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⅜ ⇔ 2000 ⌐⌂╢≤↕╠⌂╢ ─ ─√╘ ☻♥fi♩ ⌐ ⇔♩כ◖╩

√ DES Drug Eluting Stent ⅜ ↕╣╢╟℮⌐⌂╡ ╕≢ ⇔≡⅝√[6]-[7]  

☻♥fi♩⌐╟╢ Percutaneous coronary intervention, PCI ─ ╩

Fig. 1.1⌐ ∆ ⌐ⱪꜝכ◒⅜≢⅝≡ ╩ ↓⇔ ⅜ ↄ⌂∫√ ⌐ ⇔≡

[Fig. 1.1 (a)] ☻♥fi♩⅜ ╡ ↑╠╣√Ᵽꜟכfi╩♦ꜞⱣꜞכ ⇔ ╩

→╠╣╢╟℮⌐☻♥fi♩ ╩ ∆╢[Fig. 1.1 (b)] Ᵽꜟכfi╩ ╠╕∑╢↓≤≢☻♥

fi♩╩ ↕∑ ⇔√ ╩ ⅛╠ ⇔ →╢[Fig. 1.1 (c)] ∕─ Ᵽꜟכfi╩

⅛╠ ⅝ ⅝☻♥fi♩─╖╩ ∆[Fig. 1.1 (d)] ⌐☻♥fi♩⅜ ⌐ ⇔≡™╢↓≤≤

⌂ ─ ╩ ⇔≡ ╩ ⅎ╢  

 

 
 

Fig. 1.1  Schematic illustration of PCI procedure. 
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╕√ ꜟ♥כ♥◌ │ ∞↑≢⌂ↄ ⌂≥ ─ ╩

≤⇔≡⅔╡ ☻♥fi♩ │∕╣∙╣─ ≢ ≤↕╣╢ ⅜ ⌂╢√╘☻♥fi♩

─ ⅜ ⌂╢ ⅎ┌ ─ ⌐│ ⌐ SUS ╛ CoCr ⌂≥─ ∆╢

⅜ ™╠╣╢ ≢ ⌂≥─ ─ ; 

Percutaneous peripheral intervention, PPI ⌐│ ╛ ≢─ ⌐╟╡ ⅝⌂ →

╛⌡∂╣╛ ⌂≥⅜ ↕╣≡╙☻♥fi♩⅜ ╛ ╩ ↓↕∏ ╩ ≈↓≤⅜

╘╠╣╢√╘ ◗ⱶ─╟℮⌐ ─ ⌐ ╢ Superelasticity SE ╩ ∆╢ TiNi

⅜ ╪≢ ↕╣╢ ⅜№╢[7] ─ ∆╢ ╩ ™√☻♥fi♩│ Ᵽꜟ

≢fiכ ∆╢↓≤⅛╠Ᵽꜟכfi ☻♥fi♩ Balloon-expandable stent ≤ ─

╩ ∆╢☻♥fi♩│ ☻♥fi♩ Self-expandable stent ≤ ┌╣╢

☻♥fi♩─ ╩ Fig. 1.2 ⌐ ∆╢ ⅜ⱪꜝכ◒≢ ⇔√ ⌐ ⇔≡[Fig. 

1.2 (a)] ☻כ◦כ♃►▪ ⌐ ╕∫√☻♥fi♩╩ ╕≢♦ꜞⱣꜞכ⇔☻♥fi♩

╩ ∆╢[Fig. 1.2 (b)] ⅜ ╩☻כ◦כ♃►▪╠√∫╕ ⅝ ⅝ ☻♥fi♩ ╩

↕∑╢[Fig. 1.2 (c)] ∕─ ╩☻כ◦כ♃►▪ ⌐ ⅝ ™≡☻♥fi♩ ╩ ↕∑╢ 

[Fig. 1.2 (d)] ⌐☻♥fi♩⅜ ⌐ ⇔≡™╢↓≤≤ ⌂ ╩ ⇔≡ ╩

ⅎ╢  
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Fig. 1.2  Schematic illustration of PPI procedure. 

 

Fig. 1.1≤ Fig. 1.2⌐ ⇔√╟℮⌐☻♥fi♩─ ⅝⌂ │ ╩ ∆╢↓≤≢№

╡ ⌂ꜝ☺▪ꜟⱨ◊כ☻ RF Radial Force ─ ╕√│ ⅜

≢№╢ ╕√ ─ ⌂≥⌐╟∫≡☻♥fi♩⅜ ╣ ☻♥fi♩─ ⅜ ₁⌐

∆╢ꜞ◖▬ꜟ ☻ⱪꜞfi◓Ᵽ♇◒─╟℮⌂ ⅜ ↓╢↓≤⅜№╢[8] ↓╣⌐╟

╡ ─ꜞ☻◒⅜ ⅜╢≤↕╣≡⅔╡ ╙☻♥fi♩─ ⅜ ⇔⌂™↓≤⅜

↕╣╢ ∕─ ─ ╛ ⌐☻♥fi♩╩ ⇔√ ⌐☻♥fi♩─ ⅜ ╩

⇔≡ ╩ ↓∆↓≤╙ ↕╣≡⅔╡[8] ☻♥fi♩─ ╛ ⅝⌐ ∆╢

◖fiⱨ◊כⱴⱦꜞ♥▫ ╙ ≤↕╣≡™╢ [10] ⅎ≡ ─☻♥fi♩│

⌐ ↕╣╢↓≤⅛╠ ╣√ ⅜ ╘╠╣╢[10]  

 

Plaque

Stent

Stent

(a)

(b)

(c)

(d)

Outer sheath 
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1.1.3 TiNi  

1.1.2 ≢ ═√╟℮⌐ ⌐ ™╢☻♥fi♩│ ╣√ ╩ ⇔⌂⅜╠

⌐╙ ╣≡™╢ TiNi ⅜ ™╠╣≡™╢[11] ╕√ TiNi │●▬♪꞉▬ꜘכ╛

╙⌐ꜟ♥כ♥◌ 1980 ⅛╠ ↕╣≡⅔╡[12]-[18] NITINOL ♫▬♅ⱡכꜟ ≤ ┌╣

⌂ ≢№╢ ♫▬♅ⱡכꜟ│ 1950 ⌐ Naval Ordnance 

Laboratory NOL ≢ ↕╣[19] ─ NiTi≤ ─ NOL╩≈⌂™≢

NITINOL≤ ↑╠╣√≤↓╤⌐ ∆╢[19] ↓─≤⅝ ↕╣√─⅜ TiNi ─ ╩

╡ →≡ ∆╢≤ ─ ⌐ ╢≤™℮ Shape memory effect SME ≢№

╢ ∕─ TiNi │ ≤ ╩ ⅛⇔√ ⅜ ↄ⌂↕╣≡⅝√

ⅎ┌ ╩ ⅛⇔√╙─≢│ Ɽ▬ⱪ─ ⅞ ◦ꜗ꞉כ─ ⌂≥⅜№╢

[20] ╩ ⅛⇔√╙─≢│ ─ⱨ꜠כⱶ ─▪fi♥♫⌂≥⅜№

╢[21]  

─ ≢№╢ └∏╖│ 0.1 0.2% ≢№╢⅜ ╩ ≈

TiNi │ 11% ≤ ╘≡ ⅝™[22] ↓╣│ ─ ─ ≤│ ↄ

⌂╡ ⱴꜟ♥fi◘▬♩ Martensitic transformation ≤™℮ ⌐╟╡ ⅜ ↓╢√╘≢

№╢ TiNi ⌐⅔↑╢ ─ ╩ Fig. 1.3⌐ ∆ ⱴꜟ♥fi◘▬♩ │

─ ≢ ⅜∑╪ ⌂ ╩∆╢↓≤≢ ⅜ ╦╢ ╩

∟ ⱴꜟ♥fi◘▬♩ ╩ ↓∆ ─ ╩ ♩▬♫♥☻כ○│√╕ ≤™℮[23]-[24]

Fig. 1.3 (a) ╩ ⇔≡ⱴꜟ♥fi◘▬♩ Martensitic transformation start 

temperature, Ms ⌐∆╢≤ ⌐ ⅜ ∂ ⌐ ─ ⌂╢

Variant ⅜ ↕╣╢ⱴꜟ♥fi◘▬♩ ╩ ↓∆ ↓─≤⅝ ™─└∏╖╩ ∟

⇔ ℮╟℮⌐ ⇔≡ ⅜ ↕╣╢─≢ ≤⇔≡ ─ ⅜ ∂⌂™

Fig. 1.3 (b) ⅜ⱴꜟ♥fi◘▬♩ ⌐⌂╢ ╩ Martensitic transformation 

finish temperature, Mf ≤™℮ ╕√ ─ ╩ ⇔≡ⱴꜟ♥fi◘▬♩ ⅛

╠ ⌐ ╢↓≤╩ ≤™™ ⅜ ╕╢ ╩ Reverse /Austenite 

transformation start temperature, As ⅜ ⌐⌂╢ ╩ Reverse 
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/Austenite transformation finish temperature, Af ≤™℮ ↕╠⌐ ⅜ⱴꜟ♥fi◘▬♩ ─

⌐ ⇔≡ ╩ ⅎ╢≤ ─ ⅜ ↓╡ ─ ╩ Fig. 1.3 (c)─╟℮⌐ ↕

∑╢↓≤⅜≢⅝╢ ↓─≤⅝ ╡ ℮ │ │∕─╕╕≢ ⌐ ⇔≡

™⌐ ≤⌂╢ ≢ ⇔≡™╢ ╩ ∆╢ [25] ⌐ ─ⱴꜟ♥fi

◘▬♩ ─ │ ⅝╛∆™√╘ⱴꜟ♥fi◘▬♩ ≢ ⌐ ∆╢ ⌐ ⱴꜟ

♥fi◘▬♩ ⌐ ∆╢≤ ⱴꜟ♥fi◘▬♩ │ ─ ⌐ ∆╢ ↓─╟

℮⌐ ⅜ ↕╣╢─│ ⱴꜟ♥fi◘▬♩ ─ ⌐╟╢ ⅜ ⌂

─ ⌐╟∫≡─╖ ∂√╙─≢№╡ ╕√∆═≡─ │ ∂ ⅛╠ ∂√√

╘≢№╢[26] ⇔⅛⇔ ⱴꜟ♥fi◘▬♩ ─ ⌐⅔™≡ ╩ ⅎ≡ ╩ ↓

∆╒≥─∆═╡ ╩ ⇔√ │ ─ ⌐ ⌐ ⇔⌂™  

 

 
Fig. 1.3  Schematic illustration of shape memory effect in case of equiatomic TiNi alloy. 

