
⢊ᮎ෬㔠ἲ࡛స〇ࡓࡋ⢊ᮎ෬㔠ἲ࡛స〇ࡓࡋ⢊ᮎ෬㔠ἲ࡛స〇ࡓࡋ⢊ᮎ෬㔠ἲ࡛స〇ࡓࡋ TiTiTiTi----HApHApHApHAp 」ྜᮦᩱ」ྜᮦᩱ」ྜᮦᩱ」ྜᮦᩱࡢ≉ᛶࡢ≉ᛶࡢ≉ᛶࡢ≉ᛶ    

᪥⏕⏘ᕤ㸦㝔㸧 ۑ㔝 ༟ဢ  

᪥⏕⏘ᕤ     ஂಖ⏣ ṇᗈ 

1.1.1.1. ⥴⥴⥴⥴    ゝゝゝゝ    
⢊ᮎࡢΰྜࡣ࡛ࢫࢭࣟࣉ㸪యⓗ࡞⢏Ꮚࡋ࡞ࢆ⩌ࡀ

࡚ࢆື⛣࡞ࡁ㉳ࡍࡇᑐὶΰྜ㸪ᒁ㒊ⓗ࡞⢏Ꮚ⩌ࡀ⛣

せࡢࡘ3ࡓࡗ࠸ΰྜ㸪ᣑᩓΰྜ᩿ࢇࡏࡍࡇ㉳ࢆື

ࣥࣟࣝ࢝ࢽ࢝㸬࣓ࡿࡍ⏝సྠࡀ࣒ࢬࢽ࣓࢝࡞

ࡢࡘ3ࡽࢀࡇ㸪ࡣἲ (Mechanical Alloying : MA) ࢢ

せྠࢆ࣒ࢬࢽ࣓࢝࡞Ⓨ⌧࡞⬟ྍࡀࡇࡿࡍ⢊ᮎ

✺⾪ࡢኈྠ࣮ࣝ࣎㸪ࡤ࠼㸬ࡿ࠶࡛ࢫࢭࣟࣉΰྜࡢ

▷ࡢቑ㸪ᣑᩓ㊥㞳ࡢ✚ᛂ㠃ࡾࡼΰྜ᩿ࢇࡏࡿࡼ

ࡢ࣮ࢠࣝࢿ࢚㸪ᶵᲔⓗ㸬ྠࡿࡏࡉ㐍ಁࢆ⦰

ࡵࡓࡿ࡞㸪Ᏻᐃࡋኚែつ๎⢏Ꮚ࡞Ᏻᐃࡾࡼ

ྍࡀࡇࡿࡏࡉ㐍ಁࢆᅛ┦ᛂࡕࢃ࡞ࡍᣑᩓΰྜ㸪

ࡼࡢࢫࢡࢵ࣑ࣛࢭࡾࡼ㸪ᑐὶΰྜࡽࡉ㸬ࡿ࠶࡛⬟

ࡏࡉศᩓᚤ⣽ࡘᆒ୍ẕᮦ୰ࢆᙉ┦⢏Ꮚ࡞࠺

ࡿࢀࡉ㐩ᡂࡀ㧗ᙉᗘ࡚ࡗࡼࢀࡇ㸪࡛⬟ྍࡀࡇࡿ

ࡿ࠸࡚ࢀࡽ▱ࡀࡇ 1)㸬 
◊✲ᑐ㇟ࢱࢳࡓࡋ  ࣥ (Ti) ࡣ㸪㧗ẚᙉᗘ㸪㧗⪏㣗

ᛶࢆ᭷ࡋ㸪ᙎᛶ⋡ࡀ⣙ 106 GPa 2)ࢫࣞࣥࢸࢫ㗰ࡸ

Co-Cr-Mo ྜ㔠ࡢ࡞㔠ᒓ⣔⏕యᮦᩱẚ࡚పࡃ㸪

⓶㉁㦵ࡢᙎᛶ⋡ࡢ 20 GPa 3)㏆ࡽࡇࡍ♧ࢆ್࠸

ேᕤ⫤㛵⠇ࡢ࡞་⏝ᮦᩱከࡿ࠸࡚ࢀࡽ࠸⏝ࡃ㸬ࡋ

⤖᥋┤㦵ࡀ⭷⓶ືែࡿࢀࡉᙧᡂ㠃⾲ࡢ㸪Tiࡋ

ࡉ♧ࢆ㸪㦵ఏᑟᛶࢀࡉయάᛶᮦᩱ⏕ࡵࡓ࠸࡞ࡋྜ

ࣁࡿࡍ᭷ࢆᡂ⤌ࡓࡋ㢮ఝᡂศࡢ㸪㦵ࡋࡋ㸬࠸࡞

