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Fig.1.6 Shear strength of sample A-D against weeks(8). 
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Fig.1.8 SEM Micrograph showing porous Ta(11). 
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Fig.1.9 Illustration of Ti foam fabrication processes(14).  
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Fig. 1.10 Metal foam fabricated by slurry foaming.   
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Table1.2 Young’s modulus of bones and Ti and its alloys.  

Material Young’s modulus, 

E/GPa 

References 

No. 

Cortical bone 10 30 36-39 

Cancellous bone 0.2 3 40,41 

Ti and Ti alloys 100 110 42-44 
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Fig.2.3, Fig.2.4
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2.3 Ti  
 
2.3.1 Ti  

 Table 2.1 Ti Ti

20µm Table 2.1 ISO 5832-2 (

2 ) C

Ti H

 

 

 

 

 

Table 2.1 Chemical composition of Ti powder and foam 

(mass %)(5). 

 C H Fe O N 

Ti powder under 

0.01 

0.034 0.065 0.23 0.01 

Ti foam 0.10 0.008 0.054 0.27 0.01 

ISO 5832-2 

Grade4. max. 

0.10 0.015 0.50 0.40 0.05 
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2.3.2 Ti  

Ti Ti X XRD

XRD 2 30-100 Fig.2.5(a) 

Ti XRD Fig.2.5(b) Ti XRD

CP-Ti hcp (6)
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2.3.3 Ti SEM  

Fig.2.6(a) 87 180µm H180

Fig. 3.6(b), (c) SEM (5) (c)

Ti 20µm
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2.4  
 
2.4.1  

Fig.2.7 (5,73,74)  
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Fig.2.7 

(a) Al

 

Autograph AG 50kNG,

50kN 8.3x10-6 m/s

Fig.2.7 (b) 2

CCD DVE-200

20mm

Fig.2.7 Marker

AUTOGRAPH/UH

ShiKiBu

80µm µm

 

Table 2.2 Fig.2.8 

Ti

Fig.2.9

Table 2.2, No. 2  (Fig.2.8(b), A-A)  

Fig.2.9(b) 

Fig.2.8-Fig.2.10 X Ti

Y Fig.2.9
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Ti X Y

 

0.5 mm/min

TG-20kN AT- 010

3

Table 2.3 Fig.2.10 

3  

 

 

 

 

Table 2.2 Specification of the Ti foam for tensile test(5). 

No. Av. pore dia. 

D/µm 

Porosity 

 P/ % 

Test sample dimensions  

Width W, Thickness T, Length L,/mm 

1 300 84 W 5 x T 2 x L 45 (a single sheet)  

2 380 81 W 5 x T 11 x L 45 (12 sheets stacked) 

3 300 81 W 5 x T 2 x L 54 (27 sheets stacked) 
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Table 2.3 Specification of the Ti foam for compression 

test(5).  

No. Av. pore dia. 

D/µm 

Porosity 

P/ % 

Test sample dimensions 

Width W, Thickness T, Length L,/mm 

4 300 84 T 2 x W 10 x L 10 (a single sheet)  

5 300 80 T10 x W 11 x L 10 (6 sheets bonded) 
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2.4.2  

Ti Ti 1.3.3 Ti

1.2.1

Ti Ti

Ti-6Al-4V Zr-2.5Nb

Ti

Fig.2.11

1.3.3

Table 2.4 Fig.2.12  

 

Table 2.4 Potentiodynamic polarization test condition(5). 

Item Condition 

Test solution Saline (0.9mass%NaCl) 

Test temperature 37  

Reference electrode Ag / AgCl 

Counter electrode Carbon electrode 

Potential scan rate 1mV / sec 

Bubbling condition  100cm3/min. 30 min. 
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2.4.3  

A.1 WST-1  

Ti

1.3.2 Ti

A.2 SaOS-2

Ti  

in vitro WST-1 (7)

3 Table 2.5 Fig.2.13

 10 10 2t mm H180

180μm H180 SEM Fig.2.6

2.2.2  

 

 

Table 2.5 Specification of Ti foam for cell 

proliferation(5). 