 

TiNi ⌐⅔↑╢ ─ ╩ Fig. 1.4⌐ ∆ ⱴꜟ♥fi◘▬♩

Af ╟╡ ™ ≢ ╩ ∆╢≤ ∆╢∞↑≢ ∆╢↓≤⅜≢⅝╢

↓╣╩ ≤╟┘ ⱴꜟ♥fi◘▬♩ Stress-induced martensitic 

transformation SIMT ⌐╟╡ ∆╢ ↓─≤⅝╙ Fig. 1.4 (a) ⅛╠ ─

⅜ ⅝╢↓≤≢ Fig. 1.4 (c)⌐ ∆╟℮⌐ ─ ⌐ ╙ ⅝⌂└∏╖⅜ ∂╢  

Cooling Loading

Heating
Strain

(a)                                (b)                                       (c)

Twin 
boundary
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Fig. 1.4  Schematic illustration of superelasticity effect in case of equiatomic TiNi alloy. 

 

≤ ─ ⱥ☻♥ꜞ◦☻─ ╩ Fig. 1.5≤ Fig. 1.6 ⌐∕╣∙╣

∆[27] TiNi ─ │ ⌐ ↄ ⇔ ⅜ⱴꜟ♥fi◘▬♩

T < Mf ─≤⅝ └∏╖ │ Fig. 1.5─╟℮⌂ ╩ ⇔

≤ ∂╟℮⌐ ∆╢≤ a ќ b ─╟℮⌐ ⅜ ↄ⌂╡ ∕─ b ќ c ┼≤ ∆

╢≤ │ ⌐ ╠∏ c ⌐⅔™≡└∏╖⅜ ∆╢ ↓╣╩ⱴꜟ♥fi◘▬♩

⌐ ∆╢≤ ─ ⌐ ∆╢ ⌐ ⅜ⱴꜟ♥fi◘▬♩ T > Af

─≤⅝ └∏╖ │ Fig. 1.6⌐ ∆╟℮⌐ ╒╓ ─ ≢ ⅜ ╗ a ќ 

b ⅜№╡ ∆╢≤ ╟╡╙ ™ c ќ d ≢ ╩ ∆╢ ↓─ ╩

ⱪꜝ♩כ Plateau region ↓─ ≢─ ╩ⱪꜝ♩כ Plateau stress ≤ ┬ ↕

╠⌐ ─└∏╖ ⌐ ∆╢≤ ⌐ ⅜ ∆╢ b ќ e ⅜ ∂╢ Fig. 1.6

⌐ ∆ a ─ │ⱴꜟ♥fi◘▬♩ Ms ╩ b ─ │ⱴꜟ♥fi◘▬♩

Mf ╩ c ─ │ⱴꜟ♥fi◘▬♩ As ╩ d ─ │

ⱴꜟ♥fi◘▬♩ Af ╩ ⇔≡⅔╡ Fig. 1.5─ ─ ⌐ ⇔≡™

╢ b ╩ ⅎ≡ ⇔√╙─│ ⌐╟╢∆═╡ ╩ ∆╙─≢№╡ ≤

⇔≡ ╙ │ ⌐ ⇔⌂™[28]-[31]  

Loading Loading

Unloading Unloading

Strain(0 Ÿ a) (a Ÿ b) (b, c)

(c Ÿ d)(a Ÿ 0)
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Fig. 1.5  Schematic illustration of tensile hysteresis in case of shape memory effect[27].  

 

    
Fig. 1.6  Schematic illustration of tensile hysteresis in case of superelasticity effect[27].  
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1.1.4 TiNi  

ꜟ♥כ♥◌⌐ │ ≤∆╢ ⌐♦Ᵽ▬☻╩♦ꜞⱣꜞכ∆╢√╘ ☻כ◦∏╕

╩ Fig. 1.7⌐ ∆╟℮⌂ ─ ↑ ─ ╛ ─ ⌐ ∆╢ ⅜№╢ ∕─

╩☻כ◦ ⇔≡ ●▬♪꞉▬ꜘכ♥◌╛כ♥ꜟ ☻♥fi♩╩ ⇔≡ ╩ ℮

╟╡▪ⱪ꜡כ♅⇔≡ ╩ ℮↓≤╩ TFI transfemoral coronary intervention

▬fi♃כⱬfi◦ꜛfi ≤™™ ─ ╟╡▪ⱪ꜡כ♅⇔≡ ╩ ℮↓≤╩ TRI

transradial coronary intervention ▬fi♃כⱬfi◦ꜛfi [32]≤™℮ TRI

│ TFI ⌐ ═≡ ⅜ ≢ ─ꜞ☻◒╩ ⅎ╢↓≤⅜≢⅝╢ ∕─√╘ TRI

│ ─ ╙ ↄ ╟╡ ⌂ ≤⇔≡ ╦╣≡™╢[33]-[36] ⌐ ─☻

♥fi♩ │ TFI⌐≡ 7 Fr 2.8 mm ╩☻כ◦─ ™≡ ╦╣≡⅔╡ ☻♥fi

♩◦☻♥ⱶ─ │ 2.1 mm─╙─╩ ⇔≡™╢ ╟╡╙ ─

│ ™√╘ TRI ⌐≡☻♥fi♩ ╩ ⌐ ∆╢√╘⌐│ ♥☻┘╟⅔☻כ◦╢∆

fi♩◦☻♥ⱶ│↕╠⌐ ™ ⅜№╢ ─ │ ≢ 3.1 mm ≢ 2.8 mm

≢№╡ ≢ 85% ≢ 70%─ ⅜ 6 Fr 2.5 mm ╩☻כ◦─ ⇔≡─ TRI

⅜ ≤↕╣≡™╢⅜[37]-[39] ≢│ TRI│ 4 Fr 2.1 mm ╩☻כ◦─ ™√

⅜ ╦╣╢⌂≥[40] ↕╠⌐ ⅜ ╖☻♥fi♩◦☻♥ⱶ─ ╩ ╟╡ ↄ∆╢

⅜№╢ ╕√ ☻♥fi♩◦☻♥ⱶ│ Fig. 1.2⌐ ☻כ◦כ♃►▪⌐℮╟╢∆ ⌐☻♥fi

♩⅜ ╡ ╕╣√ ≢ ↕╣≡™╢ ╝ⅎ⌐ ♦ꜞⱣꜞכ◦☻♥ⱶ─ ╩ ↄ∆╢⌐

│ ☻♥fi♩─ ╩ ╟╡ ↄ∆╢ ⅜№╢≤ ⅎ╠╣╢ ⇔⅛⇔⌂⅜╠ ⌐

☻♥fi♩─ ╩ ↄ∆╢≤ ☻♥fi♩─ ≤⇔≡ ↕╣╢ ⌂ꜝ☺▪ꜟⱨ

⅜☻כ◊ ⌂╦╣╢√╘ ∆╢ TiNi ─ ╩ ⇔ⱪꜝ♩כ ╩ ↕∑╢

↓≤⅜ ─ ≈≤ ⅎ╠╣╢   
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Fig. 1.7  Schematic illustration of trans-femoral coronary intervention (TFI) and trans-radial coronary 

intervention (TRI). 

 

─ ╡ TiNi ─ⱪꜝ♩כ ⅔╟┘ │ ⱴꜟ♥fi◘▬♩

─ ╩ ↄ ↑╢ Fig. 1.8⌐ TiNi ─ ≤ ─ ╩ ∆ ⅜

ⱴꜟ♥fi◘▬♩ ╟╡╙ ™ ─ ≤⌂╡ⱴꜟ♥fi◘▬♩ ╩

∆╢ ⅜ ↄ⌂╢ ⅜ⱴꜟ♥fi◘▬♩ ╟╡╙ ™ │

─ ≤⌂╡ⱴꜟ♥fi◘▬♩ ╩ ∆╢ │ ↄ ─ ╙

≢│⌂™ ↕╠⌐ⱪꜝ♩כ ╩ ∆╢⌐│ ⱴꜟ♥fi◘▬♩ ╩ ↄ∆╢ ™

│∆═╡ ╩ ∆╢≤™∫√ ⅜ ≢№╢[23],[41] ⱴꜟ♥fi◘▬♩ │

TiNi ⌐ ∆╢ Ni ⌐ ≢№╡ Ni 0.1 at% ⌐ ⇔≡ 10 K ∆╢[41] ╕√

Cr╛ V Fe Co⌂≥─ ╩ ∆╢↓≤⌐╟∫≡ⱴꜟ♥fi◘▬♩ ╩ →╢↓

≤╙ ≢№╢[42]-[45] ↕╠⌐ ⌐╟∫≡│ Ti3Ni4 ─ ⌐╟╡ⱴ

TRI

TFI
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ꜟ♥fi◘▬♩ ╩ ↕∑╢↓≤⌂ↄ ⌐╟∫≡ ∆═╡ ⅜ ⇔ ⱪ

כ♩ꜝ ╩ ∆╢↓≤⅜ ≤↕╣≡™╢[46]-[51]  

 

 

Fig. 1.8  Schematic illustration of stress vs temperature diagram. 

