavior was obtained.

Considering the dielectric loss (tanδ) of Bi2GeO5-Bi4Ge3O12 glass ceramics, it was
found that the tanδ of all sintered glass ceramics exhibited a strong dependence with both
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Figure 4. Temperature and frequency dependence of the dielectric constant (εr) and dielectric loss
(tanδ) of sintered bismuth germanate glass ceramics.

temperature and frequency. The samples sintered at higher temperatures had lower dielectric
loss for all frequencies. This may be attributed to the reduction of porosity and increase in
density of the samples sintered at higher temperatures as confirmed by SEM micrograph
(Fig. 2) and density data (Fig. 3). The dielectric loss values of these ceramics dramatically
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Figure 5. Leakage current density of sintered bismuth germanate glass ceramics at different voltages.

decreased at high frequency (100 kHz), which may be useful for microwave applications
where low loss is particularly needed at high frequency.

The leakage current density of all recrystallized glass ceramic samples was measured
and plotted versus applied voltage as shown in Fig. 5. Higher leakage current densities were
observed for the ceramic sintered at 500◦C which also exhibited the highest dielectric loss.
As sintering temperature increased, the leakage current density was found to drop to the
range of 10−8 to 10−7 A/cm2. This confirmed that the high temperature sintered samples
have lower conductivity.

4. Conclusions

To homogeneously distribute Bi2GeO5 crystals formed by the glass ceramic method, they
were reground and sintered from 500 to 650◦C to re-grow Bi2GeO5 crystals and form dense
bismuth germanate glass ceramic bodies. The Bi2GeO5 phase only remained as a major
phase in samples at 500◦C while Bi4Ge3O12 phase started to be the dominant phase in
samples sintered at 600◦C and above. The sintering temperature also altered their density,
microstructures as well as their dielectric properties. The maximum density with well-
defined microstructures was achieved for the sample sintered at 650◦C. This sample also
provided the highest dielectric constant of 395 with the lowest dielectric loss of 0.29 at the
measured temperature of 500◦C, compared to that found in the other sintered samples. This
may have further applications as microwave dielectric materials.
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Magnetic Bioactive
SrFe12O19-SiO2-CaO-Na2O-P2O5 Glass-Ceramics

for Hyperthermia Treatment of Bone Cancer

W. LEENAKUL,1 P. INTAWIN,1 J. RUANGSURIYA,2

P. JANTARATANA,3 AND K. PENGPAT1,∗
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University, Chiang Mai 50200, Thailand
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The magnetic bioglass-ceramics were introduced for hyperthermia treatment of bone
cancer. The aim of this work was to study the magnetic properties of ferrimagnetic
glass-ceramics from SrFe12O19(SF)-SiO2-CaO-Na2O-P2O5 system by using the mod-
ified solid-state sintering method. The results showed that sodium calcium silicate
(Na4Ca4Si6O18), strontium iron oxide (SrFe12O19) and iron oxide (Fe2O3) were precipi-
tated in all samples. The saturation magnetization (Ms), remanence (Mr) and coercivity
(Hc) increased by the addition of SF in the bioglass. The samples were soaked in simu-
lated body fluid (SBF) for 14 days in order to investigate the bioactivity of the samples
in vitro. The apatite layer was found on the surface of all bioglass-ceramics confirming
their biocompatibility and it increased with increasing strontium ferrite content.

Keywords 45S5 bioglass; ferrimagnetic; solid-state sintering; biocompatibility

Introduction

Bioglass R© 45S5, firstly discovered by Hench et al. [1], is one of the commercially available
bioactive materials used extensively in medical applications. After his discovery, many
researchers have focused on studying and developing this bioglass for a variety of medi-
cal applications [2, 3]. Recently, development of bioglass-ceramics with good bioactivity
and possessing magnetic properties has received much attention as a thermo-seed in hy-
perthermia treatment of cancer, especially deep seated bone tumors. When glass-ceramic
granules are implanted around tumors and then subjected to alternating magnetic field, heat
is generated from the magnetic loss killing the tumors. In order to evaluate the materials
for hyperthermia applications, room temperature hysteresis cycles were performed at much
lower field amplitudes, for example about ±500 Oe. Generally [4], such tumors are effec-
tively destroyed at temperatures around 42–45◦C, without damaging of normal tissue. For
this purpose, ferrimagnetic bioactive glass-ceramic is one of the potential candidates and

Received December 9, 2012; in final form August 25, 2013.
∗Corresponding author. E-mail: kamonpan.p@cmu.ac.th
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is being developed. Shah et al. [2] reported the ferromagnetic ZnFe2O4 containing bioac-
tive glass-ceramic system xZnO:25Fe2O3:(40-x):SiO2:CaO:7P2O5:3Na2O (x = 4, 6, 8,
10). Results showed that the saturation magnetization, coercivity and hence hysteresis area
increased with increasing ZnO content. The Li2O-MnO2-CaO-P2O5-SiO2-Fe2O3 glass sys-
tem containing Li and Mn ferrite phase also shows high bioactivity [3]. Li et al. [4] reported
the doping of Mn ferrite in CaO-SiO2-P2O5-MgO-CaF2 bioglass-ceramics, resulted in the
development of magnetic properties. However this dopant reduced the bioactivity of the
materials. Nevertheless, to the best of our knowledge, bioactive glass-ceramics containing
strontium ferrite (Sr) as the magnetic phase has not been yet reported.

The motivation for the addition of Sr ferrite is due to its good biological properties and
magnetic properties [5]. Researchers have shown that ion release from Sr doped silicate
glass enhanced bone cell activity. Moreover, these Sr-doped glasses promoted osteoblast
proliferation and alkaline phosphatase (ALP) activity when directly applied in contact with
cells as solid bioglass-discs.

The present work, therefore, attempted to fabricate the SiO2-CaO-Na2O-P2O5 bioactive
glass-ceramics containing SrFe12O19 (SrF) using the modified solid-state sintering method.
In this method, SrF crystals were firstly produced using the solid-state sintering technique
and then added to 45S5 bioglass powder, which was then further mixed and sintered to form
the glass-ceramics. The influence of SrF addition on the structural and magnetic properties
of the prepared glass-ceramics was studied and the bioactive properties of these materials
were also investigated in vitro.

2. Experimental

2.1 Preparation of Materials

The samples were obtained using the modified sintering method. Firstly, strontium ferrite
was produced starting from a mixture of Fe2O3 and SrCO3, keeping the proportional ratio
of 6:1. The mixture was calcined at 900◦C for 6 h.

Secondly, 45S5 bioglass was produced by melting appropriate combinations of 45 wt.%
SiO2, 24.5 wt.% Na2O, 24.5 wt.% CaO and 6 wt.% P2O5 in an alumina crucible. The mixture
was melted at 1300◦C for 2h. The glass was crushed and ground into powder which was
then mixed with the calcined strontium ferrite SrFe12O19 at 5, 10, 20, and 40 wt.%. The
respective samples were labeled with code names: 5SrF, 10SrF, 20SrF, and 40SrF. The
green bodies were then sintered at 800◦C for 2 h.

2.2 Materials Characterization

Thermal parameters (the glass transition temperature; Tg and crystallization temperature;
Tc) of each samples were measured using differential thermal analysis (DTA). The phase
structure was detected by X-ray diffractometer (XRD). Magnetic properties were mea-
sured by a vibrating sample magnetometer (VSM) at room temperature. Scanning electron
microscopy (SEM) was used to characterize the microstructures of the magnetic bioglass-
ceramics. In vitro test was carried out by soaking in simulated body fluid (SBF) for 14 days.
The variation of ion concentrations in the SBF solution after soaking the sample was mon-
itored by using inductive coupled plasma model (ICP). The changes in pH of the SBF
solution as a function of time were measured using a pH meter.
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Figure 1. DTA traces and densities of glass samples. (Color figure available online.)

2.3 Cytotoxicity Measurement

Human osteoblast cell line (hFOB) cells were plated in each well of a 96-well plate at
the density of 10000 cell/cm2 in the total volume of 100 μl and the plate was incubated
for 24 hours to let the cells attach on the surface of the well plate. Then, 150 μl of the
fresh medium was replaced and UV-sterilised materials discs (size 0.06 g) were added onto
the cell layer in each well. The cells were cultured with the materials for 4 days and the
methyl-thiazolyl-tetrazolium (MTT) assay was then performed.

MTT assay was performed by removing the culture medium from each well and 150 μl
of working MTT solution was added into each well. The plate was then incubated for 4 hours
with the MTT solution and the solution was discarded. Each well had 100 μl DMSO added
and then shaken on a shaker for 5 minutes. The materials were carefully removed from the
well and the solution was determined by the light absorption at 540 nm.

3. Results and Discussion

The inclusion of SrF content was found to affect the thermal parameters (Tg and Tc), as
shown in the DTA traces (Fig. 1). The trend of increasing density with SrF content was
observed as 45S5 has a lower density (2.7 g/cm3) than that of the SrF crystal (5.1 g/cm3) as
illustrated in the inset of Fig. 1. Generally, changes in thermal parameters with composition
reflect a structural evolution in the glass network, and the linear trend of density value
observed in this study confirms that no change in glass network occurred in the 45S5
bioactive glass samples with the addition of SrF compounds.

The phase formation behavior during the sintering process of the samples was investi-
gated by XRD (Fig. 2). During the sintering process of 5SrF-20SrF with constant heating
rate (5◦C/min), the developments of three crystalline phases were obtained, including
sodium calcium silicate (Na4Ca4Si6O18), strontium iron oxide (SrFe12O19) and iron oxide
(Fe2O3). The intensity of the SrFe12O19 and Fe2O3 signal increased while the intensity
of Na4Ca4Si6O18 signals decreased with increasing strontium ferrite content (5–20 SrF).
However, the intensity of Fe2O3 phase was found to disappear in the 40SrF sample. These
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Figure 2. XRD patterns of the glass-ceramic samples.

samples were sintered at the same temperature of 800◦C, however, their Tc(s) are different
as can be seen from the DTA result (Fig. 1). These Tc (s) correspond to the crystallization
of the Na4Ca4Si6O18 phase, which was faster for the lower Tc samples (5–20 SrF). The re-
maining heating may cause the decomposition of SrFe12O19, giving rise to the Fe2O3 phase
in these samples. The higher amount of SrF in the 40SrF sample with high Tc, provided
higher stability of the SrF phase.

The Hysteresis loops of all samples (Fig. 3) exhibit similar magnetic behavior, showing
a wide hysteresis loop and high coercive field which confirms the characteristic of a
hard magnetic material. Magnetic properties were strongly dependent on the added SrF
content. The saturation magnetization (Ms), remanence (Mr) and coercivity increased with
increasing SrF content as shown in the inset of Fig. 3. The 40 SrF sample had the highest
magnetic phase with the highest value of saturation magnetization.

In addition, magnetic loss of materials can be calculated and is presented in the inset
of Fig. 3. It is clearly seen that, for an applied field of ±10 kOe, the area of the hysteresis
loop increased with increasing content of SrF. The maximum area was obtained from the
40SrF glass ceramic sample exhibiting the highest magnetic phase content.

The enhancement of this magnetic property was a consequence of the crystallization
process. The lower SrF content samples (5–20 wt.%) contained the magnetite Fe2O3 phase
which played an important role in the enhancement of magnetic properties of the glass
ceramics. Moreover, the XRD pattern of the 20SrF sample showed a small trace of the
wanted SrF (SrFe12O19) phase which could easily be obtained for the higher SrF samples
such as the 40 SrF samples.
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Figure 3. Hysteresis loops and magnetic properties of the glass-ceramic samples.

Figure 4. Backscattered images and EDS analyses of glass-ceramics.
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Figure 5. SEM micrographs and EDS analyses of glass-ceramic samples after 14 days in SBF.