Designation 

Average pore diameter 

 D/µm 

Porosity  

P/ % 

H180 180 87 

H320 320 85 

H500 500 85 
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A.2 WST-1  

Fig.2.14 

120 30  12

1.875 105

SaOS-2 2.8mL D-MEM+FBS Dulbecco’s modified 

minimum essential medium 10% )

37 5%CO2 1,4,7 1 6

300rpm Ti

1 3  
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WST-1 WST-1

(WST-1 )

SaOS-2 1,4,7

[PBS( ) Dulbecco’s phosphate buffered saline ]

2.5mL D-MEM+FBS 0.1mM WST-1

0.2mM 1-methoxy-5-methylphenazinium methylsulfate(1-methoxy-PMS) 

PBS( ) 280 L 12

Ti

12 1

10 4

200 L 96

Thermo Scient ific Mult iskan FC 450nm

3

RCV relative cell viability  

 

 

RCV = Asample – Ablank     (2.2) 
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A.3 Ti WST-1  

Ti

2.4.2, Fig.2.11

RCV relative viability

1 D-MEM+FBS 4mL 2

D-MEM+FBS 3.6mL WST-1 1- methoxy-PMS

400μL  

 

2.5  
 
2.5.1  

 Table 2.6

 Fig.2.15-Fig.2.17 

0.4 reload

Fig.2.16 0.8% 1.6%

Fig.2.18

unload reload

No.1 No.2

No.2 No.3
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Table 2.7  Fig.2.19

No. 4 No. 5 0.2%

Fig.2.10 X

Y 0.2% 

 

X

3.7GPa 3.2GPa

 

X

3.7GPa 3.2GPa

Ti 1 4 

GPa 8-20 MPa  
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Table 2.7 Compression test results(5). 

No. Porosity  

P/ % 

Yield strength  

YS/MPa 

Young’s modulus 

E/GPa 

4 84 12.8 ± 2.8 1.3 ± 0.2 

5 80 19.4 ± 4.1 3.2 ± 0.6 
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2.5.2  

 

(8) Table2.6 Fig.2.15-Fig.2.17

0.4% Ti

Fig.2.20

(9)

Fig.2.21  
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30µm

Fig.2.18  

 

X Y

Fig.2.6, Fig.2.9 

web No.2 No.3

No.3

 

 

Gibson Ashby  

(2.24) (2.25) Es   

E* C1, C2 ρ*/ρs σys  

σ*pl  

E*  /  E s  = C1 × (ρ*/ρs)2  (2.24) 

σ*pl / σys= C2 × (ρ*/ρs)3/2   (2.25)  

C1, C2 1 0.3

(10,11) Fig.2.22

(2.26) (2.27)  
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E*  /  E s  = 1  × (ρ*/ρs)2,                         (2.26)  

σ*pl / σys = 0.3 × (ρ*/ρs) 3 / 2                 (2.27)  

CP-Ti Es 110GPa 650MPa (8)

84% Ti E* 2.8GPa σ*pl 12.5 MPa

81% Ti E* 4 GPa σ*pl 16.4 MPa

X Table 2.6 No.1, No.2
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Table 2.7 No.5 Y

X  

(2.26)

(2.27)

Ti

Table 2.8 RP

Ti

Ti  (2.26) (2.27)

Ti

  

Ti 1.3-3.7 GPa

0.2-3GPa 2.1.2.1,Table 2.2

Ti 9-20 MPa (Table 2.6

13-19MPa (Table 2.7 3-20 MPa

5-30 MPa (14)

0.2-0.7g/cm3 (14)  

Ti
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2.5.3  

2.4.2 Ti  

Ti 10 10 2mm

 Fig.2.11 Fig.2.12 Ti

Fig.2.23  

 

 

 