 

1.1.5 Ni TiNi  

≢ ═√╟℮⌐ⱪꜝ♩כ ╩ ∆╢⌐│ TiNi ─ Ni ─ ╛

⌐╟╢ⱴꜟ♥fi◘▬♩ ─ ⌂≥─ ⅜ ≤ ⅎ╠╣ ↓╣╕≢ ↄ─ ⅜

╦╣≡⅝√[42]-[45] ∕─ TiNi ─ ─ │ ◒כ▪ ⌂≥ ╩ ™√

≢№╢ ≢ ═√╟℮⌐ TiNi │ ∆╢ Ni ─╦∏⅛⌂ ⅜ ⌐

╩ ⅎ╢√╘ ⌐⅔™≡╙ ╩ ⌐ ∆╢↓≤⅜ ⌐⌂╢ ⇔⅛⇔⌂

⅜╠ ⌐ Ti │ ╛ ≤ ⇔╛∆ↄ ⌐ TiO2╛ TiN ⅜ ∆╢≤ ─

TiNi ⅜ ╠╣⌂™ ⌐ ↕╣≡™╢ TiNi ─ ↄ│ Vacuum 

induction melting, VIM ⌐╟∫≡ ↕╣≡™╢⅜ Ni ╩ ⌐ ∆╢↓≤│ ⇔

™[23] ⅎ≡ ◒כ▪ Vacuum arc remelting, VAR ╛ ⱦכⱶ Electron 

beam melting, EBM ╩ ™√ ╙ ↕╣≡™╢⅜ TiO2╛ TiC⌂≥─ ╩

SME: Shape memory effect
SE: Superelasticity effect
Af: Austenite transformation finish temperature
Ms: Martensitic transformation start temperature

St
re

ss

0 Temperature

SME
SE

AfMs

Critical stress for slip

Critical stress for martensite formation
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↕∑√ ⌐╟╡ ─ ╩ ≤⇔√ ⅜ ™[52]-[53] ╕√

TiNi ─ ╙№╢⅜ ╘ ╖ ≤⇔√ ⌂ ─

TiNi ≤ ⇔≡ ─ ╩ ≢⅝⌂™[54]-[55]  

╩ ™≡ TiNi ╩ ∆╢ Ti ≤ Ni ⅜ ≢ ה

∆╢√╘ ⌂ ╩ ℮↓≤≢ Ni ╩ ⌐ ≢⅝╢[56] ⌐⅔™≡

╩ ™√ TiNi ─ ⅜ ╦╣√⅜ ↕╣≡™╢ TiNi ≤ ─

ⱪꜝ♩כ ⅔╟┘ ╩ ∆╢╙─│⌂ↄ ⌂ Ni ─ ⌐╟╢

─ ╩ ∆╢╕≢⌐│ ∫≡™⌂™[57]-[60] ╕√ Ni ╩ ⇔√ TiNi ─☻♥

fi♩┼─ ╩ ∆╢ ☻♥fi♩│ ⌐ ↕™ ≢ mg ≢№

╢√╘ ─ ⌐⅔™≡╙ ∏⇔╙ kg ─▬fi◗♇♩╩ ∆╢ ≢№╢

│⌂ↄ ⅜ ↕╣╢☻♥fi♩⌐│ Ni ╩ ⌐ ≢⅝╢ ⅜ ⇔

≡™╢≤ ⅎ╠╣╢  

─↓≤╟╡ │≢ⱪכꜟ◓ ☻♥fi♩⌐ ↕╣≡™╢ TiNi ╟╡

╙ ™ⱪꜝ♩כ ╩ ∆╢ TiNi ╩ ∆╢ ≢ Ni ╩ ╟ↄ ≢⅝╢

╩ ™≡ TiNi ╩ ⇔ ∕─ ה ─ ╩ ∫≡⅝√[61]-[67]

⌐│ Ti ⅔╟┘ Ni ╩ ≤⇔ ∕╣╠╩ Ti-50.0~52.0 at.%Ni─

≤⌂╢╟℮⌐ ╩ ⇔√ ╩ ⇔√ ∕─ ─⌂™

⌂ ╩ ∆╢ ╩ ╢√╘ ⱪꜝ☼ⱴ Spark plasma sintering, SPS ╩ ™

╩ ⇔≡ ╩ ╢═ↄ ╩ ⇔√ ⌐ ╩

∆╢√╘─ ╩ ∫√ Fig. 1.9⌐ Ti-50.0~52.0 at.%Ni ⌐ ⇔≡

╩ ⇔√ ─ⱥ☻♥ꜞ◦☻ ╩ ╕√ Table 1.1⌐ⱪꜝ♩כ ≤ ╩ ⇔

√╙─╩∕╣∙╣ ∆ Ni ─ ≤≤╙⌐ⱪꜝ♩כ ─ ⅜ ≢⅝ Ti-52.0 

at.%Ni ≢│ 812 MPa╩ ⇔√ ╕√ ⌐≈™≡│ └∏╖ 3 % ⱪꜝ♩כ

≢ ╩ ⇔√ ≢│ 98.2% └∏╖ 8% ⱪꜝ♩כ ≢ ╩ ⇔√

≢╙ 87.3%≤ ⌂ ╩ ⇔ ≢ ↕╣≡™╢ ≤ ⇔≡

╙ ╣√╙─≢№∫√[57]-[61] ↓─╟℮⌐ ╩ ™≡ ╩ ⌐ ∆╢↓
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╕√ Fig. 1.10⌐∕─ TiNi ─ ─ ╩ ∆ Fig. 1.10

a ≢│ TiNi ⌐⅔™≡ Ti4Ni2O ⅜ ⌐ ⇔≡⅔╡ Fig. 1.10 b ≢│

─ Ti3Ni4 ⅜ ⌐ ⇔√ ╩ ⇔√ ⱪꜝ♩כ ─ │ Ni ⌐

℮ⱴꜟ♥fi◘▬♩ ─ ≤ Ti4Ni2O ─Ⱨfi♬fi◓ ⌐ ⇔ │

Ti3Ni4 ─ ⌐╟╢ TiNi ─∆═╡ ⌐ ∆╢↓≤╩ ⇔√[66]  

 

 

Fig. 1.10  Microstructure observation on shape memory heat-treated TiNi PM alloy[56]. 

 

─╟℮⌐ │ TiNi ⌐⅔™≡ ╣√ⱪꜝ♩כ ≤ ─ ╩

≤∆╢ ≤™ⅎ╢⅜ ⌐ ∆╢☻♥fi♩─ ╩ ∆╢⌐│ ⌂

╢ ⱪꜝ♩כ ≤ ─ ⅜ ≢№╢ ⅎ┌ ™ⱪꜝ♩כ ─╖≢ 100%⅛

╠ ™ ╩ ∆ ≢№∫√ ♦ꜞⱣꜞכ◦☻♥ⱶ ⌐ ↕╣√☻♥fi♩│

⇔√≤⅝⌐ ─ ╕≢ ⅜╠∏⌐ ╩ ≢⅝⌂™ ╕√│ ╛ →⌂≥─

⌐╟╡☻♥fi♩⅜ ⇔≡ ⌂ ⅜ ╠╣⌂™⌂≥─ ⅜ ⅝≡⇔╕℮

╩ ⇔≡╙ⱪꜝ♩כ ⅜ ™ ─ ╩ →╢∞↑─ ⌂ꜝ

☺▪ꜟⱨ◊כ☻╩ √⌂™∞↑≢⌂ↄ ⌐ ≢⅝╢☻♥fi♩─ ⌐ ≢

⅝⌂™ ╕√ ☻♥fi♩ ⌐ ∆╢ Ⱪכꜙ♅│ ≢№╡ ⌐╟∫≡│ ה

─ ⅜ ≤⌂╢↓≤⅜ ⅎ╠╣╢ Ti-52.0at.%Ni ⌂≥ Ni ⅜

™ ─ Ⱪכꜙ♅ ⌂≥─ ⅜ ⌐ ⇔™√╘ ⌂ 2 ╕≢

Extrusion direction

20 ɛmTi4Ni2O 500 nm

Ti3Ni4

(a) (b)
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∆╢≤ ⌂ Ni-rich │ ≢│⌂™ ⅎ┌ ─ Ti-50.5 at.%Ni─

│ 59.6%≤☻♥fi♩ ≤⇔≡ ⅜ ╠╣≡™⌂™[61] ⅎ≡ Ni-rich ⌂

Ti3Ni4─ ⌐╟╡ TiNi ─ Ni │ ∆╢√╘ ⱪꜝ♩כ │

≤ ⇔≡ ∆╢↓≤⅜ ↕╣╢ ∕↓≢ ≢│ ⌐╟╢ Ti3Ni4

─ ⌐ ⇔√ ⌐╟╡ ∆╢ Ti3Ni4 ─ ╛

╩ ⌐ ≢⅝╣┌ TiNi ─∆═╡ ╩ ∆╢∞↑≢⌂ↄ ∕─ ⌐╟∫≡

Ni ─ ╙ ≤⌂╢√╘ ™ⱪꜝ♩כ ≤ ─ ⅜ ≢⅝╢ ╕√

⌐╟∫≡ ∆╢ Ti3Ni4 ⅜ ⌐ ⅎ╢ ⌐ ∆╢ ⌐⅔™

≡ TiNi ≢│ ⅜↕╣≡™╢⅜[67],[69] TiNi ≢│ ⅜╒≤╪

≥⌂™ ⅎ≡ TiNi │☻♥fi♩⌂≥─ ♦Ᵽ▬☻┼ ∆╢√╘─ ⌂

≥─ ⌐ ∆╢ │ ⅜№╢⅜[70] ⌐ ⌐ ⇔≡ ╩ ⇔√

│⌂™  

 

1.2  

≢│ ☻♥fi♩─ ╩ ⇔ TiNi ⌐⅔↑╢ ≤

─ ╩ ⌐ ⌐╟╢ Ti3Ni4 ─♫ⱡ ⌐ ⇔√

⌐≈™≡ ∆╢ ⌐│ ─ ≤ ⅜∕─ ╛

⌐ ╓∆ ⌐≈™≡ ⅛╠ ╠⅛⌐∆╢↓≤≢ TiNi ⌐⅔↑╢

⌂ ⱪ꜡☿☻─ ╩ ∆╢ ╕√ ⌐ TiNi ⅛╠ ⇔√

☻♥fi♩─ ⅔╟┘ ╩ ∂≡ ─☻♥fi♩┼─ ╩

∆╢  

1 ≢│ ⅜ ╗ ⌐⅔™≡ ⅜ ≤ ─ QOL⌐ ⇔

≡⅔╡ ꜟ♥כ♥◌ ⅜ ה ⇔≡⅝√↓≤╩ ⇔√ ꜟ♥כ♥◌─⧵ ♦Ᵽ

▬☻≢№╢☻♥fi♩⌐│ ╩ ∆╢ TiNi ⅜ ↕╣≡⅔╡ ↕╠⌂╢

─ ☻♥fi♩╩ ∆╢√╘⌐│ TiNi ─ ⅜ ≢№╢↓
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≤╩ ⇔√ ╩ ∆╢√╘⌐ ╩ ™╢↓≤─ⱷꜞ♇♩╩ ═╢≤ ⌐