Figure 4 illustrates the backscattered micrographs of all samples sintered at 800◦C
before incubating in SBF. The micrographs reveal small granular crystals distributed in the
glass ceramic fracture surface. EDS analysis indicated that these granular crystals (bright
areas) contained high concentration of Fe, O, and Sr. It may be assumed that these crystals
are SrFe12O19 phase. The matrices (dark area) of all samples consisted of Si, O, Na and
Ca atoms as shown in the corresponding EDS spectra. Therefore, Na4Ca4Si6O18 crystals
may be embedded in these matrices. However, the difference in atomic number of the glass
matrix and Na4Ca4Si6O18 crystal may be too low to show the atomic contrast image of
these two phases using backscattered mode.

Figure 5 shows SEM images of the sintered samples for various SrF content after
being incubated in SBF for 14 days. The surfaces of all samples were covered by a newly
formed layer of numerous spherical particles. EDS analysis revealed that these spherical
particles contained very high concentrations of P and Ca, indicating the formation of a
hydroxyl carbonate apatite (CHAp) layer. This could mean that all of the samples were
bioactive. With increasing SrF content, the particle sizes of CHAp slightly increased. Also,
the samples having higher strontium ferrite contents (20SrF) exhibited better apatite cell
growth. EDS results also showed a remarkable increase in Sr content, while Si content
decreased with increasing SrF content. This may be attributed to the substitution of some
Ca sites of the hydroxyl carbonate apatite layer by Sr ions to form (Ca,Sr)5(PO4)3(OH)
phase as also reported in [7]. Pina et al. also reported that the Sr-substituted Ca-P
layer is expected to produce enhanced biological and chemical responses in the body
[8]. These results confirm that the addition of the SrF magnetite phase does not inhibit
bioactivity.

Figure 6 shows the variation of Ca and P ion concentrations as well as pH values in
the SBF 14 days. In the first 3 days, P and Ca ions increased with increasing SrF content
in all samples. This can be explained by the rapid ion exchange mechanism between the
glass network modifiers (Na+ and Ca2+) with H+ (or H3O+) ions in the SBF solution. The
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Figure 6. Ion concentrations and pH value of SBF after incubating for various times.

pH value in the first 3 days also increased due to the consumption of H+ ions from the SBF
solution and the continuous formation of Si–OH layers. After 3 days, the concentrations of
calcium and phosphorus slightly dropped, especially for the 40SrF sample. The decrease
in Ca and P ion concentrations may be associated with the migration of Ca2+ and PO4

3−

to the silica-rich surface which caused the rapid growth of the carbonated hydroxyapatite
(HCA) layer [9].

The results shown in Fig. 6 confirm that the apatite formation observed with SEM
and EDS (Fig. 5) was a result of reprecipitation of the ions dissoluted from the materials.
Both calcium and phosphate concentration was subsequently drop in the late time point
becoming carbonated hydroxyapatite covering the surface of the materials. Consistently,
the pH of the material dissolution remained high to support the apatite layer formation. The
formation of the apatite layer implies biocompatibility of the materials to bone.

The cytotoxicity test by MTT assay, using hFOB as a model, indicated that the studied
glass-ceramic samples were non-toxic to the cells when the samples have an increasing SrF
contents ranging from 5–40 wt.% (Fig. 7). A significant increase in metabolic activity of the
cells incubated with the materials was observed when the SrF content increased. Especially,
the samples with the highest SrF contents (40 wt.%) exhibited better living cellular activity.
This finding has a good consistency with the SEM results, ion concentration and pH after
the materials were incubated in SBF for 14 days. This evidence shows that hFOB cell
activity could be improved by the presence of SrF content in the glass-ceramic samples.
This result confirmed that all of the tested materials are biocompatible and bioactive.
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Figure 7. MTT Assay in hFOB in 4-days culture in glass-ceramic materials.

To confirm that the materials are biocompatible to the bone cells, MTT assay was
employed and it was clearly shown that the cellular activity was higher when the percentage
of SrF increased. It was shown that the materials are highly biocompatible.

4. Conclusion

Magnetic glass-ceramics of the glass-ceramics system SrF-SiO2-CaO-Na2O-P2O5 were
obtained by modified sintering method. These glass-ceramics contained SrFe12O19, Fe2O3

and Na4Ca4Si6O18 phases. Characteristic of a hard magnetic material were found for all
samples as confirmed by their hysteresis loops. The addition of SrF not only improves the
magnetic properties of the glass-ceramics, but also enhances the bioactivity of the samples
especially for the highest BF content sample (40SrF).
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The fabrication of bioactive glass ceramics containing BaFe12O19 (BF) crystals has
been carried out for the application in hyperthermia treatment. The BaFe12O19 powder
was firstly prepared and subsequently mixed with the non-silicate P2O5-CaO-Na2O
bioactive glass with various BF concentrations. After that, the glass ceramics were
produced via a sintering method at 600◦C and their crystal phases were examined by
XRD and in vitro test was carried out by soaking in simulated body fluid. Remanence
and saturation magnetization and coercivity were deduced from magnetic measurement.
It was found that the samples exhibited magnetic behavior which is similar to hard
magnetic materials.

Keywords Ferrimagnetic; hyperthermia treatment; non-silicate bioglasses; sintering;
glass-ceramic method

1. Introduction

Non-silicate glasses of the CaO-P2O5 system have a potential use as bone substituting appli-
cations, because their chemical composition is closely similar to that of natural bone. They
have bioresorbable property which enables these glasses to be dissolved in physical fluids.
The implant glass can be slowly replaced by regenerated tissue and has good biocompati-
bility and non-toxicity [1–2]. Recently, development of bioactive glass-ceramic containing
magnetic properties has received much attention as thermoseed in hyperthermia treatment
of cancer, especially effective in treating the deep seated tumors [3–4]. When granular seeds
of glass-ceramics are implanted around tumors and then subjected to alternating magnetic
fields, heat is generated from magnetic loss killing the tumors.
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172 P. Intawin et al.

Several materials that generate heat by hysteresis loss and contain bioactivity be-
havior have been investigated. Singh et al. [8-9] showed the structural and magnetic
properties of ferrimagnetic bioglass ceramics in the system [0.45(CaO,P2O5)(0.52-x)SiO2

xFe2O30.03Na2O], x = 0.25, 0.05, 0.10, 0.15, 0.20 and heat-treated in the temperature
range of 600–1100◦C . Moreover Bretcanu et al. prepared ferrimagnetic glass-ceramics
with the composition in the SiO2–Na2O–CaO–P 2O5 –FeO–Fe2O3 system, as a function of
the melting temperature. These materials were obtained by melting of commercial reagents
in the temperature range of 1400–1550◦C [5–7].

The present work, therefore, attempted to fabricate bioactive glass-ceramics containing
Ba-ferrite phase from P2O5-CaO-Na2O system by a modified sintering method. Effects of
BF addition on the magnetic properties and bioactivity of the prepared bioglass-ceramics
were observed.

2. Experiments

2.1 Preparation of Glass Ceramics

Barium ferrite (BaFe12O19: BF) powder was produced by solid-state reaction technique
using Fe2O3 and BaCO3 as starting materials with a ratio of 6:1. The mixture was ball
milled and calcined at 1100◦C for 3 h in ambient atmospheric pressure using an electric
furnace and a heating rate of 5◦C/min.

The reagent grade Na2CO3, CaCO3 and NH4H2PO4 powders of 40CaO-15Na2O-
45P2O5 (in wt.%) bioglass composition were mixed with the calcined barium ferrite
(BaFe12O19: BF) by 5, 10, 20 and 40 wt.%. The mixtures were then melted at 1000◦C
for 1 h and quenched between stainless steel plates to form bioglass. The quenched bio-
glass was ground into fine powder and subsequently dry-pressed into pellets in a steel die
at 16 Mpa. The green bodies were sintered at 600 for 2 h in an electric furnace (heating
rate 5◦C/min).

2.2 Characterization of Glass Ceramics

Differential thermal analysis (DTA) was performed on finely powdered glass using 1600
DTA, Du Pont Instrument with a heating rate of 10◦C/min and with alumina as the reference
material. The glass transition temperature (Tg) and crystallization temperature (Tx) were
identified from the DTA traces. X-ray diffraction (XRD: Siemen D-500) was used to inves-
tigate the phase composition of the glass ceramics using a Philips powder diffractometer
with CuKα (λ = 1.54178 Å) radiation. The phases formed were identified by comparing
the experimental diffraction patterns with the diffraction database. Magnetic measurements
of glass ceramic samples were performed at room temperature. The glass ceramics were
investigated using the vibrating sample magnetometer (VSM) at 8 kOe. Hysteresis loops
were obtained in terms of M-H curves. The scanning electron microscope (SEM: JSM-
6335F) was used to record images of the microstructure of the glass-ceramics and energy
dispersive X-ray spectrometer (EDS) was used for compositional analysis of the bulk and of
individual features. The glass ceramic samples were investigated for bioactivity by immers-
ing in simulated body fluid (SBF). The SBF was buffered at pH 7.4 and maintained at 37◦C
for 7 days. After that, the glass ceramic samples were analysed for the apatite formation by
using a scanning electron microscope based energy dispersive X-ray spectrometer.
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Figure 1. DTA traces. (Color figure available online.)

3. Results and Discussion

3.1 DTA Analysis

The DTA traces of glass samples are shown in Fig. 1 and are annotated with the glass tran-
sition temperatures (Tg) and crystallization temperatures (Tx) which are then graphically
plotted in Fig. 2. It is shown that both Tg and Tx increase when the level of BF increases
from 5 to 40 wt. %. Generally, a change in Tg and Tx with composition reflects a structural
evolution in the glass network, and both linear trends observed in this study confirm that the
presence of BF in the glass samples only increased the melt viscosity and the crystallization
temperature of the glass samples, without affecting the structural continuity of the parent
glass matrix.

3.2 XRD Analysis

The phase formation behavior of the samples after sintering process was investigated by
XRD. Fig. 3 shows the XRD patterns of glass-ceramic samples with different BF content
after sintering at 600◦C. The patterns demonstrate the presence of four prominent crys-
talline phases: barium ferrite (BaFe12O19) (JCPDS 27-1029), sodium calcium phosphate
(Na1.8Ca1.1P6O17) (JCPDS 47-0863), calcium hydrogen phosphate (CaH2P2O7) (JCPDS
51-0200) and calcium phosphate (Ca2P2O7)(JCPDS 71-2123). The peak intensity of bar-
ium ferrite increases with increasing BF content, indicating an increase in the amount of
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174 P. Intawin et al.

Figure 2. Tg and Tx of quenched glasses versus BF content.

barium ferrite phase in the glass ceramics, which shows its growing crystallization due to
the increase of BaO–Fe2O3 interactions.

3.3 VSM Analysis

The magnetic properties were measured at room temperature using the Vibrating Sample
Magnetometer (VSM). The applied magnetic field (H) was swept from 8 to - 8 kOe with
both field alignment in-plane and out-plane sample orientation. Fig. 4 shows the VSM hys-
teresis graphs of glass ceramic samples. It can be found that the remanence magnetization
(Mr) and coercivity (Hc) increase with increasing BF content as shown in the insets of
Fig. 4. It may be assumed that the number of magnetic domains and hence the saturation
magnetization are proportional to the crystallized BaFe12O19 content. BaFe12O19 is a feri-
magnetic phase and contributes to lower the saturation magnetization. Magnetic properties
of the materials i.e. remanance magnetization (Mr), saturation magnetization (Ms), coer-
civity (Hc) and hysteresis area are also listed in Table 1. Crystallization of ferrimagnetic
BaFe12O19 increases with the increase in BF content. Accordingly, the increase in saturation
magnetization is in good agreement with the crystallized BaFe12O19 content in the XRD
results.

3.4 In Vitro Analysis

Figure 5 shows the SEM micrographs of glass ceramic samples at various BF contents
after immersion in SBF for 7 days. It is evident that the surfaces of all samples were
covered with spherical Ca-P particles, which can be presumed to be an apatite layer. EDS
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Figure 3. XRD patterns of the glass-ceramic samples sintered at 600◦C. (Color figure available
online.)

shows the Ca-P concentration changed in SBF during the in vitro assay. The concentration
of Ca and P were found to increase with increasing BF content. These changes in ion
concentration may be associated with the crystallization of apatite phase. The addition of
BaFe12O19 to CaO-P2O5-Na2O composition activated the apatite formation on the surface
of the glass-ceramics, confirming their bioactivity.