Fig.2.23 Ti
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Ti

Ti Ti-6Al-4V Ti

Fig.2.23 Ti Ti

3%NaCl Ti Ti

(15) Ti BET

QUANTACHROME AUTOSORB-1MP 200

1h 0.026 m2/g Ti 3.1 cm2

1.1cm2  

Zr-2.5Nb Ti 

SEM Fig.2.24

Ti

Zr

(12)

Ti passivation current

10-6A/cm2

Fig.2.24 Ti

Ti Ti-6Al-4V Zr-2.5Nb
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2.5.4  

A.1 WST-1  

Ti 2.5.3

Chen et al. Ti-6Al-4V

3

100, 130, 150 µm 3 180µm

9

150 µm

130 µm (17)

Xue et al. RP Ti 100 µm

300, 450, 550, 800µm 41-47 Ti

h-FOB Ti

150µm

200µm

(18) Ryan et al. RP

465µm 45 Ti SaOS-2

(19)  
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Fig.2.14

Ti Table 3.5 85% 87%

Ti

Fig.2.25 Fig.2.26 Fig.2.25

180 m 320 m 500 m

Fig.2.26 H180 SaOS-2

1, 4, 7

SaOS-2 Ti
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(a)

(b)

(c)

200µm

Fig. 2.26  Typical confocal laser scanning 
microscopic images of SaOS-2 cultured 
with the Ti foam No.1.  (a), (b), and (c) refer 
culture days of 1d, 4d, and 7d(5).

200µm

200µm

200µm

Observation

 

 



 88 

6h

in vivo

 

Fig.2.25 180μm 320μm 500μm

 

in vivo 

100μm

300-400μm

(16) Fig.2.25 in vivo 

 

 

A.2 Ti  

3.4.3.3 Ti

CP-Ti Ti-6Al-4V Zr-2.5Nb Ti

A.2

Fig.2.27 

RCV

Ti

Ti Ti-6Al-4V

Zr-2.5Nb
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Ti

ISO 5832 Grade 4 

(a) 80-87 (b) 100-500µm (c)

Ti
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Ti

80 Ti

Ti

CP-Ti

3 Ti

320µm 500µm 

180µm
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Co-Cr Ti

Ti
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3 Ti  
 

3.1   

Ti

 

Ti

Ti

Ti

2 Ti  

Multilayer Ti foam

 

Ti

 

(1) Ti  

Ti Ti
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(2)  

Ti Ti

Ti

 

 

 

3.2  
 

3.2.1  

2 Ti

Ti 17%

Ti 2 Ti

300 400µm 17%

Fig. 3.1

2mm 80% Ti 1mm

17%Ti 4 8

Table 3.1

High, 80 Middle, 62-63 Low, 17

Fig. 3.1 Table 3.1 H2L1
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 Fig. 3.1 Photograph of a Multilayer Ti foam H2L1(1). 

 

Table 3.1 H2L1 H2 Ti foam A 320

m 80 2mm Ti L1 Ti foam B

17 1mm Ti No. of repetition  

4 4

Total porosity  

H2L1 57

Ti(Multilayer Ti foam) Table 3.1 M2

Ti foam A 340 m 62 2mm Ti

6

Ti(Stacked Ti foam)  

Table 3.2 Ti
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Table 3.2 Typical chemical composition of Ti powder and Ti 

foam (mass %)(1). 

* Mill certificate    

 

 

2.4 Table 3.1

Fig. 3.2 H2L1 Fig. 3.3

Fig.3.2(a) 11-12mm 10mm  

12mm Fig. 3.2 (b) 11-12mm

50mm 5mm 11-12mm 

Fig. 3.2 (c) Table 3.1 Ti foam B 17%

3  

 

 

 

 C H Fe O N 

Ti powder* < 0.01 0.034 0.065 0.23 0.01 

Ti foam A 0.10 0.008 0.054 0.27 0.01 

Ti foam B 

(Porosity 80%) 