─≢ⱪכꜟ◓ ─ ⌐⅔↑╢ ⱪꜝ♩כ ≤ ╩ ⇔√TiNi

─ ╩ ⇔√ ⇔⅛⇔⌂⅜╠ ∕╣╠│☻♥fi♩┼ ⌐│ ⌂ ≤│ ⅎ∏

⌂╢ ⱪꜝ♩כ ≤ ⅜ ≢№╡ ∕╣╩ ∆╢√╘⌐ ╩

∂√ Ti3Ni4 ─♫ⱡ ⌐╟╢ ⱪ꜡☿☻╩ ⇔√ ╩ ╕ⅎ≡ ─

╩ ⇔√  

2 ≢│ ה ╩ ≤⇔√ TiNi ─

≤ ⌐≈™≡ ═╢ ⌐ TiNi ─ Ni ─ ⅜☻♥fi

♩ ⌐ ╓∆ ⌐≈™≡ ⇔√☻♥fi♩─ ─ ≤ ╩

∆ ↕╠⌐ ⌐ TiNi ╩ ™√☻♥fi♩─ ≤ ╩ ╗ ⌐

≈™≡ ═╢  

3 ≢│ ─ ≤ ─Ɽꜝⱷכ♃כ╩ ↕∑ Ti3Ni4 ╩ ⌐

↕∑√ TiNi ╩ ⇔ ∕─ ╛ ╩ ∆╢ ╕√

⅛╠ ה ─ ╩ ⇔ Ti3Ni4 ─♫ⱡ ⌐╟╢ ⱪ꜡

☿☻╩ ⇔√ ╩ ∆╢≤≤╙⌐∕─ ╩ ∆╢  

4 ≢│ Ni ─ ⌐ ™ ⅜ ⅝ↄ ∆╢ TiNi ╩ ⌂ 3

╩ ∆╢☻♥fi♩⌐ ⇔√ ⌐⅔™≡ ☻♥fi♩─ ⅔╟┘☻♥fi♩ ⌐ ∆╢

Ni ─ ⌐≈™≡ ╩ ™≡ ∆╢ ╕√ ☻♥fi♩─ ⅜

⌐ ╓∆ ≈™≡╙ ⌐╟╡ ⌐ ∆╢  

5 ≢│ TiNi ╩ ™√ ☻♥fi♩╩ ⇔ ☻♥fi♩─ ⅔╟

┘ ⌐╟╢ ╩ ∂≡☻♥fi♩┼─ ╩ ∆╢ ⌐│

Ni-rich ─ TiNi ╩ ⇔≡☻♥fi♩╩ ⇔ Ni ─ ≤ꜝ☺▪ꜟⱨ

─☻כ◊ ╩ ∆╢↓≤≢☻♥fi♩─ ─ ╩ ∆╢ ╕√ ☻♥fi♩╩Ⱪ

♃─ ⌐ 1 ﬞ ⅔╟┘ 3 ﬞ ∆╢ ╩ ∆╢ ☻♥fi♩ ⌐

⅜⌂ↄ ⌂ ⅜ ↕╣≡™╢⅛╩ X ⌐╟╢ ⅔╟┘ ╛ ⌂

≥☻♥fi♩ ─ ╩ ∂≡ TiNi ─ ╩ ∆╢  
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6 ≢│ ≢ ╠╣√ ⅔╟┘ ⌐≈™≡ ⇔√ ≢ TiNi ⌐⅔

↑╢ Ti3Ni4 ─♫ⱡ ⌐╟╢ ⱪ꜡☿☻╩ ⇔√ ─ ⌐≈™≡

═╢ ∕⇔≡ ╩ ⇔℮╢ ☻♥fi♩┼─ TiNi ─ ⌐≈™

≡ ∆╢  
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2.1  

≢│ ☻♥fi♩─ ≤⇔≡ TiNi ─ ה ─

╩ ∆╢√╘⌐ ╩ ≤⇔√ TiNi ╩ ⇔ ╩ ⇔√

♫ⱡ☻◔כꜟ─ ⌐ ∆╢ ⅔╟┘ ─ ╩

⅛╠ ∆╢ ╕√ TiNi │ ─╦∏⅛⌂ ⅜ ⅝ↄ ⌐ ∆╢√╘

⌐ ╩ ≢⅝╢ ╩ ≤⇔√ │ ≢№╡ ∆╢☻

♥fi♩─ ⅔╟┘☻♥fi♩ ⌐ ∆╢ Ni ─ ⌐≈™≡☻♥fi♩╩ ≤

⇔√ ╩ ∂≡ ∆╢ ↕╠⌐│ TiNi ╩ ™≡ ☻♥fi♩

╩ ⇔ ⅔╟┘ ⌐╟╢ ╩ ∂≡☻♥fi♩┼─ ה

╩ ∆╢  

╩ ╕ⅎ≡ ≢│ ᵑTiNi ─ ≤ ᵒ☻♥fi♩─

─ ≤ ᵓ☻♥fi♩─ ≤ ⌐≈™≡ ∆ ∏ᵑ≢│

─ Ti ≤ Ni ─ ⌐╟╢ Ti-Ni ─ ⱪꜝ☼

ⱴ ה ה ─ ⌐≈™≡ ⇔√

⅔╟┘ ─ ה ⌐≈™≡ ∆╢ ™≢ᵒ≢│

╩ ∆╢☻♥fi♩♦◙▬fi⅔╟┘☻♥fi♩─ ╛ → ⌂≥─ ╩ ⇔√

ꜝ☺▪ꜟⱨ◊כ☻╛ ─ ⌐≈™≡ ═╢ ⌐ᵓ≢│ TiNi ╩

™√☻♥fi♩─ ╩ ⇔√ ꜝ☺▪ꜟⱨ◊כ☻⌂≥─☻♥fi♩ ─

Ⱪ♃─ ⌐☻♥fi♩╩ ∆╢ ⅔╟┘ ⌐≈™≡ ∆╢   
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2.2 TiNi  

2.2.1 ⱪ꜡☿☻─  

≢│ Fig. 2.1⌐ ∆ⱨ꜡כꜗ♅כ♩⌐ ≠™≡ TiNi ╩ ⇔ ╩

⇔√ ⇔√ ⌐≈™≡ ה ⅔╟┘ ─ ה ╩ ∫

√ ∆═≡─ ◘fiⱪꜟ│ ⱪꜝ☼ⱴ SPS

╕≢─ ╩ ⇔√ ⌐≈™≡│ Ti3Ni4

─ ≤ ╩ ∆╢ ⅛╠ ≢№╢ ⅔╟┘

╩Ɽꜝⱷכ♃כ≤⇔≡∕╣∙╣─ ⌐≈™≡ ⌐ ⇔√  

≢№╢ Ti ≤ Ni ╩ ∆╢ Ti-Ni

⌐ ⇔≡ ─ ╩ ╢ SPS SPS ⌐ ↕╣√ ╩ ↕∑

╢√╘─ ⌐≈™≡ ∆╢ ∕─ ─ ≤ Ti3Ni4 ─

⌂ ╩ ∫√ ה ה ⌐≈™≡ ∆ ™≡

─ ─ ה ⌐ ⇔≡│ ⱥ☻♥ꜞ◦☻ ⌐╟

╢ ⌐≈™≡ ⌐ ⇔≡│ X ⌐╟╢ ה

⌐≈™≡ ═╢   
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Fig. 2.1  Flow chart of preparation of TiNi alloy in this study. 

 

2.2.2 Ti-Ni ─  

≢│ ⌐ 99.6 %─ Ti TC-450 ◒♇♥כⱱכ♩ 99.6 %

─ Ni SFR-Ni ▪♩ⱴ▬☼ ╩ ⇔√ ◙כ꜠─ /

LA-950 HORIBA ⌐╟╢ ╩ Fig. 2.2⌐ ∆ Ti

≤ Ni ─ⱷ☺▪fi  │∕╣∙╣ 30.3 µm≤ 6.90 µm≢№╡ ≤╙

╩ ⇔√ ⌐ Ti ≤ Ni ∕╣∙╣─ SEM ╩ Fig. 2.3⌐ ∆ Ti

Consolidation of pre-mixed powder by SPS 
process at 1323 K, 40 MPa, 60 min

Hot extrusion at 1373 K for preparation of 
TiNi alloy rod

Shape memory heat treated TiNi alloy at 
various temperatures and holding time.

Homogenization heat treatment
at 1273 K, 720 min

Elementally Ti-Ni pre-mixed powder

Mixing by table ball milling under 
rotating speed of 90 rpm, 180 min

Pure Ti powder Pure Ni powder

Solution heat treatment
at 1273 K, 60 min
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│ ⇔√ Ti╩ ╩ ℮ [1]⌐╟╡ ↕╣≡⅔╡

⌂ ∫√ ─ ╩ ⇔√ Ni │ ╩ ™≡ ─ ≤

╩ ⌐ ™ ╩ ∆╢ ▪♩ⱴ▬☼ [2]╩ ™≡⅔╡ ⌐ ™ ╩ ⇔

√ ─ ╩ Table 2.1⌐ ∆ Ti │ ╝ⅎ⌐ ≤ ╩╦∏

⅛⌐ ⇔≡™╢─⅜ ≢⅝╢⅜ Ni ≢╙ 0.33 mass%≤ ™ ⅜ ⇔≡

™√ ↓╣│ ▪♩ⱴ▬☼ ⌐⅔™≡ ≢№╢ Ni ≤ ⅜ ∆╢√╘ Ni

─ ⌐ ⇔≡™╢ ♦Ᵽ▬☻╛ ▬fiⱪꜝfi♩ ─ TiNi

─ ⌐ ∆╢ ASTM 2063-12≢│ ≤ ╩ ╦∑≡ 0.050 mass% ⅜

↕╣≡™╢ ≢│ ⌐⅔™≡ ⌐ ⅜ ↄ ╕√ ╛

⌂≥─ ⌐⅔™≡╙ ─ ⅜ ⅎ╠╣╢ ⇔√⅜∫≡ TiNi ╩

☻♥fi♩⌐ ∆╢ ⌐ ∆╢ ╩ ∆╢↓≤⅜ ≤⌂╢ ╕√

⌐⅔™≡ ⌂≥─ ╩ ↕∑√ⱪꜝ☼ⱴ Plasma rotating 

electrode process, PREP ⅜№╡ ⌐⅔™≡ TiNi ▬fi◗♇♩⅛╠ PREP⌐

≡ ⇔√ TiNi ╩ ™≡ TiNi ╩ ⇔√ ⅜№╢[3]-[4] ↓─

⌂ TiNi ╩ ∆╢ ╩ ∆╢√╘ ⌐ ⌂ ╩ ╠╣ TiNi ≤

─ ╩ ⇔√ ⇔⅛⇔⌂⅜╠ Ti≤ Ni─ ╩ ⌐ ∆╢↓≤⅜ ≢

─ ⅜ ↄ ▬fi◗♇♩⅛╠ TiNi ⌐ ∆╢√╘ ◖☻♩≢№╢ ⌐

TiNi │ ⱴꜟ♥fi◘▬♩ ⅜ TiNi ─ Ni ⌐ ⌐ ≢№╡[5]-[7]