Table 1
Magnetic parameters of glass-ceramics

Magnetic parameters 5BF 10BF 20BF 40BF

Saturation magnetization Ms (emu/g) 1.54 3.13 7.7 14.82
Coercive force Hc (Oe) 4386 4466 4545 4641
Remanence magnetization Mr (emu/g) 0.97 1.91 4.8 9.11
Interpolated hysteresis area (erg/g) ± 8 kOe 31467.24 63277.19 152175.65 291241.24
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Figure 4. VSM hysteresis loops of samples 5BF, 10BF, 20BF and 40BF at 8 kOe.

Figure 5. SEM micrographs of glass ceramic samples after 7 days of immersion in SBF
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4. Conclusion

Bioactive glass ceramics with barium ferrite content (BF) varied from 5 - 40 wt.% were fab-
ricated. The (BaFe12O19), (Na1.8Ca1.1P6O17), (CaH2P2O7), (Ca2P2O7) and (NaFe(P2O7))
phases were detected in the XRD patterns of the prepared glass-ceramics. Vibrating sample
magnetometer (VSM) data at 8 kOe showed that remanence magnetization, coercivity and
hence hysteresis area increased with the increase in BF content. In vitro tests have been
conducted on the glass ceramics samples by examining their apatite-forming ability in SBF.
SEM studies revealed an increase in apatite-forming ability with an increase in BF content
in the prepared glass-ceramics.
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The effects of Zn2+ and Nb5+ co-doping (x mol%ZN) on the electrical properties of
lead-free Ba0.90Ca0.10Zr0.10Ti0.90O3-Seed ceramic systems, where x = 0.0–1.0 mol%
have been studied. The ceramics were prepared using the solid state reaction technique.
The phase of the samples showed pure perovskite structure. The density values of the
ceramics were in the range of 4.86–5.78 g/cm3. The maximum dielectric constant was
40893 for 0.8 mol% ZN. The highest values of Pr ∼ 5.85 μC/cm2, d33 ∼ 381 pC/N and
kp ∼ 38% were obtained for the sample of 0.4 mol% ZN.

Keywords Lead free ceramics; phase formation; piezoelectric properties; perovskite
structure

1. Introduction

In recent years, lead-free materials have received considerable attention because of their
good piezoelectric properties and high curie temperatures and they have great potential
for use in piezoelectric devices [1–3]. Work on lead free materials has been focused on
modified BaTiO3-base ceramics because of the phase transition temperature of BT which
can be modified by A-site or B-site substitutions such as by the addition of calcium
(Ca) into the barium (Ba) site or zirconium (Zr) into the titanium (Ti) site [4]. Lead free
(Ba1-xCax)(ZryTi1-y)O3 (BCZT) ceramic is one of the modified barium titanates which
attracts considerable attention because of its high piezoelectric properties, good dielectric
properties and large tunability [5–6]. From previous reports, these properties are found for
Ba0.85Ca0.15Zr0.1Ti0.9 and it can be easily sintered because no volatile composition exists
for this system [5–6]. However, these ceramics require very high calcining and sintering
temperatures of about 1300–1350 ◦C and 1500–1540 ◦C, respectively for forming pure
perovskite phase. Recently, the doping of various elements in BCZT ceramics (such as
CeO or ZnO) has been widely reported due to their denser microstructure with lower
calcining and sintering temperatures which results in improved electrical properties [7–8].
In addition, the Nb2O5 doping was reported to help promote domain wall motion, enhancing
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the densification and resistivity of piezoelectric ceramics [9–10]. However, BCZT doped
with ZnO and Nb2O5 co-doping has not been reported. In the present work, we studied the
effect of Zn2+and Nb5+ co-doping on the properties of Ba0.9Ca0.1Zr0.1Ti0.9 ceramic systems
by seed-induced method. Using seed compound to induce formation of the perovskite phase
at low temperature because the energetic barrier of phase formation was decreased [11].

2. Experimental

Ba0.9Ca0.1Zr0.1Ti0.9O3 (BCZT)-Seed ceramics doped with x mol% of Zn2+ and Nb5+

were prepared by the solid state reaction technique. BCZT seed was synthesized from
Ba0.9Ca0.1Zr0.1Ti0.9O3 powder by the molten-salt route. Reagent grade metal oxide pow-
ders were ball-mill for 24 h in ethanol with zirconia grinding media. The powders were
then mixed with KCl-NaCl salt (1:1) and calcined at 1000◦C for 2 h.

The powders were then washed with hot deionized water and dried in an oven at 120◦C.
Then, 5 mol% of the BCZT seed powders were mixed with BCZT and x mol% of Zn-Nb
(x= 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0). The slurry was dried and calcined in crucibles at 1200◦C
for 2 h. The dried powders were then mixed with organic binder (3 wt% PVA) and pressed
into cylindrical pellets 10 mm in diameter and 1 mm in thickness using a force of 1 ton. The
pellets were sintered at 1400◦C for 2 h (after the PVA binder was burned out at 500◦C for
1 h). Phase formation and microstructure of the samples was studied via X-ray diffraction
(XRD) and scanning electron microscopy (SEM). For electrical properties characterization,
the sintered ceramics were ground to obtain parallel faces and the faces were then coated
with silver as electrodes. The dielectric constants and dielectric loss of the sintered ceramics
were measured as a function of frequency and temperature with an automated dielectric
measurement system. The ferroelectric properties were measured using a Sawyer Tower
circuit. The electrode specimens were poled in a silicone oil bath at 28◦C by applying a DC
field of 3 kV/mm for 30 min. Then, the poled samples were characterized for piezoelectric
properties using a KCF S5865 d33 meter. The electromechanical coupling coefficient kp of
poled samples was investigated by a resonance and anti-resonance method with using an
impedance analyzer.

3. Results and Discussions

The XRD patterns of the ceramic samples as a function of x mol% Zn-Nb for BCZT-
seed ceramics are illustrated in Fig. 1(a). The samples exhibited pure perovskite phase
for all conditions. All samples exhibited coexistence between the orthorhombic phase and
tetragonal phase. The existence of tetragonal phase in ceramics is confirmed by the splitting
of the (002)/(200) peaks at 2θ of 44–46◦ [5, 12–13]. Fig. 1(b) shows grain size and density
values of the samples. It was observed that as the ZN content increased from 0.0–0.4 mol%
the grain size increased. As the ZN content increased from 0.6 to 1.0 mol% it was found
that the grain size decreased. The sample of 0.4 mol% ZN showed the largest grain size of
13.5 μm. (Grain size was measured by the line intercept method from SEM micrographs).
The increasing grain size was found to have an effect on the density of ceramics. However,
for these conditions there is very little change in density value.

Figure 2 indicates the dielectric constant (a) and dielectric loss values (b) as a function
of frequency at room temperature. The graph is expanded for the frequency range of
1–100 kHz (as shown in Fig. 2(a1) and (b1)). The results show that the dielectric constant
(εr) and dielectric loss (tan δ) values of samples at 0.0–0.6 mol% ZN change with frequency
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Figure 1. (a) XRD diffraction patterns and (b) density and grain size values of the sintered BCZT-
seed-mol% ZN ceramic samples.

and significantly change with ZN content of 0.8–1.0 mol%. The εr of ceramic were in the
range of 1500–45000 (measured at 1 kHz) with the highest value found for 0.8 mol% ZN
content. The high dielectric constant can be due to the densification and mechanisms of
domain wall mobility when Zn-Nb dope the ceramics [14]. Dielectric loss for ceramics
showed significant change with frequency because the concentration of charge carriers was
not constant [15].

Moreover, the tan δ values in the frequency range of 1–100 kHz were less than 0.04
for the samples of 0.0–0.6 mol%ZN.

The relationship between dielectric properties and temperature is displayed in
Fig. 3. From the figure, the ceramics exhibit two phase transitions corresponding to the
orthorhombic-tetragonal (TO-T) at∼50 ◦C and tetragonal-cubic (Tc) phase transitions were
observed for the samples with mol% ZN = 0.0–0.4 [12]. With increased ZN content

Figure 2. Dielectric constant (a) and dielectric loss (b) as a function of frequency at room temperature.
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94/[1272] P. Parjansri et al.

Figure 3. Dielectric constant (εr) and dielectric loss (tan δ) as a function of temperature and frequency
for BCZT-seed-x mol% ZN ceramic samples.

(ZN = 0.8–1.0 mol%) the transition of orthorhombic to tetragonal phase at room tem-
perature was not observed. The tetragonal-cubic (Tc) phase transitions temperature was
reduced from 100◦C to 40◦C with increased ZN content. These results suggest that the
Curie temperature decreased because the substitutions of Zn2+ and Nb5+ ions lead to defor-
mation of the ABO3 lattice [5]. Thus, the increasing ZN content had an effect on the phase
formation from tetragonal to cubic phase at lower temperatures [7]. Also, the dielectric
peak at Tc becomes broader with temperature for samples of 0.8–1.0 mol% ZN which may
be the diffuseness of the phase transition in BCZT ceramics [16]. In addition, the maximum
dielectric constant (dielectric constant at Tc) tended to increase with increase of ZN content
from 0.0–0.8 mol% ZN and then decrease at 1.0 mol% ZN. The highest dielectric constant
of 40893 was found for the 0.8 mol% ZN sample. The dielectric loss shows similar behavior
as the dielectric constant behavior. Hence ZN co-doping improved the dielectric properties
of BCZT ceramics.

The samples of 0.0–0.6 mol% ZN content were selected for investigation of the ferro-
electric and piezoelectric properties because these samples exhibited low dielectric loss at
1 kHz (lower than 0.03). The hysteresis loops (P-E loop) of the samples for 0.0–0.6 mol%
ZN are shown in Fig. 4(a). It can be seen that all samples indicated ferroelectric behavior
with a slim loop. The remanent polarization (Pr) of the ceramics tended to increase with
increasing ZN content (as shown in Fig. 4(b)). Maximum Pr∼ 5.85 μC/cm2 was obtained
for sample with 0.4 mol% ZN and the coercive field (Ec) value decreased with increasing
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Figure 4. (a) Polarization vs electric field hysteresis loops and (b) Pr and Ec values for BCZT-seed-
mol% ZN ceramic samples.

ZN content. The decrease of Ec for ceramics may be because the Nb5+ doped BCZT can
promote domain wall motion in ceramics [10]. The 0.4 mol% ZN sample showed highest
Pr which suggests that this sample should have better piezoelectric properties [17]. Fig. 5
illustrates the piezoelectric coefficient d33, voltage piezoelectric coefficient g33 and planar
mode electromechanical coupling coefficient kp of ceramics as a function of mol% ZN. The
coefficient g33 was calculated by the equation [18]. It can be observed that ZN co-doping
has a large effect on the d33, kp and g33 values.

The value of d33 and kp tended to increase with increased ZN content for 0.0–0.4 mol%
and then decrease for sample of 0.6 mol% ZN (maximum values of d33 and kp were 381
pC/N and 38%, respectively). The value of g33 increases from 10×10−3 Vm/N for 0.0 mol%
ZN to 23×10−3 Vm/N for 0.2 mol% ZN and then gradually decreased with increasing ZN
content. The highest values of d33 and kp for BCZT ceramics may be attributed to the
coexistence of orthorhombic phase and tetragonal phase near room temperature [5, 19].
The large Pr and low Ec values for sample of 0.4 mol% ZN may result in enhanced
piezoelectric properties because these values indicate improvement of the poling process
[20]. Moreover, it was found that the piezoelectric properties were associated with grain
size of BCZT ceramics. The decreased d33 and kp values of 0.6 mol% ZN may be due to the
decreased domain size (grain size decreases) which constrain the movement of the domain
walls in polarization process [21].