0.13 < 0.001 0.040 0.30 0.01 
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3.2.2  

3 Ti

Ti

SaOS-2 2 Ti

2 Table 3.3

Ti Ti H2

Ti,H2L1 H2 H2L1

11-12mm 10mm 2mm Fig.3.4  

Fig.3.5 

Fig.3.5 SaOS-2

(15mm 0.1mm ) 1.85 105

6mL D-MEM+FBS) 6mL 37 5%CO2 4

SaOS-2

Fig.3.5

9mm

37 5%CO2 7 14 21 10vol.%

10vol.% Fig.3.5

sulforhodamine 101 acid chloride Texas Red

 

MVX-10
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4

(3.52 2.68mm 3

Ti Tukey Turkey-Kramer

H2 H2L1 Welch

 

 

3.2.3  

Table 3.3

O

12

1 106 SaOS-2 0.1mL

D-MEM+FBS 20 2mL 3

D-MEM+FBS 0.5 mM �-glycerophosphate 50 µg/mL 

L-ascorbic acid 1

7 14 21 28 calceine

1 µg/mL 4  

calceine Texas Red

LSM-510, Carl Zeiss Japan 3
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3.3  
 
3.3.1  

Ti   

Fig. 3.6-Fig. 3.9 Table 3.4 

0.2

L

L

L Ti 11GPa

150-250MPa  
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3.3.2  

Table 3.4 L

0.6 0.7 L Ti 1-1.4

L L

L 3  

Fig. 3.10 Fig. 3.11 1 L

L
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Table 3.4

Ti

0.4

Ti 0.4

 

Table 3.5 H1L1

Table 3.4 L

431MPa H1
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19.4MPa  

Fig. 3.12 Table 3.4

Table 3.5  
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Fig. 3.12 2 2.5.2  

Gibson Ashby (6) (3.1)

 (σ*pl)  (ρ*/ρs) 

σys C

ρ* ρs  

σ*pl / σys= 0.3 × (ρ*/ρs)3/2  (3.1)  

CP-Ti 4 650MPa(4) (4.1) H2 σ*pl 

17.4MPa 19.4 4.1MPa  

Fig. 3.12 L H2 M2  

(3.2)  

 σ*m = σ*A × TA / (TA + TB) + σ*B × TB / (TA + TB)  (3.2) 

σ*m σ*A σ*B A B  

Fig. 3.12  (3.1) (3.2) 

 

(1) (3.1)  

 

(2) (3.2) 

L L

 

(3) (3.2) 

(3.1)  

L
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L

 

(4) Table 3.1 A B

 

L Ti

Ti

L

Ti

11GPa 150-250MPa

10-30GPa 150-220MPa(7-9)

17-22GPa 100-110MPa

10-25GPa 90-170MPa(7-9) L Ti

 

 

3.3.3  

Fig. 3.13 3

H180, H320

Ti 21 1.2mm H500 14

H320 21 1mm

H320

H500
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H320

 

 

bone in-growth 100μm

300μm

(10) 1mm

(11)  

 

Ti H2 Ti H2L1 Fig. 3.14

Fig. 3.15 H2 300 m  
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Fig. 3.15

H2 H2L1

Ti L1

Ti H2L1

Ti  

 

 

 

3.3.4  

Fig. 3.16 calceine Texas Red 

(515nm) calceine

Fig. 3.16 28
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Ti SaOS-2 Fig. 3.16

Texas Red 

(615nm) calceine Fig. 3.16

Texas Red

 

in vivo

in vitro 

Fig. 3.16

SaOS-2

Ti

300-1000μm

(12)

 

Ti
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3.4  

Ti Ti

Ti

Ti

Ti

Ti
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Ti

Ti

Ti, SS  

Ti 2

ISO 5832 Grade 4 (a) 80-87 (b)

180-500µm (c)

Ti
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Ti
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ı  Ti  
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147 
 

ı  3 Ti  

320µm 500µm 180µm  
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Ti Ti  
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