Ti ≤ Ni ╩ ⌐⇔√ │ ≤ ⇔≡ ─ ≢─

╛ ─ ⅜ ≢№╢√╘ ⌂ ≢№╢≤ ⅎ╠╣╢  

≢│ 310 K ≢ ╩ ∆═ↄ Ti-Ni │ Ti-50.5 at.%Ni 

╩ ≤⇔√[8]-[10] │ Ti ≤ Ni ╩∕╣∙╣ ⱪꜝ☻

♅♇◒ ⱳ♇♩⌐ ⇔ ⱲכꜟⱵꜟ AV-2 ▪◘ⱥ ╩ ™≡ ∫√

╕√ ⌂ Ti-Ni ╩ ╢√╘ ZrO2 Ⱳכꜟ YTZ Ⱳכꜟ כ♩◌♇♬ ɫ

10 mm 5 1 :Ⱳכꜟ ╩ ─ ≤ ⌐ ⇔ 90 rpm

180 min─ ⌐≡ ⇔√  
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Fig. 2.2  Particle size distributions of pure Ti powder (a) and pure Ni powder (b) used as raw materi-

als in this study. 

 

 

Fig. 2.3  Morphologies of pure Ti powder (a) and pure Ni powder (b) used as starting raw materials 

in this study. 
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20 ɛmd50 = 6.9 µm

(b) Pure Ni powder

20 ɛmd50 = 30.3 µm

(a) Pure Ti powder
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Table 2.1  Chemical compositions of pure Ti and pure Ni powders in mass%. 

 

 

2.2.3 ⱪꜝ☼ⱴ  

≢│ SPS ⱪꜝ☼ⱴ Spark plasma sintering [11]╩ ™≡ Ti-Ni

─ ╩ ∫√ SPS │ ♄▬⅔╟┘ ─Ɽfi♅─ ⌐ ╩ ⇔

─Ɽfi♅⌐ ⇔≡ ⇔√ ≢ Ɽꜟ☻ ╩ ∆╢ ≢№╡ ⱱ♇♩ⱪ꜠☻

╛ Hot isostatic pressing, HIP ⌂≥⌐ ═≡ ה ≢ ≢⅝╢≤™

℮ ╩ ∆╢ ╕√ ─ ⌐╟╢ ─ ╙№╡ ╟╡

⇔√ ⅜ ╠╣╢ ╙ ∆╢ ≢│ SPS SPS-1030S SPS◦fi♥♇◒

☻ ╩ ™≡ 6 Pa 1323 K 20 K/min 40 MPa

60 min ─ ≢ 36 mm ↕ 50 mm─ ╩ ⇔√  

 

2.2.4  

SPS ≢│ ה ─ ⅜ ╠╣╢⅜ ⌐ ╣√ ≤⇔≡│

⌂ ⅔╟┘ ≢│⌂™ ╕√ TiNi ⌐│ ⇔√╟℮⌐ ─

⌐ ∆╢ Ti4Ni2O ⅜ ⇔≡⅔╡ ↓─ Ti4Ni2O ⅜ ∆╢≤ ─ ≤

⌂╡℮╢ ∕─√╘ ╟╡ ─ ≢ Ti4Ni2O ⅜ ≢ ⌐ ⇔√ ╩

╢√╘⌐ ╩ ⇔√ ⌐│ ☺כⱷ▬♪ꜟכ◗ RHL-P610C

ULVAC ╩ ™≡ TiNi ⱦ꜠♇♩╩▪ꜟ◗fi Ar ●☻ ⌐⅔™≡ 1373 K ≢

10 min ⇔√ 2000 kN SHP-200-450 ⌐╟╡

∟⌐ ╩ ⇔√ │ 6 ◖fi♥♫ ◖37 mm ♄▬☻ ◖15 

Chemical compositions (mass%)

O N H C Fe

Pure Ti powder 0.21 0.02 0.04 0.01 0.03

Pure Ni powder 0.33 - - 0.01 0.006
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mm ꜝⱶ 6 mm/s ≤⇔ 15 mm ↕ 150 180 mm─ ╩

⇔√  

 

2.2.5 ≤  

TiNi │ ⌐ ↕╣≡™╢ ⌐⅔™≡ Ti≤ Ni─ ≢ Ti2Ni TiNi3

⌂≥─ ⅜ ⇔╛∆ↄ ∕╣╠│ⱴꜟ♥fi◘▬♩ ╩ ∆╢ │ TiNi

─ ⌐∆╢↓≤⅜ ╕⇔™↓≤⅛╠ ─ TiNi ≢│ ─ ╩ ∆

╢√╘⌐ │ ⅜ ↕╣╢[12] TiNi ≢│ ⌐╟╡

Ti4Ni2O ⅜ ↕╣√ ≢№∫≡╙ Ti2Ni TiNi3 ⌂≥─ ─ ⅜

ⅎ╠╣ TiNi ─ ⌐∆╢ ⅜№╢[13] ╕√ ↓╣╠─ ─ ⌐╟∫≡

─ TiNi ─ ⅜ ∆╣┌ ≤∆╢ ╛ ⅜ ╠╣⌂™  

∕↓≢ ≢│ ⌐ ⇔≡ ─ ╩ ∆╢√╘⌐ ╩

∫√ │ Ti ⅔╟┘ Ni ─ ⅜ ≤⌂╢ ≢№╢↓≤⅜ ╕⇔™

⅜ 1390 K ⌐ ∆╢ ╩ ⅎ╢ ≢ ⇔√ ⌂ ⌐╟╡

⅜ ⇔ ⌂ ⅜ ╠╣⌂™[14] ╟∫≡ 1273 K 720 min

40 Pa ─ ⌐≡ FT-1200R-120 FULL-TECH ╩ ™≡

╩ ⇔√ │ ─ ╩ ∆╢√╘

╩ ⇔⌂⅜╠ ⅜ 373 K ╕≢ ⇔√ ⌐ ╩ ╡ ⇔√  

╩ ⇔√ TiNi │ ™≡ ╩ ↕╣╢↓≤⅜ ™

[12]-[13] ⌐ TiNi ─ │ ╩ ∆╢↓≤≢ ╩ ↕

∑╢ ≢№╢ │ Ti3Ni4 ⅜ TiNi ⌐ ⇔╛∆™ ≢№

╢√╘ Ni ⅜ ™ ⌂ Ti3Ni4 ⅜ ⌐ ∆╢≤ ─ Ni ⅜ ⇔ ≤⇔≡ⱴ

ꜟ♥fi◘▬♩ ⅜ ∆╢↓≤≢ ─ ⌐≈⌂⅜╢ [14]-[15] ≢

⌂ Ti3Ni4 ⅜ TiNi ⌐ ⌐ ⇔√ TiNi ≤─ ⅜ ™ Ti3Ni4 ⅜

∆═╡ ╩ ⇔ ∕─ ⅜ ∆╢ ∕─ ≤⇔≡ ─ ⅜
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╠╣╢[14]-[15] ⇔√⅜∫≡ ≢│ ≤ ─ ╩ ⇔ ⌂ Ti3Ni4

─ ⌐╟╢ ⌐ ∆╢ ╩ ∆╢  

√∞⇔ ─ ⌐⅔™≡ 1273 K─ ⌐ ⅜ 373 K ⌐⌂

╢╕≢ │ ⌐ ↕╣√↓≤⅛╠ Ti3Ni4 ⅜ ∑∏ ↕╣≡™╢ ⅜№╢

∕↓≢ ╩ ∆ ⌐ ⇔√ Ti3Ni4 ╩ TiNi ⌐ ↕∑╢√╘⌐

╩ ⇔√ ╩ ∫√ │ ▬♪ꜟכ◗

ⱷכ☺ ╩ ™≡ 1273 K 2 K/s 60 min Ar ●☻ 3 ǎ/min≢

∟⌐ ╣╩ ⇔√ ⌐│ ⱴ♇ⱨꜟ FT101

FULL-TECH ⌐≡ 573 773 K 0 240 min Ar ●☻ 3 ǎ/min─ ≢

⇔√ ∟⌐ ╣╩ ⇔√  

 

2.3  

2.3.1 ⅔╟┘  

 Fig. 2.4 ⌐ ∆ ⌐⅔™≡ ╩ ℮═ↄ ⅛╠ ╩ ה ╘

SIMPLIMENT1000 BUEHLER ⇔√ #400~#4000 ⌐≡

╩ ™ ™≡▪ꜟⱵ♫ 0.05 µm ╩ ™√Ᵽⱨ ⌐╟∫≡ ╩ ⌐

→√ ⌐│ FE-SEM Scanning electron microscope JSM-6500F

JEOL ⅔╟┘ TEM Transmission electron microscope JEM-2100F JEOL

╩ ⇔ ⌐│ EDS ◄Ⱡꜟ◑כ X Energy dispersive X-ray 

spectroscopy JED-2300 JEOL ╩ ™√ ─ ⌂╠┘⌐ ⌐│

XRD X X-ray diffraction XRD-6100 ╩ ⇔√ ⌂⅔ TEM

│ FIB Focused ion beam ▬○fiⱦכⱶ FB-2000S Ɫ▬♥◒

ⱡ꜡☺כ☼ ⌐≡ ⇔√  
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Fig. 2.4  Microstructural observation and TEM analysis area of extruded TiNi alloy. 