Figure 5. (a) Piezoelectric coefficient (d33), piezoelectric voltage coefficient (g33) and (b) electrome-
chanical coupling coefficient (kp) for BCZT-seed-mol% ZN ceramics.

D
ow

nl
oa

de
d 

by
 [C

hi
an

g 
M

ai
 U

ni
ve

rs
ity

] a
t 0

3:
14

 2
7 

A
pr

il 
20

14
 



96/[1274] P. Parjansri et al.

4. Conclusion

The effect of Zn-Nb co-doping on the electrical properties of BCZT ceramics produced
by seed-induce method were investigated. It was found that the seed induce method re-
duced the calcination temperature to a lower temperature (by ∼100–150◦C). All ceram-
ics indicated existence of orthorhombic phase and tetragonal phase. The ZN co-doping
demonstrated enhancement of the dielectric constant (εmax ∼ 40893). The highest values of
Pr∼ 5.85 μC/cm2, d33∼ 381 pC/N and kp∼ 38% were obtained for the sample of 0.4 mol%
ZN.
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In the present study, potassium sodium niobate (KNN) doped with Er2O3 in TeO2 glasses
were successfully prepared using melting-quenching method. The glass composition of
70KNN-30TeO2 mol% doped with 1 mol% of Er2O3 has been chosen. A batch was
subsequently melted at 800◦C and 900◦C for 30–60 min and heated at the temperature
ranging between 300–530◦C in order to form the glass ceramics with desired crystal
phases. XRD results showed that KNN crystals distributed over the glass-ceramic sam-
ples. From SEM observation, it was found that nano-crystals of several phases were
precipitated in all glass-ceramic matrices. Dielectric constant increased with increasing
heat treatment temperature.

Keywords Potassium sodium niobate; glass-ceramics; tellurite glass; incorporation
method

1. Introduction

Ferroelectric glass-ceramics have been studied extensively as they possesses the properties
of non-porous glasses and solid crystals [1–2]. (K0.5Na0.5)NbO3: KNN is one of ferroelectric
materials and shows an interesting electro-optical property [3–5]. In this study, we have
produced the glasses based on this KNN phase using tellurium oxide as a glass former and
doped with Er2O3 for achieving glasses and glass-ceramics with desired opto-electrical
property. Tellurium oxide (TeO2), one of good glass forming oxides, has a high refractive
index (n > 2). Its IR transmission range is up to 6 μm and possesses a large third order non-
linear optical susceptibility (χ3) [6–7]. Moreover, many researchers have been interested
in glass–ceramics doped with rare earth (RE) ions, such as Er3+, Eu3+, Yb3+, and Pr3+,
because these RE ions promoted a good luminescence media via energy transfer which are
able to generate an amplifier [8–9].

In this work, KNN-TeO2 glass-ceramics containing KNN crystals with small amount
of (1 mol%) Er2O3 were prepared using incorporation method. In the incorporation method,
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154/[1566] P. Yongsiri et al.

a simple mixed-oxide technique was firstly employed to synthesize the KNN single phase
powder before mixing with the glass former oxide and dopant of TeO2 and Er2O3, respec-
tively and then the mixture were melted-quenched to form glass. The crystallization of the
KNN crystals in the glass was accomplished by heat treatment processes which were also
used to control the KNN crystal shape and size. Here, we report the physical, thermal and
electrical properties of the prepared KNN glass-ceramics.

2. Experimental

The glass of 30KNN-70TeO2 (mol%) doped with 1 mol% of Er2O3 was prepared using
incorporation method. KNN powder was firstly prepared by high purity Na2CO3 (Riedel-
de Haën, 99.9%), K2CO3 (Sigma-Aldrich, 99.9%) and Nb2O5 (Sigma-Aldrich, 99.9%)
powders. High purity of KNN powder was prepared by excess Na2CO3 and K2CO3 of
5mol% with ratio 1:1. For incorporation method, the prepare KNN powder was then mixed
with the glass forming substance; TeO2, in order to form transparent glass-ceramics. The
components were mixed in a platinum crucible and subsequently melted at 800◦C for
30 min (A), 800◦C for 60 min (B), 900◦C for 30 min (C) and 900◦C for 60 min (D) and then
quenched between stainless steel plates. The quenched glass was immediately annealed
in another electric furnace for 2 hours to release their stress. Thermal properties of as-
received glass were measured to find the glass transition temperature (Tg) and crystallization
temperature (Tc) by using DTA (differential thermal analysis; Du Pont Instrument, USA).
Then, as-received glass was subjected to heat treatment (HT) at temperatures ranging
between 300 to 550◦C depending upon the Tg and Tc of each glass, for 4 hours. Heating
rate of 5◦C/min and cooling rate of 10◦C/min were employed.

To analyze the glass and glass-ceramic properties, various techniques were employed.
XRD (X-ray diffractometer; D500 type, Siemens, UK) and FE-SEM (scanning electron
microscope; JSM 6335F type, JEOL, JP) techniques were used to investigate the phase
composition and to observe the microstructure of the glass and glass-ceramic samples. The
room temperature dielectric constant (εr) and dielectric loss (tanδ) of the glass-ceramics
were measured at various frequencies from 10 kHz to 1 MHz using a precision LCZ meter
(E4980A type, Agilent Technologies, Malaysia).

3. Results and Discussions

3.1. Thermal and Physical Properties

The DTA curves were recorded for the precursor glass powders and the results are shown
in Fig. 1. All glass conditions (A-D) exhibits glass transition in the temperature ranging
between 375–388◦C (Tg) followed by two exothermic peaks around 430◦C (Tc1) and around
530–540◦C (Tc2), corresponding to their crystallization. Silica (SiO2) was used as standard
reference and showed the reference peak around 580◦C. From the DTA data, the glass
thermal stability factor (Tc1–Tg) has been determined and it was found that glass A with
30 min dwell time has better stability than that of glass B with 60 min dwell time, both were
melted at 800◦C. The most stable glass is glass C using the melting temperature and dwell
time of 900◦C and 30 min, respectively, with the stability factor of approximately 57◦C.
The glass stability factors of all glass samples are indicated in Fig 1. The high thermal
stability factor identifies the ability of glass to form nano-structured glass–ceramics which
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Preparation of KNN in TeO2 Glass Doped Er2O3 [1567]/155

Figure 1. DTA curves of as-received glass powders at two different melting temperatures of 800◦C
and 900◦C and 30 and 60 min dwell times. (Color figure available online.)

can be controlled by heat-treatment process. Then, these glasses were subjected to heat
treatment schedules depending on their thermal profiles.

3.2. XRD Characterization

In Fig. 2, the XRD results of the heat treated glass-ceramics contains no KNN;
(K0.5Na0.5)NbO3 crystal phase. This may be due to two reasons, first, the very low vis-
cosity of telluride glasses at their melting temperatures; 800◦C and 900◦C, giving rise to
compositional fluctuation. Another one is, because the melting temperature of TeO2 is
relatively low (732◦C), therefore it is easily evaporated resulted in the slightly change in
glass compositions during melting at elevated temperature [11]. The heat treatment tem-
perature also plays an important role in controlling the crystal phase in the glass-ceramics.
As-received A. glass sample exhibits amorphous pattern with very small trace of crystalline
peaks of cubic KNN phase, while that of other B.-D. glasses contained clearer crystalline
peaks of the cubic KNN. When all A.-D. glass samples were heat-treated at 325◦C, they
exhibit similar crystalline phases, which may be identified as the typical cubic (K,Na)NbO3

phase with random variation of K and Na ions in the A-site of the unit cell [12]. The heat
treated samples at Tc1 and Tc2 for each glass composition are also illustrated in Fig 3.
Glass ceramics heat treated at = 430◦C (Tc1) contained two other phases apart from the
cubic (K,Na)NbO3 phase, which may be identified as KNbTeO6 (•) and TeO2 (�). At Tc2,
the additional Na2Nb4O11 (�) phase was clearly revealed in all glass ceramics, together
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156/[1568] P. Yongsiri et al.

Figure 2. XRD patterns of all glasses and glass-ceramics produced from different conditions. (Color
figure available online.)
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Preparation of KNN in TeO2 Glass Doped Er2O3 [1569]/157

Figure 3. SEM micrographs of heat treated samples.

with two phases of KNbTeO6 (•) and TeO2 (�). It may be assumed that the intensity of
glass melted for 60min was not different from glass melted for 30min, meaning that the
melting time has slight effect on the crystallization in glass-ceramics. This may be due to
the slightly different in stability factors of these glasses which lie between 48–57◦C.

3.3. SEM Observation

FE-SEM was used to investigate the morphology and crystallite size in the prepared glass-
ceramics as shown in Fig. 3. At lowest heat treatment temperature of 325◦C, no crystalline
evidence is clearly revealed by using secondary electron image (SEI) mode except in D.
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glass. This may be caused by the difference in crystallite size of the cubic (K,Na)NbO3

phase in this glass-ceramics, however, the careful study such as Scherrer equation should
be performed to confirm this assumption. The small bulk crystals of the KNN phase with
rectangular shape occurred in all glass-ceramic samples subjected to the heat treatment
at 430◦C. For higher heat treatment temperature at 530◦C, irregular shape of crystals is
revealed. The crystals of all samples are homogeneously embedded throughout the glass
matrix with random orientations. However, by using SEI mode the atomic contrast between
the cubic KNN phase and other co-precipitated phases could not be revealed.

3.4. Dielectrics Property

Figure 4 shows the dielectric properties of the heat treated glass-ceramics at various tem-
peratures. The maximum dielectric constant was found in C. glass ceramic heat treated at
Tc2, which was as high as 675 at 10 kHz and the dielectric loss was rather low about 0.01. It

Figure 4. Dielectric constant and dielectric loss of all glass-ceramics at various heat treatment
temperatures and frequencies. (Color figure available online.)
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Preparation of KNN in TeO2 Glass Doped Er2O3 [1571]/159

can be seen that the dielectric constant decreased when increasing dwell time. This may be
due to the fluctuation of glass composition which is evidenced by the difference in stability
factor of each glass condition.

4. Conclusion

The ferroelectric glass-ceramics from KNN-TeO2 doped Er2O3 system have been suc-
cessfully prepared via the incorporation method. The melting temperature and dwell time
did not played a significant role for the type of crystalline phase in the glass ceramics.
Dielectric properties of these glasses and glass-ceramics are high compared with another
KNN containing glass-ceramic system. By the way, these glass ceramics possesses poor
mechanical robust and low transparency. The more detail studies in terms of mechanical
and optical properties, therefore, are needed in future works.
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Electrically active bioglass has received much attention as artificial bone graft material.
In this study, the dielectric and piezoelectric properties of calcium phosphate-barium
zirconium titanate bioglass-ceramics (CPGs-BZT bioglass-ceramics) were investigated
as a function of BZT content. The BaZr0.05Ti0.95O3–40CaO-45P2O5–15Na2O bioglass
(CPGs/xBZT where x = 0, 10, 20, 30, 40, 50 wt.%) was prepared by an incorpora-
tion method. Crystallization temperature of each glass was measured by differential
thermal analysis (DTA). XRD and SEM techniques were also used to characterize the
phase formation and microstructure. The results showed that the BZT content caused
an increase in dielectric and piezoelectric properties. The bioactivity of BZT/CPGs
bioglass-ceramics was found to be higher than that of the pure CPGs after soaking in
SBF for 14 days.

Keywords Bioglass; calcium phosphate; barium zirconium titanate; piezoelectric

1. Introduction

In recent years, researchers have paid attention to the development of new types of materials
that stimulate a biochemical response from living tissue in order to obtain a strong chemical
bond with biological fixation between the prosthesis and surrounding tissues [1,2]. Several
glass compositions have been developed which have been revealed to be bioactive as they
possess a property that causes the formation of a hydroxyapatite (HA) layer on their surfaces
upon immersion in relevant physiological fluids [3]. The groups of materials that exhibit
most potential uses are calcium phosphate-based glasses (CPGs), for the reason that they
are easily degradable, and their degradation rate can be tailored to suit the end application
[4]. Furthermore, CPGs have high potential for using as biomaterials in bone substituting
applications and reconstruction of bone as their chemical compositions are closely similar
to that of hard tissue, such as bone [5]. They also have good biocompatibility. Moreover,
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Electrical Properties of CPGs/BZT Bioglass [1601]/189

they are able to dissolve after time to fill the defect with new bone and without toxicity [6].
The initial network former of these glasses is phosphorous pentoxide (P2O5) and sodium
oxide (Na2O) as well as calcium oxide (CaO) as network modifiers [4].