 

2.3.2  

│ ⅛╠ ⌐ ⌐ ⇔ Fig. 2.5⌐ ∆╟℮⌐ 3 mm

↕ 15 mm≤⇔ ┼─ │Ⱡ☺ ≤⇔√ │ AUTOGRAPH 

AG-X 50 kN ╩ ™≡ └∏╖ 5.0×10-4 /s 298 K ≢ ╩

⇔√ ⌂⅔ └∏╖ ⌐│ CCD◌ⱷꜝ⌐╟╢ └∏╖ ╩ ™√ ◌ⱷꜝ◦☻♥

ⱶ⌐╟╢ └∏╖ │ Fig. 2.6⌐ ∆╟℮⌐ ─ ⌐ⱴכ◌כ╩ ⇔

CCD◌ⱷꜝ⌐╟∫≡ⱴכ◌כ ╩ ⇔⌂⅜╠ ⌐╟∫≡ ┘╩ ∆╢╙─≢№

╢ └∏╖ɚ│ 2.1 ≢ ⇔√ ↓↓≢ l0│ l │

≤∆╢  

‐ =                                     (2.1) 

╕√ TiNi │ ╩ ⇔≡™╢√╘ ⇔√ ─ ─ ╩ ℮ ⅜

№╢ │ ◘▬◒ꜟ ─ ╩ ⇔≡⅔╡ ⇔√└∏╖ ╕≢ ⌐◒

꜡☻Ⱬ♇♪⅜ ⇔√ ⇔≡ ─ ╕≢◒꜡☻Ⱬ♇♪⅜ ⇔ ─ ≤

└∏╖╩ ≢⅝╢ ↓─ ╩ ⱥ☻♥ꜞ◦☻ ≤™℮ Fig. 2.7⌐ⱥ☻♥ꜞ◦☻

≢ ╠╣╢ └∏╖ ─ ╩ ∆ └∏╖ └∏╖ ɚt%╕≢ ╡ ∕

─ ⇔√ ⌐ ɚr %─ └∏╖⅜ ∂√≤∆╢≤ R│ 2.2 ─╟℮⌐

∆↓≤⅜≢⅝╢  

Observation area

Extrusion direction
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Ὑ =                                    (2.2) 

≢│ ⱪꜝ♩כ ─ 3 %≤ⱪꜝ♩כ ╩ ⅎ≡ ⌐№╢ 8 %─ └

∏╖╩ ⇔ ∕─ ∆╢ⱥ☻♥ꜞ◦☻ ╩ ⇔√ │ 5.0×10-4 /s≤⇔

298 K ≢ ⇔√   

 
Fig. 2.5  Geometry of tensile test specimen (in mm). 

 

 
Fig. 2.6  Schematic illustrations of tensile testing equipment. 
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Fig. 2.7  Schematic illustrations of stress-strain curve by hysteresis tensile test. 

 

 

2.4  

2.4.1 ☻♥fi♩─ ⸗♦ꜟ≤  ♃כ♦

≢ ↄ ↕╣≡™╢ ☻♥fi♩│ 6 8 mm ↕ 40 200 mm≢№

╡ ⌐ ⇔≡ ∂♦◙▬fi╩ ╡ ∆╙─⅜ ™↓≤⅛╠ ⌐ ™╢☻♥

fi♩─ ╩ 6 mm× ↕ 20 mm≤⇔√ ∕─☻♥fi♩─♦◙▬fi─ 2 ╩ Fig. 

2.8⌐ ∆ ∕─ ♁ⱨ♩►▼▪ NX 10 Siemens PLM Software ╩ ™≡☻♥fi♩♦◙▬

fi╩ 3 ⇔ ☻♥fi♩ ⅜ 200 160 120 80 µm≤⌂╢╟℮⌐ ⸗♦ꜟ╩

⇔√ ☻♥fi♩─ ⸗♦ꜟ╩ Fig. 2.9⌐ ∆ ⇔√ │ ≢ ☻♩

ꜝ♇♩ ─ ⌐ ⇔≡ 4 ⌐ ⇔≡ 3 ≤⌂╢╟℮⌐⇔√ ⱷ♇◦ꜙ

│ Fig. 2.9 b ⌐ ↕╣╢ ╡ ⇔ ∆╢ ⌐ ⇔≡ ─☻♥fi♩⅜ ⌐⌂╢

╟℮⌐ ╩↕∑√≤⅝─ └∏╖ ╩ ⌐ ⇔√ ↓─≤⅝ ☻♥fi♩─

⸗♦ꜟ─ │ 157872 │ 257922⌐ ⇔√  

St
re

ss

0 Strain (%) ŮtŮ
Residual strain

Pre-strain
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⌐ ─ ♁ⱨ♩►▼▪Mentat ® 2015, Marc ® 2015 MSC Software 

Corporation ╩ ⇔≡ ─♃כ♦ ⅔╟┘ ─ ≤ ╩ ⇔

√ TiNi │ ≢ ∕╣╩ ∆╢√╘⌐ ╩ ⇔√ ⸗♦ꜟ≤⇔

─ ╩ ™√[16]  

Ὂ = Ὂ Ὂ                  (2.3) 

↓↓≢ Ὂ │ ⌐⅔↑╢ Ὂ │ ⌐ ⇔√ ⅛╠⌂╢

≢ └∏╖ ╟╡ ∆╢[17] │♃כ♦ ⌐⅔™≡ ⇔√ Ti-50.5

51.0 52.0 at.%Ni ─∕╣∙╣─ⱥ☻♥ꜞ◦☻ ≢ ╠╣√ ╩ ⌐ ⇔√[8]  

 

Fig. 2.8  2D CAD model of stent. 
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Fig. 2.9  3D finite element model of stent (a) and details of strut (b). (157872 elements, 257922 

nodes) 

 

Ti-50.5 51.0 52.0 at.%Ni ─ ⌐⅔™≡ ╛ꜘfi◓ ╩│∂╘≤∆╢

╩ ⇔√ ╩ Table 2.2 ⌐ ∆[17] ↓↓≢ ♩▬♫♩☻כ○ ⅔╟┘ⱴꜟ♥fi◘▬

♩ ─ⱳ▪♁fi │ 0.3 ≤⇔[18] Slope of the stress-dependence of austenite / martensite 

start-finish temperatures [19]╩ 3.03 MPa/K≤⇔√[20]-[21]  

 

 

 

 

 

 

 

 

 

(a)

(b)

Z

Y
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Table 2.2  TiNi material properties in finite element analyses. 

 

 

Fig. 2.10 ⌐ⱥ☻♥ꜞ◦☻ ╩ ⇔√ ⸗♦ꜟ╩ ⇔ ∕─ ≤

[8]╩ ∆ ↓─≤⅝─ ⸗♦ꜟ│ 0.2 mm ≢ ↕ 0.4 mm─ ≤⇔

─ 16≤ 45≢ ↕╣≡⅔╡ 2.3.2 ≤ ∂╟℮⌐ ⌂ ≤⌂╢╟

℮⌐ ─ ╩ ⇔ ─ ⌐ ⇔≡ 3%─└∏╖╩ ⅎ╢ⱥ☻♥ꜞ◦☻ ≤⇔√

Fig. 2.10│∕─⸗♦ꜟ─ ─ ⌐⅔↑╢ Z ─ ≤└∏╖╩ ⇔ └∏╖

╩ ⇔√╙─≢ ≤ ⌡≡ ⇔√ Ti-50.5 51.0 52.0 at.%Ni ─∆═

≡≢ ⌐╟╢ └∏╖ ≤ ⌐╟╢ └∏╖ ⅜ ⌂∫≡⅔╡ ╟ↄ

⇔≡™╢↓≤⅜ ≢⅝╢ ⌐│ Ti-50.5 51.0 52.0 at.%Ni ─ⱪꜝ♩כ │

Ti-50.5
at%Ni

Ti-51.0 
at%Ni

Ti-52.0
at%Ni

Young's modulus of austenite /MPa 45432 44462 50354

Austenite Poisson's ratio 0.3 0.3 0.3

Young's modulus of martensite /MPa 32765 28857 36861

Martensite Poisson's ratio 0.3 0.3 0.3

Initial stress for austenite to martensite /MPa 335.2 475.3 783

Final stress for austenite to martensite /MPa 466 602.7 1021.2

Initial stress for martensite to austenite /MPa 330.8 484.8 858.6

Final stress for martensite to austenite /MPa 46.3 127.4 533.8

Reference temperature /K 298 298 298

Slope of the stress-dependence of martensite
start-finish temperatures [MPa/K] 3.03 3.03 3.03

Slope of the stress-dependence of austenite 
start-finish temperatures [MPa/K] 3.03 3.03 3.03
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≢∕╣∙╣ 402 MPa 541 MPa 908 MPa≢ ≢∕╣∙╣ 427 MPa 528 MPa

870 MPa ≤⌂╡ ╟ↄ ⇔≡™╢↓≤⅜ ≢⅝╢ ⌐ ─ └∏╖

─ Fig. 1.6⌐⅔↑╢ 0 ќ a ќ b─ ⅜ ∂≢№∫√ ─ ╟╡

⌐ ⇔√ ─♃כ♦ ╩ ⇔√   

 

 

Fig. 2.10  Stress-strain curves of experimental results with strain rate 5.0×10-4 s-1 and finite element 

analysis results of Ti-50.5 at.%Ni alloy (a), Ti-51.0 at.%Ni alloy (b) and Ti-52.0 at.%Ni alloy (c) 

and finite element model of tensile coupon. 