Unfortunately, in various situations, bone substitution by biomaterials has not been
completely successful as there is a problem in reconstructive surgery, mainly due to the
poor quality of the bone growth around implants [7]. Many researchers have found im-
provement in osteobonding and bone growth on the surface of polarized hydroxyl apatite
(HA) due to the generation of a permanent surface charge on the materials in vitro. Naga-
mura et al. [8] found that apatite crystal growth on HA was accelerated by a negatively
charged surface. Basset et al. [9, 10] independently showed in the sixties that bones pro-
duce electrical charges when deformed and found a relationship between piezoelectricity
and callus formation. They also proposed that stress-induced bioelectric potentials control
both bone cell activity and the orientation of their molecular bioproduct. Some research
has attempted to combine the bioactive properties of HA with a piezoelectric and high
permittivity ferroelectric material, such as BaTiO3. Feng et al. [11] prepared HA–BaTiO3

composites, which promoted osteogenesis in the jawbones of dogs. No reaction phases
between the two phases were observed from X-ray diffraction analysis and the composites
exhibited a d33 piezoelectric charge coefficient of 6 pC/N. There was, however, no indi-
cation of the precise composition of the composites. N. Pisitpipathsin et al. [12] studied
HA-BaZr0.05Ti0.95O3 composites, and found that the bioactivity of the HA composites was
improved with 10 wt.% BaZr0.05Ti0.95O3 after soaking in simulated body fluid (SBF) for
14 days.

In this work, the physical and electrical properties and biocompatibility of 40CaO-
45P2O5–15Na2O-x BaZr0.05Ti0.95O3 bioglasses for orthopedic applications have been in-
vestigated by the addition of BaZr0.05Ti0.95O3 in 40CaO-45P2O5–15Na2O bioglass, where
x ranged from 0 to 50 wt.%. The electric and biocompatibility of the prepared BZT/CPGs
bioglass-ceramic samples were also investigated.

2. Experimental Procedure

Calcium phosphate glasses (CPGs) with the weight composition of 45P2O5–40CaO-
15Na2O were prepared from (NH4)2HPO4, CaCO3 and Na2O powders by conventional melt
quenching method. The starting materials were mixed together and melted in alumina cru-
cibles at 1000◦C for 1 h. The melt was quickly poured into water for quenching and then the
quenched CPGs were ground. Subsequently, barium zirconium titanate (Ba(Zr0.05Ti0.95)O3,
BZT) powder was added to the prepared CPGs powder at 0, 10, 20, 30, 40, 50 wt.% and
melted at 1000◦C for 0.5 h. The melted CPGs-BZT bioglasses were placed onto a stainless-
steel plate which had been preheated to 450◦C and quickly pressed by another stainless steel
plate. After that, the CPGs-BZT bioglass were placed back into the furnace for annealing
at 450◦C for 8 h. Differential thermal analysis (Stanton Redcroft DTA model 673-4) was
used to find the proper heat treatment temperatures for crystallization in order to change the
bioglasses into bioglass-ceramics. The CPGs-BZT bioglasses were subjected to heat treat-
ment schedule at 550◦C (according to the DTA result) for 2 h and cut into samples with the
size of 5× 5× 1.5 mm. The respective bioglass-ceramic samples were denoted as G0BZT,
G10BZT, G20BZT, G30BZT, G40BZT, and G50BZT following the added wt.% BZT
content.

The microstructures of all CPGs-BZT bioglass-ceramics were observed by a scanning
electron microscope (SEM) equipped with an energy dispersive X-ray analyzer (EDX). All
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190/[1602] S. Tigunta et al.

bioglass-ceramic surfaces were sputter coated with gold for electrical contacts. Micrographs
were used to study the distribution of BZT particles and morphology of the phases occurring
in each bioglass-ceramic. To identify the crystalline phases that precipitated during the
heat treatment, the CPGs-BZT bioglass-ceramics were ground and analyzed using an
X-ray diffractometer (XRD) with CuKα (1.54Å) radiation. The data were recorded over
the 2� range of 20◦ to 60◦. The X-ray diffraction patterns were identified according to
standard JCPDS card to monitor the peak positions and their corresponding intensity data.
The bioactivity of CPGs-BZT bioglass-ceramics was studied by soaking the bioglasses
samples in approximate 15 ml of simulated body fluid (SBF). The SBF solution had ion
concentrations and pH nearly equal to those of human blood plasma. The glass samples
were immersed in SBF solution for 14 days at 37±0.5◦C.

3. Results and Discussions

Phase formation study of CPGs-BZT bioglass-ceramics after being subjected to heat treat-
ment at 550◦C was carried out by X-Ray Diffraction. It can be noted that the samples
subjected to heat treatment above 550◦C were deformed. Therefore, in this work, we show
only the result of the samples heat treated at 550◦C. The XRD patterns of all bioglass-
ceramics are presented in Figure 1. It can be seen that, using the same heat treatment
temperature of 550◦C, the resulting samples exhibited fully crystalline, partly crystalline
and non-crystalline structure depending on their compositions. The bioglasses having lower
BZT content (G0BZT, G10BZT, G20BZT) contained calcium phosphate phase of Ca2P2O7

(JCDPS File no. 073-0440) and barium titanium zirconium oxide phase (JCDPS File No.

Figure 1. The XRD patterns of all CPGs-BZT bioglass-ceramic samples.
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Electrical Properties of CPGs/BZT Bioglass [1603]/191

Table 1
Density, porosity, microhardness, glass crystalline temperature (Tc) and piezoelectric

coefficient (d33) of CPGs-BZT bioglass

Sample
Density
(g cm−3)

Porosity
(%)

Micro hardness
(GPa)

Crystallization
temperature (◦C)

Piezoelectric
coefficient (d33)

G0BZT 2.676 1.676 3.717 625 23
G10BZT 2.834 3.329 6.047 643 33
G20BZT 2.971 0.459 16.001 652 31
G30BZT 3.199 0.092 18.330 722 29
G40BZT 3.463 0.091 12.744 723 29
G50BZT 3.050 0.996 7.697 725 21

036–0019), while the bioglasses with high BZT content (G30BZT, G40BZT, G50BZT)
remained mainly amorphous.

It is generally accepted that the controlled heat treatment of glasses above the glass
transition temperature (Tg) and crystallization temperature (Tc) leads to the transformation
of the glasses into their corresponding polycrystalline glass-ceramics. The thermal heat
treatment of calcium phosphate glasses results in the release of stresses from the glasses
and the possible formation of crystalline phase along with the residual glassy phase [13].
The crystalline temperatures (Tc) deduced from the DTA analysis are presented in Table 1.

Figure 2. Room temperature dielectric constant (εr) vs BZT content at various frequencies from
1 kHz to 1000 kHz. (Color figure available online.)
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The Tc(s) of the CPGs range from 625–725◦C. Therefore, the amorphous like XRD patterns
of the high BZT content from 30–50 wt.% were obtained at a low heat treatment temperature
(550◦C), as they have higher Tc than those of low BZT content samples.

The density of CPGs-BZT bioglass-ceramics varied from 2.676 gcm−3 to 3.463 gcm−3,
while the porosity between 0.091 and 3.329% as shown in Table 1. The density of
CPGs-BZT samples increased with increasing BZT content up to 40 wt.% and then
decreased at 50 wt.%. It was observed that addition of BZT resulted in creation of ionic

Figure 3. SEM micrographs of CPGs-BZT bioglasses after immersion in stimulated body fluid
(SBF) for 14 days. (original magnification: ×10000)
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cross linking between non-bridging oxygen of two different phosphate chains. The maxi-
mum density was observed for G40BZT sample which also possessed the lowest porosity.
The microhardness value varied from 3.717 to 18.330 GPa as presented in Table 1. The
maximum microhardness of CPGs-BZT bioglass-ceramic samples can be observed for
G30BZT bioglass. As expected, high values of piezoelectric coefficient (d33) were obtained
from these CPGs-BZT samples with a range of 21–33 pC/N, compared to other previous
work.

Figure 2 shows the room temperature dielectric constant (εr) at various frequencies
from 1 kHz to 1000 kHz and BZT contents. The highest dielectric constant was obtained
for the G10BZT sample at all frequencies. This sample also possesses the highest value of
d33 (33 pC/N). Moreover, it can be seen that the higher BZT content samples (G30BZT to
G50BZT) have low values of dielectric constant. This may be due to the amorphous nature
of these samples with no trace of ferroelectric BZT crystals as confirmed by the XRD result.

The scanning electron micrographs of all CPGs-BZT bioglass-ceramics after immersed
in stimulated body fluid (SBF) for 14 days are illustrated in Fig. 3. SEM observation revealed
a layer of hydroxyl-carbonated apatite on the surfaces of all CPGs-BZT bioglasses and
greatest for G10BZT sample, confirmed by the EDS analysis with highest Ca/P ratio in the
inset of Fig. 3. It may be assumed that the 10BZT sample possesses the optimum amount of
BZT in this bioglass-ceramic series, as it shows bioactivity, appropriate dielectric constant
and the d33 value of about 33 pC/N.

4. Conclusion

Biocompatible piezoelectric 40CaO-45P2O5–15Na2O-xBaZr0.05Ti0.95O3 bioglasses for or-
thopedic applications have been produced by addition of BaZr0.05Ti0.95O3 in 40CaO-
45P2O5–15Na2O bioglass, where x ranges from 0 to 50 wt.%. The results showed that
the main phases identified from XRD analysis were Ca2P2O7 and Ba(Zr,Ti)O3. In terms
of biocompatibility, all of the CPGs-BZT bioglass-ceramics revealed good bioactivity by
in-vitro evaluation in SBF due to the formation of apatite-like layers at the reaction sur-
face. Biocompatibility of bioglasses can be controlled by optimizing the design of bioglass
composition and BZT phase. The addition of 10 wt.%BZT resulted in optimum in this
study.
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ABSTRACT
We report the fabrication of high purity natural tapioca starch (NTS) fibers by using

a modified electrospinning technique with a dehydration process using a -20 C ethanol collector
bath to complement the conventional electrospinning technique. Electrospun fibers with
diameters of 1.3-14.5 m were generated from a simple solution of starch in deionized water
with starting concentrations of 3.0 to 5.0 wt%. X-ray diffraction and FTIR analyses were
employed to study the phase and functional groups occurring in the prepared NTS fibers.
X-ray diffraction revealed an A crystalline type structure of the starting NTS and FTIR confirmed
that the functional group of the NTS electrospun fibers remained unchanged, indicating
unmodified NTS fiber products. The water swelling ratio was 148 % for the electrospun NTS
at solution concentration of 4.5 wt% and 78% for 3 wt%. It has been found that using NTS
fiber as a disintegrating excipient in tablet form for pharmaceutical applications was not
comparable with a superdisintegrant. However, by using a combination of NTS powders
and NTS fibers, in particular in lower percentages, there were good results, with a disintegrating
time of about one and half minute. These fibers were found to enhance swelling which shows
that this fiber is a promising candidate for drug release applications.

Keywords: electrospinning, tapioca starch, electrospun fibers, starch fibers

1. INTRODUCTION
Natural starch has been compounded

with other polymers to produce modified
fibers using the electrospinning technique for
applications in the field of controlled drug
release [1]. These starches are biodegradable
polymers with excellent biocompatibility and

non-toxicity but often present difficulty when
being formed. Additional polymers, for
example synthetic polymers of Poly(lactide);
PLA, Poly(caprolactone); PCL and Poly(vinyl
alcohol); PVA or natural polymers of chitosan
and alginate, are added to starch solutions to
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improve the forming properties [1]. The need
for high purity natural starch fibers without
any additional added polymers requires the
use of an improved electrospinning technique.
In this modified process, a simple starch in
deionized water solution is modified by use
of an ethanol bath collector at -20 C.

In general, starch is the main energy
storage resource for all higher plants and has
gained much attention as a naturally occurring
constituent of biodegradable thermoplastic
materials [1-2]. Such materials are known as
natural biopolymers, and have been widely
used for the entrapment of food ingredients,
fillers, binders, and disintegrants in the
pharmaceutical field as they are cost effective,
non-toxic, biodegradable, edible, and can be
metabolized by the human body [1-3].

Two main components of biopolymers
are amylose and amylopectin [4]. Three crystal
structures (A, B, C) have been described,
depending on the starch region and the type
of processing of the starch products [4].
Differences between these polymorphs are
found in the hydrogen-bonding pattern, the
water content, and in the conformation of
the polysaccharide chain. A-starches are
usually found in grains while B-starches are
found in tuberous plants. C-starches are rarer
and found mainly in a few plant sources
including the pea. Single helical V-type
structures have also been observed when
amylose crystals are prepared from complexes
[4].

Starches and their derivatives play an
important role in drug delivery as a form of
adjuvants in tablet and capsule formulation
[5]. In recent years, polymers based on
starches have shown potential applications in
matrix construction, such as matrix tablets
for drug delivery applications and have been
used widely because of the simple and low-
cost manufacturing process [6, 7].

Natural tapioca starch (NTS) is of

particular interest among commercial
starches due to a lower amylase content than
most starches, low levels of residual materials
and high molecular weights of amylose and
amylopectin which enable this starch to be
directly used as a native starch substitute
in industrial applications as well as a
starting material for physical and chemical
modification [8]. The use of tapioca starch is
also of much interest in Thailand since
Thailand is one of the world leaders in tapioca
product exports.

The electrospinning technique is
composed of two distinct process,
electrospray and spinning (electro+spinning),
which can produce fibers on the microscale
to the nanoscale from a wide range of natural
and synthetic polymers [9]. For the basic
electrospinning set up, a high electric field is
applied to droplets of a polymer solution
(or melt), coming out from the tip of a die,
which acts as one of the electrodes. The
theory is based on the assumption that
when a high voltage, usually in a range of 1 to
30 kV, is applied to the polymer melt or
solution, it will experience two major types
of electrostatic and coulombic forces. The
first electrostatic force originates from the
repulsion between the surface charges while
the second is generated by an external electric
field [9-10]. These electrostatic interactions
cause the droplet to accelerate, undergo jet
bending instability and split into micro or
nanofibers as a non-woven mat on the
grounded collector [9-12]. It has been found
that microfibrous and nanofibrous structures
from the electrospinning technique possess
large surface area to volume ratios [13].

The initially generated mats then need to
be separated and structured using an
electrospinning technique to generate
processed fibers which have modified
properties including different diameters,
composition, structure, morphology and
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orientation depending on the fiber spinning
method [14]. Modification of the setup for
electrospinning can be done in by modifying
the collector and spinneret. Reneker et al.
produced a fluffy columnar network of fibers
called a “garland”, which slowly moved in
large loops and long curves and provided
relatively uniform mats [14-16]. Ultra-thin
fibers with high productivity were successfully
fabricated using an array of multiple hollow
needles as the spinneret as reported by Chu
et al. [14, 17]. Many researchers have used
spinnerets consisting of two coaxial capillaries,
resulting in electrospun composite nanofibers
with core/sheath or hollow structures [14, 18-
20]. With these approaches the structure and
morphology of the electrospun fibers can be
carefully controlled.

In addition, the morphology and
properties of the electrospun fibers are
highly tunable by modifying any number of
fabrication parameters, including the
concentration of polymer solution, the
voltage between the nozzle and collector,
humidity in the chamber, temperature, and
solvents [12, 21]. The choice of solvent is
also critical as to whether fibers are capable
of forming and can also influence fiber
porosity. To allow for sufficient solvent
evaporation to occur in the time between the
capillary tip and the collector, a volatile solvent
must be used. Phase separation may also
occur during the fiber jet trajectory through
the atmosphere toward the collector before
the solid polymer fibers are deposited.
This process is greatly influenced by the
volatility of the solvent.

The traditional electrospinning technique
requires starch fibers to dehydrate in the short
traveling time between the nozzle and
collector. This is particularly difficult for
starches such as pure Tapioca starch fibers
since they can become quite swollen and be
difficult to dehydrate. Thus, an innovative

method capable of fabricating electrospun
tapioca starch is required. The research
described here examines the fabrication of
highly pure Tapioca starch fibers, using a
modified electrospinning setup with the
addition of an ethanol collector bath cooled
at -20 C in order to increase the dehydration
speed of the swollen electrospun tapioca
fibers. The processing parameters include
such intrinsic properties of the polymer
solution as concentration and viscosity and
operation conditions such as the strength of
the applied electric field, the distance between
the nozzle and collector, and the flow rate.
The prepared NTS fiber properties such as
size, structure, morphology, water swelling
ratio and disintegration properties [22-23]
were then investigated.

2. MATERIALS AND METHODS
2.1 Preparation of Natural Tapioca Starch
Solutions

NTS was purchased from E.T.C.
International Trading Co., Ltd. (Thailand)
and deionized water was supplied by
Electroceramics Research, Physics and
Material Science, Chiang Mai University,
Thailand. They were mixed in concentrations
of NTS of 3, 3.5, 4, 4.5 and 5 wt% and the
mixtures were then stirred for 20 min at
75 C in order to fully dissolve the starch.
After that, the prepared solutions were cooled
to room temperature to be ready to be
electrospun.

2.2 Electrospinning of Tapioca Starch
Solution

Electrospinning is a process adapted
from electrospraying where droplets of solid
polymer are formed instead of fibers.
In electrospinning, a number of processing
parameters are, carefully controlled in order
to generate the polymer fibers with the
desired formation and structure as opposed
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to just droplets. Three important parameters;
the applied voltage, polymer flow rate and
capillary-collector distance, are normally
optimized. In this work, to form the required
NTS fiber structure, these three parameters
were first varied and then kept at optimum
values of 20 kV for the applied voltage,
10 ml/h for the polymer flow rate, 0.9 mm
diameter of the tip and 15 cm for the capillary-
collector distance.

Figure 1 shows the experimental setup
for the modified electrospinning technique.
The ethanol bath at -20 C (Ethanol of 99.9%

purity from Merck), was added to a typical
syringe pump electrospinning system in
order to enhance the rate of dehydration of
the electrospun tapioca starch fibers. A metal
grid was used as a target immersed within the
ethanol bath. Tapioca starch pastes of various
concentrations were forced through the
needle using a syringe pump and then were
electrospun directly to the metal target in the
-20 C cooled ethanol bath. After that, water
and ethanol stored within the electrospun
tapioca starch fibers were removed using a
vacuum pump.

2.3 Structure Characterization
FT-IR analysis was used to qualitatively

characterize the functional groups of the
tapioca starch powder and the electrospun
fibers. The FTIR spectra were collected at
a resolution of 2 cm-1 on a Nicolet 6700
FT-IR, from Thermo Electron Scientific
Instrument,LLC (USA). The X-ray diffraction
(XRD) patterns of the tapioca starch powder
and fibers were investigated using an
X-ray diffractometer (X’ Pert Pro MTD,
PANalytical) with Nickel-filtered Cu K
radiation at 40 kV and 50 mA in the 2  range
of 5 - 60 .

2.4 Morphology Observations
The morphology of the tapioca starch

fibers was examined using a scanning
electron microscope (SEM; SNE-3000M,
Nanoeye) to determine the pore and diameter
characteristics. The samples were arranged
on a metal stub using carbon adhesive tape
and coated with gold under vacuum before
observation.

2.5 Water Swelling Ratio
NTS fibers were left in a hot air oven;

redLINE (BINDER, Germany) at 30 0.5 C
for 2 days. The water swelling ratio (WSR)

Figure 1. The modified electrospinning setup with -20 C ethanol bath.
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W1 - W0

W0

 100%

of the electrospun tapioca starch fibers
was calculated using the following equation:

            WSR =

where W0 is the weight of the tapioca starch
fiber which was dried at 60 C until a
constant weight was achieved and W1 is the
weight of the fully swollen fiber after being
centrifuged at 4000 rev/min for 10 min.
All the experiments were performed in
triplicate [24- 26].

2.6 Disintegration Properties
In this test, the electrospun NTS fibers

at 4.5 wt% of NTS solution were compared
with NTS powders.  NTS fibers of 4.5 wt%
were was used as a disintegrating excipient
in tablet form with concentrations of 1,
2.5, 5, 7.5 and 10 wt% in dibasic calcium
phosphate dihydrate, compared with the
same amount of tapioca starch, and the
effects of both excipients on disintegration
were studied. A direct compression dibasic
calcium phosphate dihydrate (Sudeep Pharma
Ltd., India) was tumble-mixed for 5 minutes
in a plastic bag with the starch. Subsequently
the homogeneous powder was thoroughly
combined with magnesium stearate as
lubricant, in the amount of 0.5 percent by
weight, for one minute. The mixed powder
was then compressed on a single stroke
tablet-making machine (Hanseaten Exacta E1,
Germany) using a compression force of
1800 kg. The tablets so obtained have a
round shape and a flat surface, with a diameter
of 10 mm, and a weight of 500 mg per
tablet. The tablets were checked for hardness
by hardness tester (Erweka, TBA-100,
Germany). The tablet is placed between two
jaws that crush the tablet. The machine
measures the force applied to the tablet and
detects when it fractures. And disintegration
time was measured by disintegration apparatus

(Pharmatest, PTZ-AUTO, Germany) in
distilled water at 37 C, following USP 32/
NF 27.

3. RESULT AND DISCUSSION
3.1 Structure and Morphology
Characterization
3.1.1 FT-IR analysis

Figure 2 shows the FT-IR spectra of the
native tapioca starch powders and electrospun
tapioca starch fibers. It can be seen that the
FTIR spectra of the native tapioca starch
powders have three main peaks with
maximum absorbance at 1149 cm-1, 1077
cm-1 and 995 cm-1. The bands at 1149
cm-1and 1077 cm-1 are associated with the
ordered structures of starch, whereas, the
band at 995 cm-1 is indicative of amorphous
structured starch [27]. Other characteristic
bands at 1210 cm-1 and 1720 cm-1 can be
attributed to the bending and stretching
vibration of the C-O bond while the broad
3423 cm-1 band corresponds to the stretching
vibration of the O-H bond [28].

Figure 2. The FT-IR spectra of NTS powders
and NTS fibers.
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It can be seen that the intensity of the
995 cm-1 band of the electrospun NTS fibers
increased between the NTS fibers with
concentrations of 3.0 wt% and 3.5 wt%.
These results suggest that the ordered
structure of the native starch was disrupted
which may occur during the preparation of
the tapioca starch solution at 75 C to dissolve
the starch in deionized water. The heat
required during this process may disrupt the
structure of the starch, resulting in a more
amorphous structure of the electrospun
fibers. For the NTS fibers prepared by NTS
solution concentrations up to 4.0 wt% and
4.5 wt%, the 995 cm-1 band were decreasing.
This is indicative of the increase in crystallinity
of the fibers containing higher concentrations
of tapioca starch due to the retrogradation
of starch [27].

It is also interesting to note that the native
starch has a prominent band at 927 cm-1.
This is a water sensitive band characteristic
of hydrophilicity in starches [29]. Considering
the FT-IR spectra of all electrospun fibers,
the intensity of this band slightly
increased compared to that of native tapioca

starch powder, suggesting an increase in
hydrophilicity. This may be related to the
enhancement of the amorphous nature in the
electrospun starch samples with a concomitant
decrease in their ordered structure [24].