 

2.4.2  ꜝ☺▪ꜟⱨ◊כ☻ ⅔╟┘ ─  

⅔╟┘ Ni ⅜ ⌂╢∕╣∙╣─☻♥fi♩⌐ ⇔≡ꜝ☺▪ꜟⱨ◊כ☻╩ ∆╢

─ꜝ☺▪ꜟⱨ◊כ☻ ≤ ⌐ Fig. 2.11⌐ ∆╟℮⌐ 12 ─ ↕ 1 mm

↕ 24 mm ╩ ⌐ ⇔√◒ꜞfiⱤכ╩ ⇔ ↓╣╩ ─ ⌐
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↕∑╢↓≤≢◒ꜞfiⱤכ─ ⌐ ↕╣√☻♥fi♩⅜ ⇔√ ╩ ⇔√ ◒ꜞfiⱤ

─כ │ 1 mm≤⇔ ⸗♦ꜟ─ │ 288 │ 600≢ │☻♥fi

꜠☻ SUS304 ≤⇔≡ꜘfi◓ 190 GPa≤∆╢ ⸗♦ꜟ≤⇔√ ☻♥fi♩│

80 200 µm≢ ꜘfi◓ │ 50 GPa ≢№╢√╘ ◒ꜞfiⱤכ─ │ ⌂ↄ☻♥fi

♩─╖⅜ ⅝ↄ ∆╢↓≤⅛╠ ◒ꜞfiⱤכ│ ⌐ ™ ╩ ∆ ╕√ ─☻

♥fi♩│ 310 K ⌐⅔™≡ ╩╙≈ ☻♥fi♩≢№╡ ◒ꜞfiⱤ

╩♩fi♥☻≢כ ↕∑╢≤ 6 mm ⌐ ⇔╟℮≤∆╢ ⅜ ⌐ ∆╢

∕─ ⌐ ∆╢ ─ ╩ ∆╢↓≤≢ꜝ☺▪ꜟⱨ◊כ☻╩ ⇔√ ⸗

♦ꜟ≢ ∆╢≤ ☻♥fi♩≤ ∆╢◒ꜞfiⱤכ ─ ⌐№╢∆═≡─

⌐ ∆╢ ─ ─ ╩ꜝ☺▪ꜟⱨ◊כ☻≤ ⇔√ ꜝ☺▪ꜟⱨ

☻כ◊ ─ │ 6 mm─☻♥fi♩╩ 2 mm⌐ ↕∑√ ◒ꜞfiⱤכ⅜

─ ⌐ ╢╟℮⌐◒ꜞfiⱤכ─ ⌐ ⇔≡ ╩ ⅎ√ ╕√ ⌐

⅔™≡☻♥fi♩≤◒ꜞfiⱤכ│ ≤⇔ ꜝ☺▪ꜟⱨ◊כ☻│ 0≤⇔√  

 

 

Fig. 2.11  Illustration of crimper (a), finite element model of crimper (288 elements, 600 nodes) (b) 

and radial force in expanding stent (c). 

 

Stent

Crimper/ Stainless steel (high Young’s modulus),
thickness; 1 mm

Stent/ TiNi alloy (low Young’s modulus),
thickness; 80, 120, 160, 200 µm

(a) (b) (c)
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╕√ ☻♥fi♩│ ↕╣╢ ⌐⅔↑╢ ╩ ∆

╢√╘⌐ ╘ ╖ ⌐ ∂√ ≢─ ⅜ ≢№╢[22] ─ →⌐

╟╡ │ ⇔ r = 45 mm, 48°─ → [23] 8.1%─ ─ 0.21°

/mm─⌡∂╡─ ⅜ ∂╢[24] ∕↓≢ ≢│ Fig. 2.12⌐ ∆╟℮⌐ ☻♥fi♩

─ ≤ Rigid punch A ╩ ⇔ ─ Rigid punch B ╩ ⇔√ ⌐⅔

™≡╙℮ ─ Punch A ⌐ ⇔≡ ╩ ⇔√ ╕∏ → │

45 mm → 48°≤⌂╢╟℮⌐ Rigid punch B╩- X ⌐ ╩ ⅎ√ ⌐

─ │ ↕ 20 mm─☻♥fi♩⅜ 10% ∆╢╟℮⌐ 2 mm ↕∑√ ⌐

⌡∂╡ │ ☻♥fi♩─ ╩ ⌐ 6° ∆╢ ╩ ⇔√  

 

 

Fig.  2.12 Sketch of the set up for the deformation modes. 

 

 

 

 

 

 

 

Rigid punch B
(fix)

Rigid punch A
(load)

Center of rotation

Stent: 20 mm

Stent

Torsion angle: 6 degree

Bending angle: 48 degree

Axial compression: 2 mm

X

Z



2   

42 

2.5 TiNi  

2.5.1  TiNi ╩ ™√☻♥fi♩─  

☻♥fi♩ ─ⱨ꜡כꜗ♅כ♩╩ Fig. 2.13⌐ ∆ ☻♥fi♩│ ꞉▬ꜘכ╩ ─ ⅜

⌐⌂╢╟℮⌐ ╪≢ ∆╢◖▬ꜟ☻♥fi♩≤♅ꜙכⱩ╩꜠כ◙◌♇♩⌐╟╡ ⌂♦

◙▬fi⌐ ╡ ⇔≡ ╢№⅜♩Ⱪ☻♥fiכꜙ♅╢∆ ≢│ ☻♥fi♩─

╒≤╪≥⌐ ╩♩Ⱪ☻♥fiכꜙ♅╢™≡╣↕ ∆╢↓≤≤⇔ TiNi ─ ⅛

╠☻♥fi♩⌐ ─Ⱪכꜙ♅╢∆ ☻♥fi♩ ♩♇◌◙כ꜠ ╩ ™≡─☻♥fi♩

╩ ↕∑╢√╘─ ╩ ⇔√ ☻♥fi♩⌐ ∆╢ │ ∕─

╩ Ti-50.5 at.%Ni Ti-51.0 at.%Ni Ti-52.0 at.%Ni ─ 3 ≤⇔ │

ⱪꜝ☼ⱴ ╩ 2.2 ≤ ∂ ≤⇔

╩ 773 K 60 min≤⇔√   
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Fig. 2.13  Flow chart of preparation of TiNi alloy tube and stents in this study. 

 

─ ╡☻♥fi♩│ ─♦◙▬fi≤⌂╢╟℮⌐♅ꜙכⱩ⌐꜠כ◙◌♇♩∆╢↓

≤≢ ↕╣╢ ◙כ꜠ ─☻♥fi♩─ ╩ Fig. 2.14⌐ ∆ ◙כ꜠ ⌐╟∫≡

☻♥fi♩─ │ ╩ ↑ ⇔≡⅔╡ ⌐♪꜡☻─ ⅜ ≢⅝√ ∕─

☻♥fi♩⌐ ⌂ ⅝ ≤⇔ ╛♪꜡☻╩ ∆╢⅜ ∕─ ⌐☻♥fi♩☻♩ꜝ♇

♩⅜ ∆╢ ⅜ ∂√ ∕─ ╩ Fig. 2.15⌐ ∆ ⌐│ ⌂ Ti4Ni2O

⅜ ⇔≡⅔╡ ∕─ Ti4Ni2O ⅜ ≤⌂╡ ╩ ↄ ⇔√╙─≤ ⅎ╢  

Consolidation of pre-mixed powder by SPS 
process at 1273 K, 40 MPa, 60 min

Hot extrusion at 1373 K for preparation of 
TiNi alloy rod

Tubing by electrical discharge machining 
(EDM)

- Homogenization heat treatment at 1273 K, 720 min
- Solution heat treatment at 1273 K, 60 min
- shape memory heat treatment at 773 K, 60 min

TiNi pre-mixed powder

Mixing by table ball milling under 
rotating speed of 90 rpm, 180 min

Ti-52.0 at%NiTi-50.5 at%Ni Ti-51.0 at%Ni

Laser cutting of stents

Electropolishing of stents
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Fig. 2.14  Outer surface (a) and cross section (b) of Ti-50.5 at.%Ni alloy tube after laser cutting. 

 

 

Fig. 2.15  SEM images of fracture surface using water atomized Ni powder. 

 

∕↓≢ ≢│ ◙כ꜠ ⌐ ∆╢ Ti4Ni2O ─ ╩ ∆╢√╘

─ ™ ▪♩ⱴ▬☼ Ni ≢│⌂ↄ ꜟ♬Ⱳכ◌─ Ni ╩ ⇔√

Ti ⌐≈™≡│ 2.2≤ ∂ ╩ ⇔√ ꜟ♬Ⱳכ◌ Ni ─ ≤

╩ Table 2.3⌐ ─ SEM ╩ Fig. 2.16⌐∕╣∙╣ ∆ ▪♩ⱴ▬☼ Ni

Table 2.1 ≤ ∆╢≤ ꜟ♬Ⱳכ◌ Ni │ ⅜ 0.33 mass%⅛╠ 0.09 mass%

⌐ ↕╣ ≢ │ 0.07 mass%≤ ⇔≡™╢ ╕√∕─ │ ☻Ɽ▬◒

─ ╩ ∆╢ ─ ╩ ⇔√ ↓↓≢ Fig. 2.17⌐ ▪♩ⱴ▬☼ Ni ╩ ⇔√

⇔√☻♥fi♩ Ti-50.5 at.%Ni ꜟ♬Ⱳכ◌≥ Ni ╩ ⇔≡ ⇔√☻♥fi♩

200µm200µm

(a) (b) 

50µm 5µm

Ti4Ni2O
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Ti-52.0 at.%Ni ─ ─ SEM ╩ ∆ ▪♩ⱴ▬☼≢ ⇔√☻♥fi♩─ ⌐

│ Ti4Ni2O ⅜ ↄ ⇔≡™√⅜ ꜟ♬Ⱳכ◌ Ni ╩ ™√☻♥fi♩│ Ti4Ni2O

─ ⅜ ↕╣≡⅔╡ ∕─ Ti4Ni2O ╙ ↕™↓≤⅜ ≢⅝╢ ╝ⅎ⌐ כ◌

Ⱳ♬ꜟ Ni ╩ ™╢↓≤≢☻♩ꜝ♇♩─ ⅜ ↕╣╢  

 

Table 2.3 Powder characteristics and chemical compositions of pure carbonyl Ni powder. 

 

 

 

Fig. 2.16  SEM observation images of pure carbonyl Ni powder used as starting raw materials. 

 

 

Fig. 2.17  SEM observation images of stent surface after electrolytic polishing using water atomized 

Ni powder (a) and carbonyl Ni powder. 