3.1.2 X-ray diffraction studies
The X-ray diffraction patterns of the

NTS powder and electrospun NTS fibers
are shown in Figure3. From the XRD
patterns of the NTS powders there are
diffraction peaks at 2  of 15.2, 17.2, 19.9,
23.3 and 26.5 degrees, which are characteristic
of an A-type starch [30]. All of the XRD
patterns of the NTS fibers illustrate an
amorphous type pattern showing a very
broad pattern. For the electrospun fibers
with 4.5 wt% of NTS concentration there is
a noticeable diffraction peak at around
2 =13 . This may be attributed to increase in
crystallinity of this 4.5wt% electrospun fiber.
This result agrees well with FT-IR spectra as
an increase in the crytallinity of the electrospun
NTS was observed in these high concentration
samples.

Figure 3. XRD patterns of NTS powder and the electrospun NTS fibers with starch
concentrations of 3.0 wt%, 3.5 wt%, 4.0 wt%, and 4.5 wt%.
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3.1.3 Morphology observations
The morphology of the NTS fibers

was observed using a Scanning Electron
Microscope and is shown in Figure 4. The
electrospun NTS fibers have diameters of
1.3-14.5 m. All formed well defined mats
except for that of the 3 wt% sample, which
showed a large connected area. This may be
due to the incomplete dehydration process

of the 3 wt% electrospun fibers where the
remaining water may later dissolve some
fibers resulting in a large connected area.
It can be also noticed that the increase in
NTS concentration gave rise to smoothness
in the electrospun fibers with an optimum
value of 4.5 wt%. The 5 wt% solution caused
the block up of the spinneret tip as a result
of its high viscosity.

Figure  4. The morphology of the electrospun NTS fibers with starch concentrations of
(a) 3 wt%,  (b) 3.5 wt%,  (c) 4 wt% and (d) 4.5 wt%.

3.2 Water Swelling Ratio
The tablet disintegration process is the

beginning of the drug release process. If the
tablet has rapid disintegration time this
results in fast release. Swelling is the main
mechanisms of the disintegration process.
Normally, swelling agents absorb amounts
of water and generate driving forces to
disintegrate the tablet into small pieces
before the dissolution process [31]. For drug-
release application purposes, the water
swelling ratios (WSR) of each of the
electrospun NTS fiber mats were measured.
Figure 5 shows the relationship between the

WSR of the electrospun NTS fibers and their
concentrations. It can be clearly seen that
the WSR of the NTS fibers increased as the
concentration of the NTS solution increased.
Considering the morphology of the
NTS fibers (Figure 4), the increase in NTS
concentration not only affected the
smoothness of the fibers but also increased
the surface area of the fiber mats, leading to
an increase in their WSR. This result is
consistent with the FT-IR result as an increase
in hydrophilicity of the electrospun NTS
fibers was also observed with increasing
starch concentration.
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3.3 Disintegrating Properties
The average disintegration times of

tablets which contain 4.5 wt% NTS fiber
(table 1) in percentages of 1, 2.5 and 5 wt%
were 284, 241 and 223 seconds respectively.
In comparison with NTS powder of the
same amount, it was found that the
disintegration times of tablets using NTS
powder as disintegrate were more than
10 minutes longer than that of NTS fiber.
For higher content, i.e. 7.5 and 10 wt%, the
NTS powder showed lower values of 55
and 80 seconds disintegration time, while
NTS fiber took 234 and 462 seconds. With
higher content of NTS fiber, it was possible
to prevent water uptake by the tablet surface
thus also delaying disintegration because of
its high swelling property, leading to blocking

Figure 5. The relationship between the starch concentration and water swelling ratio.

the water. From the results obtained, it can be
concluded that NTS fiber can be used in
much smaller amounts than NTS powder to
promote tablet disintegration. This research
controls the hardness in the range of 5-7 kgf
for comparable disintegration times of
NTS powders and NTS fibers. When 2.5 or
5.0 wt% each of NTS fiber and NTS powder
were used in combination in tablet, it was
evident that there were synergistic effects
leading to a shorter tablet disintegration
time, i.e. 95 and 84 seconds, compared with
using a single component with the same
amounts. To find other possible applications
in pharmaceutical formulations of this
new NTS fiber, further studies will be
conducted.
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Table 1. The disintegration times of tablets which contain NTS fibers and NTS powder.

No.

1

2

3

4

5

6

x

SD

Disintegrations times (sec.)

Emcompress

> 900

> 900

> 900

> 900

> 900

> 900

-

-

1

276

248

274

258

330

318

284.0

32.9

2.5

251

251

241

267

225

213

241.3

19.6

5

217

243

202

260

204

215

223.5

23.1

7.5

213

229

232

228

253

249

234.0

14.8

10

490

400

508

486

539

354

462.8

70.6

NTS fibers (wt%) NTS powders (wt%)

1

> 900

> 900

> 900

> 900

> 900

> 900

-

-

2.5

> 900

> 900

> 900

> 900

> 900

> 900

-

-

5

> 900

> 900

> 900

> 900

527

698

-

-

7.5

67

55

46

39

63

59

54.8

10.6

10

80

69

111

90

76

51

79.5

20.2

4. CONCLUSION
An electrospinning technique with the

addition of a cooled collecting bath of
ethanol at -20 C was employed successfully
for the fabrication of highly pure electrospun
NTS fibers. Starch concentration of 4.5 wt%
in deionized water gave rise to electrospun
fiber mats with a smooth and homogeneous
fiber surface. The largest surface area was
also obtained for the 4.5 wt% sample which
resulted in the highest value of the water
swelling ratio. The structural studies in both
FT-IR and XRD revealed an increase in the
amorphous nature of all electrospun NTS
fibers compared to that of NTS powder.
This electrospun high purity NTS fiber mat
may be of particular interest in drug-release
applications. The use of NTS fiber and
NTS powder in combination with a lower
amount as disintegrant for each tablet,
rendered good disintegrating times of about
one and a half minutes. NTS fiber itself,
however, cannot be compared with a
superdisintegrant. To ensure the safe use of
this product, further experiment in
biocompatibility should be conducted.
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Abstract

Lead free piezoelectric ceramics (1�x)BNLT�xBZT with x¼0.00, 0.06, 0.09 and 0.12 were prepared using a two-step mixed oxide method.
Dielectric, ferroelectric and piezoelectric properties of the ceramics were improved by the addition of the BZT. XRD results show tetragonal
symmetry structure of the BNLT–BZT ceramics. It was found that the tetragonality increases with increasing BZT content. The optimum
composition is x¼0.09, where the maximum values of the piezoelectric constant d33 (�126 pC/N) and dielectric constant (�2400) were
obtained at room temperature. This BNLT–BZT system can be a promising candidate for lead-free piezoelectric ceramics.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Dielectric properties; C. Piezoelectric properties; D. Perovskites; D. BaTiO3 and titanates

1. Introduction

Lead-based piezoelectric materials are a source of pollution
in electronic industrial applications and mostly come from the
production of Pb(Zr,Ti)O3 (PZT), PbTiO3 (PT) and Pb(Mg1/
3Nb2/3)O3 (PMN) compounds. Many researchers have focused
on finding alternative piezoelectric materials containing no
lead [1–6]. Bismuth sodium titanate (BNT: (Bi0.5Na0.5)TiO3)
based materials have been of particular interest in the field of
piezoelectric materials and devices for the past few decades
[7–9]. BNT crystals have a perovskite structure with rhombo-
hedral symmetry at room temperature and two phase transi-
tions at T2 (�220 1C) and Tm (�320 1C) where ferroelectric
(FE) rhombohedral changes to antiferroelectric (AF) tetrago-
nal, and AF tetragonal changes to paraelectric (PA) cubic,
respectively. However, the drawback of BNT ceramics is the
difficulty in poling due to high conductivity. This may be
attributed to mobile ions (Naþ , Bi3þ ) which diffuse easily in
the material when an electric field is applied during the poling
process, especially at elevated temperatures. Consequently, the
dipole moments cannot be completely aligned along the
direction of the applied electric field. This results in less the

polarization of the material and poor piezoelectric and ferro-
electric properties. This problem can be solved by doping
A-site and B-site cations in BNT crystals. Recently, many
works showed the improvement of piezoelectric and ferro-
electric properties due to the effect of dopants in BNT-based
materials such as BNLT [10], BNT–BT [11–13], BNT–BZT
[14,15], BNT–KN [1,16] and BNT–BT–KNN [17]. In addition
to BNT-based ceramics, barium zirconium titanate (BaZrx-
Ti1�xO3: BZT) solid solution has been investigated to develop
high-quality lead-free ceramics because of its high dielectric
constant and low loss [18]. The substitution of Zr4þ ions by
the Ti4þ ions in BaTiO3 significantly improves the overall
electrical properties of the material due to its better chemical
stability [19]. It is known that the ferroelectric phase transition
temperature of BZT changes with Zr4þ content. If x content is
more than 10 mol%, BZT ceramics exhibit relaxor behavior
[20] while the x content is less than 10 mol%, the BZT
ceramics exhibit normal ferroelectric behavior [21]. Recently,
Yu et al. reported that Ba(Zr0.05Ti0.95)O3 exhibited relatively
high piezoelectric and ferroelectric properties (e.g. 236 pC/N)
compared to other lead-free ferroelectric materials [22]. In this
present work, we aim to study the ferroelectric, piezoelectric
and dielectric properties of (1�x)BNLT�xBZT with x¼0.00,
0.06, 0.09 and 0.12. To improve the electrical properties of
BNLT–BZT ceramics, the ceramics were prepared by using
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the two-step mixed oxide method. The comparison between
electrical properties of BNLT–BZT and that of BNT–BZT
obtained from previous works was reported.

2. Experimental

The starting chemicals for producing the (1�x)(Bi0.4871
Na0.4871La0.0172TiO3: BNLT)�x(BaZr0.05Ti0.95O3: BZT) cera-
mics, where x¼0.0, 0.06, 0.09 and 0.12, were high purity
(499.0%) powders of bismuth oxide: Bi2O3 (Fluka), sodium
carbonate: Na2CO3 (Riedel-de Haën), lanthanum oxide: La2O3

(Fluka), titanium dioxide: TiO2 (Riedel-de Haën), barium carbo-
nate: BaCO3 (Fluka) and zirconium dioxide: ZrO2 (Riedel-de
Haën). BNLT and BZT powders were prepared separately by
calcination at 900 1C and 1250 1C for 2 h, respectively and they
were then mixed corresponding to the above formula using the
ball-milling method for 24 h with ethanol as a milling media. The
dried powders were then sieved to prepare pellets of 10 mm in
diameter, which were subsequently sintered between 1075 1C and
1500 1C in an electric furnace and air atmosphere under
controlled heating and cooling rates of 5 1C /min for 4 h. Phase
identification and microstructure of the resulting ceramics were
performed by using an X-ray diffractometer (XRD: Philip X'pert)
with Cu Kα radiation and scanning electron microscope (SEM,
JEOL JSM5910LV). The mean linear intercept method was used
to determine the grain size of each sintered sample. Two circular
surfaces of the sintered ceramics were polished and coated with
silver paste as electrodes. The room temperature dielectric
constant (εr) and dielectric loss (tan δ) of the ceramics were
measured at 1–100 kHz using an LCZ meter (HP4276A). After
the samples were poled for 15 min at 3.0 and 4.0 kV/mm, the
piezoelectric charge constant (d33) was measured by using a
piezoelectric-d33-meter (APC product inc. S5865). A Sawyer-
Tower circuit was used to measure the hysteresis loop of the
ceramic samples at room temperature under an electric field of
7 kV/mm.

3. Results and discussion

The phase formation study of (1�x)BNLT�xBZT ceramics
where x¼0.00–0.12 was carried out by XRD (see Fig. 1). It is
found that each XRD pattern exhibited a pure perovskite phase
and no second phases. All diffraction peaks were matched with
the perovskite Bi0.4871Na0.4871La0.0172TiO3 phase with rhom-
bohedral structure similar to that of the pure BNLT ceramics
found in our previous works [2,3,5] Slight shift in d-spacing
and splitting of the peak was observed around 46.51. This
implies that there was a change in the lattice parameters and c/
a ratio of these ceramics. The lattice parameters were then
calculated by using JADE software (version 6.5). Lattice
constants (Å) as a function of BZT content are shown in
Fig. 2. From the results, it implies that the fraction of the BZT
content affects the crystal structure, tetragonality (c/a ratio) of
the BNLT–BZT ceramics (e.g. tetragonality increases with
increasing BZT content). This phenomenon can be caused by
the substitution of Ba2þ , and Zr4þ into BNLT crystals. The
ionic radii of Bi3þ , La3þ and Naþ in the 12 fold coordination

site and Ti4þ in the 6 coordination site for Bi0.4871Na0.4871-
La0.0172TiO3 perovskite structure were 1.400 Å, 1.360 Å,
1.390 Å and 0.605 Å, respectively. The larger ionic radius
Ba2þ (1.610 Å) for the 12 fold coordination site and Zr4þ

(0.720 Å) for the 6 coordination site enter the Bi0.4871Na0.4871-
La0.0172TiO3 perovskite structure and substitute for the Bi3þ ,
La3þ , Naþ and Ti4þ ions, having smaller ionic radii, resulting
in the elongation of the crystal structure. Therefore, it can
imply that the substitution of Ba2þ into the Bi3þ , La3þ , Naþ

sites and Zr4þ into the Ti4þ site lead to deformation in lattice
parameters and increasing tetragonality. The rhombohedral
structure of BNLT ceramics changed continuously into a
tetragonal one when the BZT content increased [23].

Fig. 3 shows the as-sintered surface of the (1�x)
BNLT�xBZT ceramics. The microstructure results agree well
with the XRD results, as no impurities were observed in the
sintered pellets, which exhibited dense microstructures without
abnormal grains. Round grains were observed in the pure
BNLT (x¼0.0) and rectangular grains were found in the
BNLT–BZT samples. These results indicate that the addition
of BZT content has an effect on the morphology of the

Fig. 1. X-ray diffraction pattern of (1�x)BNLT�xBZT ceramics where
x¼0.0–0.12.

Fig. 2. Lattice parameters and c/a ratio of (1�x)BNLT�xBZT ceramics
where x¼0.0–0.12.
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microstructure. From microstructural analysis, it was revealed
that BZT addition causes a notable decrease in grain size as
shown in Fig. 4. The average values of grain sizes, measured
by the linear intercept method, decreased from�7.4 μm for
pure BNLT to�1.5 μm for the x¼0.12 sample. This is
consistent with our previous work [24,25] where the substitu-
tion of larger A-site cations Ba2þ into the Bi3þ site, which
possessed a smaller ionic radius, contributed to the inhibition
of grain growth.

The dielectric constant (εr) of the (1�x)BNLT�xBZT
samples with various frequencies at room temperature is

shown in Fig. 5. It can be seen that the BZT addition enhances
the dielectric constant of BNLT ceramics. The dielectric
constant at 1 kHz was approximately 685 for pure BNLT
(x¼0.0) and increase up to�2400 at x¼0.09, then decrease
with further BZT addition. These results were partly attributed
to ion substitution. In A site, when BZT is added into BNLT,
the Ba2þ ions replace Naþ and act as donor ions. Then, A-site
vacancies are created. Chopra et al.[26] reported that if the
vacancies were in the lattice, the transfer of atoms would be
easier than that in a perfect lattice and the domain wall motion
could be induced by a smaller electric field. Thus, the
increasing dielectric constant of ceramics was also attributed

Fig. 3. SEM micrograph of (1�x)BNLT�xBZT ceramics where (a) x¼0.0 (BNLT), (b) x¼0.06, (c) x¼0.09 and (d) x¼0.12.

Fig. 4. The relationship between grain size and BZT content of the (1�x)
BNLT�xBZT ceramics.

Fig. 5. The dielectric constant and dielectric loss at room temperature as a
function of BZT content in (1�x)BNLT�xBZT system.

P. Kantha et al. / Ceramics International 40 (2014) 4251–4256 4253



to the increment in the magnitude of dipole moment due to the
creation of cation vacancies in BNLT–BZT ceramics. How-
ever, the decreasing of dielectric constant at x¼0.12 may be
due to the excess of Ba2þ ions which replace the La3þ and/or
Bi3þ sites, leading to oxygen vacancies. It is known that
oxygen vacancies are the main cause of domain wall clamping
which leads to the reduction of dielectric constant [27]. In the
other hand, the substitution of Ti4þ site by Zr4þ ions
improves the dielectric constant [14,22]. Low dielectric loss
was observed for all samples. These properties may be useful
for applications where low loss is particularly needed such as
in capacitors and insulators.

The hysteresis loops of the BNLT–BZT ceramics, measured
at room temperature using a Sawyer-Tower circuit, are
illustrated in Fig. 6. The relevant remanent polarization (Pr)
versus the BZT content was then plotted in Fig. 7. For the
x¼0.00 sample (pure BNLT), the hysteresis loop exhibits a
typical ferroelectric P–E loop with high remanent polarization
while slim hysteresis loops with small remanent polarization
were observed for the BZT added samples (x¼0.06). For
xZ0.06, we observed double hysteresis loops. When BZT
content increased, the hysteresis loop became an antiferro-
electric-like shape. These results are closely similar to that of
our previous study [3] as it was found that double P–E loops
are observed in BNLT ceramics with added BTZ6 mol%.
This result implies that the anomalies in P–E loops resulted
from the transition to an antiferroelectric phase at low
temperature after adding BT and/or the electro-mechanical
interaction between the polar and non-polar regions, which
co-existed in the ceramics [28]. The addition of BZT causes a
decrease in the remanent polarization. The same trend was also

observed for the value of Ec as shown in Fig. 7. Good
ferroelectric properties are generally shown in the sample with
high value of the Pr and low value of the Ec. From Fig. 7, the
BZT addition in BNLT ceramic with x¼0.06 caused the
reduction of Ec while high Pr was maintained. Therefore, it
may be assumed that the 0.94BNLT–0.06BZT system has
good ferroelectric properties with a high value of remanent
polarization of 30.0 μC/cm2 and a coercive electric field of
20.8 kV/cm. The low Ec of these samples indicates that the
sample can be poled easily because the ferroelectric domains
can be reoriented by the low applied field. In addition to Pr and
Ec, the characteristics of ferroelectric properties can be
qualified by the hysteresis loop squareness (Rsq). The Rsq

Fig. 6. Hysteresis loop of (1�x)BNLT�xBZT ceramics at room temperature.

Fig. 7. Room-temperature remanent polarization (Pr) and coercive filed (Ec) as
a function of BZT content (x).
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coefficient can be calculate with the equation below [29].

Rsq ¼
Pr

Ps

� �
þ P1:1Ec

Pr

� �
ð1Þ

where Ps is the saturated polarization obtained at some finite
field strength below the dielectric breakdown. P1.1Ec is the
polarization at the field equal to 1.1Ec. It is known that the
ideal square loop, Rsq is equal to 2.00 [3]. As listed in Table 1,
the loop squareness parameters Rsq values of ceramic samples
were in the range from 0.26 to 1.55.

To study the piezoelectric property of the samples, the d33
piezoelectric coefficient was measured at room temperature
using a d33-meter. Two conditions of poling were used in the
present work, the samples were poled at 3 kV/mm and 4 kV/
mm at 50 1C for 15 min. The measured piezoelectric coeffi-
cient as a function of BZT content is shown in Fig. 8. It is seen
that the electric field for poling has a strong effect for the d33
piezoelectric values, where the higher field gives rise to the
higher d33 values. In addition, d33 values increase with
increasing BZT content. For 3 kV/mm poling, the d33 value
was increased from 71 pC/N for pure BNLT to 76 pC/N for the
x¼0.09 sample, followed by a reduction of d33 value to 73 pC/
N for the x¼0.12 sample. The reduction of the d33 value for
higher BZT content may be due to the difficulty in poling as
suggested above.

In case of poling at 4 kV/mm, the d33 and piezoelectric
voltage coefficient (g33) of the poled (1�x)BNLT�xBZT
ceramics as a function of BZT content are tabulated in Table 1.

The coefficient g33 was calculated via [30]:

g33 ¼
d33

ε0εr
ð2Þ

where ε0 is the permittivity of free space and εr is the relative
permittivity. The εr was measured at room temperature and
shown in Table 1. The significant effect of the d33 piezoelectric
coefficient was found. The highest piezoelectric constants
d33 were 126 pC/N and 118 pC/N for 0.91BNLT–0.09BZT
and 0.88BNLT–0.12BZT samples, respectively (poled at
4 kV/mm) as compared with that of pure BNLT sample
(98 pC/N). The improvement of piezoelectric properties is
attributed to the deformation of the BNLT lattice caused by the
incorporation of Ba2þ ions, which probable substitute Bi3þ ,
Naþ or La3þ ions at A-sites and/or Zr4þ ions, which
substitute Ti4þ at B-sites of a BNLT perovskite structure.
The difference in diameter of replacement ions induced a
geometrical deformation of the BNLT lattice. This can lead to
greater domain mobility, and therefore the piezoelectric
properties are significantly enhanced [31,32].

Some electrical properties of the present work and results
from other research groups are listed in Table 2. It should be
noted that most of electrical properties of the present samples
were enhanced by BZT addition. The optimum properties were
observed at x¼0.09 sample. Although the d33 value (126 pC/
N) in this work is less than that found by Peng et al. [14]
(147 pC/N), dielectric constant of our sample (�2400) was
much greater than that found in the previous work (�880).
Therefore, the x¼0.09 sample was selected as the composition
with optimum properties for this non-lead based system which
offers a wide temperature range to use in electronic applica-
tions as an environmentally friendly piezoelectric material.

4. Conclusion

In the present work, (1�x)BNLT�xBZT ceramics with
x¼0.00, 0.06, 0.09 and 0.12 were prepared using a two-step
mixed oxide method and a normal sintering technique. A
perovskite phase with the mixing of rhombohedral and
tetragonal symmetries was observed in all of the BNLT–
BZT samples. BZT addition enhanced dielectric constant (εr)
of BNLT ceramics while low dielectric loss (tan δ) remained.
Furthermore, the d33 piezoelectric coefficient was improved by
the BZT addition. Hysteresis loop of BNLT ceramics exhibited

Table 1
The electrical properties of the (1�x)BNLT�xBZT samples.

Composition (X) εr (at 1 kHz) Rsq d33
a (pC/N) g33

a (� 10�3 Vm/N)

0.00 685 1.55 98 16.2
0.06 1762 0.83 98 6.28
0.09 2400 0.26 126 5.93
0.12 1600 0.29 118 8.33

aPoled at 4 kV/mm.

Fig. 8. Piezoelectric coefficient (d33) at 3 and 4 kV of BNLT–BZT ceramics.

Table 2
The important dielectric and piezoelectric properties of the BNLT and
0.91BNLT–0.09BZT samples compared to that of previous works.

Samples εr
a (Troom) tan δa (Troom) d33

(pC/N)

BNLT (this work) 685 (1 kHz) 0.05 (1 kHz) 98
0.91BNLT–0.09BZT (this work) 2400 (1 kHz) 0.05 (1 kHz) 126
BNLT [10] 550 (1 kHz) 0.04 (1 kHz) 91
0.94BNT–0.06BT [12] 950 (10 kHz) 0.01 (10 kHz) 125
0.91BNT–0.09BZT [14] �880 (1 kHz) 0.03 (1 kHz) 147

aFrequency at 1 kHz.
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a typical ferroelectric P–E loop and then deformed to
antiferroelectric-like shape with increasing BZT content. The
optimum composition for lead-free ferroelectric ceramics is
x¼0.06 because it has good ferroelectric properties with a high
value of remanent polarization of 30.0 μC/cm2 and a low
coercive electric field of 20.8 kV/cm. However, the optimum
composition for the lead-free piezoelectric ceramics is x¼0.09,
where the maximum values of the piezoelectric constant
(d33�126 pC/N) and dielectric constant (εr�2400 at 1 kHz)
at room temperature were obtained.
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