Process Mean particle 
diameter / µm

Chemical compositions (mass%)

O N H C Fe

Ni Carbonyl 3.8 0.09 - - 0.07 0.0004

5 ɛm

Carbonyl-Ni

5 µm 5 µm

Ti-52.0 at%Ni (carbonyl Ni powder)Ti-50.5 at%Ni (water atomized Ni powder )
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⌐ ☻♥fi♩─ ⌐≈™≡│ Ⱪ♃─ ⌐☻♥fi♩╩ ∆╢ ╩

⌐ ╩ ⇔√ ⌐ ☻♥fi♩│ ⌂☻♥fi♩ ╩ ╢√╘⌐

╟╡╙ ⅝⌂☻♥fi♩╩ ∆╢ ≢ ∆╢Ⱪ♃ 40 kg ─

─ ⌐ ™ │ 4.5 mm ≢№╢↓≤⅛╠[25] ∆╢☻♥fi♩─ │ 6  

mm≤⇔ ↕│ 20 mm≤⇔√ ∟⌂╖⌐ⱥ♩─ │ ≢ 7 13 mm

≢ 7 10 mm ≢ 5 7 mm ≢ 2 3 mm≢[26]-[27] Ⱪ♃│ⱥ♩─

⌐ ⇔≡™╢≤↕╣≡™╢[28] ☻♥fi♩♦◙▬fi⌐≈™≡│ NiTi ≤

╩∆╢√╘⌐ ☻♥fi♩≤ ∂♦◙▬fi≤⌂╢╟℮꜠כ◙◌♇♩⇔√ ⌐ ☻♥fi

♩ ─ ≤ ─√╘─ ╩ ⇔ Fig. 2.18 ⌐ ∆╟℮⌐☻♥fi♩─

⅜ 200 µm≤ 120 µm≤⌂╢╟℮ ⇔√ ⌐≈™≡ │ 10 ⱷ♃ⱡכ

ꜟ≤⇔  243 K 20 V≢ ∫√ ╕√ ─ │ ╩ ⇔ Fig. 2.19⌐

∆╟℮⌐ 10 nm─ TiO2─ ⅜ ↕╣√  

 

 
Fig. 2.18  Image of whole stent (a), side view of strut using PM Ti-51.0 at.%Ni alloy stent (b) and 
commercial NiTi stent (c). 

b

c

a

200ɛm

200ɛm

5mm

h = 120 µm

h = 200 µm
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Fig. 2.19  Auger Electron Spectroscopy analysis of stent surface after electrolytic polishing. 

 

2.5.2  ☻♥fi♩╩ ™√ꜝ☺▪ꜟⱨ◊כ☻  

╠╣√☻♥fi♩⌐ ⇔≡ ꜝ☺▪ꜟⱨ◊כ☻ Blockwise RFJ + RJA62 ╩ ™

≡ꜝ☺▪ꜟⱨ◊כ☻╩ ⇔√ ☻♥fi♩╩ ↕∑╢√╘─◒ꜞfiⱧfi◓Ⱬ♇♪╩ Fig. 2.20

⌐ ∆ ꜝ☺▪ꜟⱨ◊כ☻ RF│ Fig. 2.21 (a)≢ ⌐ ∆╟℮⌐ ⇔√ ─ ⌐

⌐ ↕╣╢ ─ ⅝↕─ ≢№╢⅜ ─ ─ ╛ ╩ ∆╢↓≤

│ ≢⌂™ ≢│ Fig. 2.20≢ ↕╣╢╟℮⌐☻♥fi♩ ⌐ ℮ꜝ☺▪ꜟⱨ◊

☻כ RF─ ╩ Fig.2.20≢│ X ─ ≤∕─ ⌐ ∆╢ ≤⌂∫≡⅔

╡ ─ ╩ Fig. 2.21 (b)⌐ ∆╟℮⌂ ⌐ ∆╢ ≢№╢ⱨכⱪⱨ◊כ☻HF

Hoop Force, ≤⇔≡ ∆╢∆╢↓≤≢ꜝ☺▪ꜟⱨ◊כ☻ RF╩ ╘≡™╢

⌐│ D ↕ L─ ⌐ P⅜ ↕╣╢≤∆╢≤ P│ ─

≢ ≢⅝╢  
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ὖ =                                        (2.4) 

ⱨכⱪⱨ◊כ☻ HF│ P≤ ─ ⌐ ⇔™↓≤⅛╠ 

Ὄ𝐻𝐻 =                                       (2.5) 

≤⌂╢ ⇔√⅜∫≡ 2.3 ≤ 2.4 ╟╡ꜝ☺▪ꜟⱨ◊כ☻ RF│ ─ ≢ ∆↓≤

⅜≢⅝╢[30] ≢│ ꜝ☺▪ꜟⱨ◊כ☻╩☻♥fi♩─ ⅛╠ 2 mm ↕∑√≤⅝─

≤⇔√  

Ὑ𝑅𝑅 = 2“𝜋𝜋𝜋𝜋                                    (2.6) 

 

 

Fig. 2.20  Illustration of crimping head of radial force testing machine [29]. 

 

 

Fig. 2.21  Illustration of calculation principle of radial force (a) and hoop force (b). 

(a)                                                   (b)                        

D

L

Hoop force Hoop force

Pressure, P
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2.5.3  ☻♥fi♩─ ⌐⅔↑╢  

☻♥fi♩⅜ ≢ ╩ ∆╢↓≤≢ ╩ ∆↓≤╩ ∆╢√╘

2 mm⌐ ↕∑√☻♥fi♩╩ 255 K─◄♃ⱡכꜟ ⌐ ⇔ ∕─ 310 K╕≢

⇔⌂⅜╠☻♥fi♩─ ╩ ⇔ ─ 6 mm ⌐ ╢ ╩ ╘√  

 

2.5.4  TiNi ☻♥fi♩─ ⌐⅔↑╢  

─ │ ☻♥fi♩ ≤⇔≡ ⌐ ↕╣╢ TiNi ≢│⌂ↄ

≢ ⇔√ ≢№╢√╘ ☻♥fi♩ ≤⇔≡ ∆╢ ⌐╟╢

╛ ⌂≥─ ─ ⅜ ≤ ⅎ╠╣╢[31]-[32] ∕↓≢ ≢│ ☻♥fi♩╩

Ⱪ♃─ ⌐ ∆╢ ╩ ™ 1 ﬞ ≤ 3 ﬞ ─ ─

≤☻♥fi♩ ⇔√ ─ ╩ ∫√ ⌐ ™√☻♥fi♩

│ Ti-51.0 at.%Ni ≢№╡ ☻♥fi♩─ │ 120 µm≤⇔√ ↓╣│ ≤⇔≡

⇔√ ─☻♥fi♩ ⌐│ Ni ⅜ 50 51 at% TiNi ╩ ™≡™╢↓≤⅛╠

─ ≤⇔√ ╕√ Ti-51.0 at.%Ni─ │ [8]⌐⅔™≡ ≤ ⌂

╩ ⇔≡⅔╡ 310 K ≢ ╩ ∆╢ ≢╙№╢ ☻♥fi♩

⌐≈™≡│ ≢ꜟⱣכ꜡◓ ↕╣≡™╢☻♥fi♩─ ≢ ≤ ≠↑≢⅝╢╟℮⌐

120 µm≤⇔√[33]-[34] │ 1ﬞ ≤ 3ﬞ ∕╣∙╣ 9 ⇔√

─ │ ╩ ⇔ ♦☺♃ꜟ X X

◦☻♥ⱶ ⱷ♦▫◌ꜟ◦☻♥ⱶ☼  Infinix Celeve-i INFX-8000C ╩ ™≡ ╩

™ Quantitative vascular analysis, QVA ⌐╟╡ ⇔√ │

≤ ─ ─ ≢№╢ Late lumen loss, LLL ╩ ─ ╩

™≡ ⇔√[35]  

ὒὒὒ (άά) = Ὀ Ὀ                                (2.7) 

↓↓≢ D0 mm │☻♥fi♩ ─ D mm │ ─ ≢№╢  
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2.5.5  ⌐╟╢ ─  

⇔√ ⌐≈™≡│ ⌐ ╩ ∫√ ╩ ⇔√ ↓─≤⅝ ☻

♥fi♩≤ ─ ⅜ ⇔ↄ ⌂╡ ─Ⱶ◒꜡♩כⱶ⌐╟╢☻ꜝ▬☻ ≢│

⅜ ╣╢ ╣⅜№╢↓≤⅛╠ ⌐╟╢ ╩ ⇔√ ∕─ Ⱬⱴ♩◐

◦ꜞfiה◄○☺fi ⅔╟┘◄ꜝ☻♅fi ╩ ∫√ Fig. 2.22 ⌐☻♥fi♩ ─

⌂ ─ ╩ ∆ Fig. 2.22 a │☻♥fi♩ ≢ Fig. 2.22 b │ 1ﬞ

╛ 3 ﬞ ⌂≥ ⇔√≤⅝─ ≢№╢ ☻♥fi♩⅜ ↕╣╢≤

⌐ ↕╣╢ Internal elastic lamina ⅜ ⌐ ↕╣√ ╩≤╡ ≤

≤╙⌐☻♥fi♩╩ ℮╟℮⌐ Neointima ⅜ ↕╣╢ ↓─ ─ ⅜

⅝ↄ⌂╢≤ Vessel lumen │ ↕ↄ⌂╡ ╩ ⅝ ↓∆ ╝ⅎ⌐ ☻♥fi♩

─ ⌐⅔™≡ ─ ─ Area atenosis, AS (%) ≤

Neointima area, NA /mm2 ╩ ™≡ ∆╢↓≤⅜ ↄ[36] ⌐⅔™≡│

─ ⌐╟∫≡ ⇔√  

ὃὛ = × 100                              (2.8) 

ὔ𝑁𝑁 = ὍὉ𝐼𝐼𝐼𝐼 ὒ𝐿𝐿                           (2.9) 

↓↓≢ IELA│ ─ mm2 LA│ ─ mm2 ≤∆╢  

⌂⅔ │♥ꜟ⸗ ─ ╩ ≡ ∫√   

 

 
Fig. 2.22  Illustration of histopathology as-implanted (a) and after stent implantation (b). 

Neointima area, NA

Stent strut

Internal elastic lamina, IEL

Lumen area, LA

Implanted 0 day Implanted X days

(a) (b)
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Ti-50.5 at.%Ni ⌐⅔™≡ ╕╕ As-SHT ⅔╟┘ 773 K≢

╩ 0 240 min≤ ↕∑√ ─ ╩ Fig. 3.1⌐ ⱪꜝ♩כ
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─└∏╖ 8%╕≢─ⱥ☻♥ꜞ◦☻ ╩ Fig. 3.3⌐ ∆ ╕√ ∕╣╠ ☻ⱥה
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Fig. 3.1  Tensile behaviors of PM Ti-50.5 at.% Ni alloy after shape memory heat treatment at 773 K 

for 60 min. 
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