Tiࢆ (HAp : Ca10(PO4)6(OH)2) ࢺࢱࣃࢩ࢟ࣟࢻ
⾲㠃ಟ㣭ࡿࡏࡉඃࡓࢀ㦵ఏᑟᛶࡋ♧ࢆ㸪ࢀࡒࢀࡑ

࡛⬟ྍࡀࡇࡿࡍస〇ࢆᮦᩱྜ「ࡓࡋάࢆ㛗ᡤࡢ

ࡿ࠶ 4)㸬 
ᅛᡂᙧࡓ࠸⏝ᨺ㟁࣐ࢬࣛࣉ↝⤖  (Spark 

Plasma Sintering : SPS) ἲࡣ㸪ࢆࢧ࣮࢝ࣜࣉస〇ࡏ

㸪〇㐀ࡵࡓࡿ࠶࡛⬟ྍࡀ⤖↝㛫࡛▷ࡘప 㸪ࡎ

ᕤ⛬ࡏࡉ⦰▷ࢆ㸪ࡘMAฎ⌮࡚ࡗࡼᚓࡓࢀࡽ㧗

ຍ౯್ࢆ᭷ࡿࡍ⢊ᮎࡢ≉ᛶࢆᦆࡿࡁ࡛⤖↝ࡎࢃ࡞㸬 
ᮏ◊✲࡛ࡣ㸪⢊ᮎ෬㔠ἲࡾࡼTi୰HApࢆᆒ୍

࡞ࡍ㸬ࡓࡳヨࢆ〇ࡢTi-HAp」ྜᮦᩱࡓࡏࡉΰྜ

HApࡧࡼ࠾ᶵᲔⓗ≉ᛶ㸪ࡓࡋ㐺య⎔ቃ⏕ࡢ㸪Tiࡕࢃ
㸪MAࡵࡓࡍάࢀࡒࢀࡑࢆᶵ⬟ᛶࡢ ฎ⌮㛫ࡸ

HAp ῧຍ㔞ࢆኚࡏࡉ㸪MA ⢊ᮎࡧࡼ࠾SPS ᮦࡢᵓ

ᡂ┦ࡢኚࡀࡽࢀࡑࡧࡼ࠾◳ᗘཬࡍࡰᙳ㡪ࢆ᫂ࡽ

 㸬ࡓࡋⓗ┠ࢆࡇࡿࡍ
 

2.2.2.2. ᐇᐇᐇᐇ    㦂㦂㦂㦂    ᪉᪉᪉᪉    ἲἲἲἲ    
2.12.12.12.1    ౪ヨᮦࡢస〇౪ヨᮦࡢస〇౪ヨᮦࡢస〇౪ヨᮦࡢస〇    
ᮏ◊✲࡛⏝ࡓ࠸⣧ Ti ⢊ᮎࡣ㸪Ỉ⣲࣭⬺Ỉ⣲⢊ 

(Hydrogen De-Hydride : HDH) ࡛㸪⣧ᗘ99.5 %㸪⢏

Ꮚᚄ44ࡀ μm௨ୗ࡛ࡿ࠶ (ओࣞࢡࢵࣜࢱ࣓)㸬⢊ᮎ

࡛✲◊㸪ᮏࡿࡼTable 1Table 1Table 1Table 1ࡓࡋ♧ࢆᡂศᯒ⤖ᯝ⤌ࡢ

ඖ⣲ࡍࡰཬࢆᙳ㡪࡞ࡁ㸪ᶵᲔⓗᛶ㉁ࡣ⢊ᮎࡓ࠸⏝

㸪ࡓࡲ㸬ࡓ࠸࡚ࢀࡲJIS 3✀┦ᙜྵࡀ㓟⣲ࡿ࠶࡛ࡘ㸯ࡢ

HAp⢊ᮎࡣ⏕యᮦᩱ◊✲⏝ (ග⣧⸆ᕤᴗओ) ࢆ⏝

 㸬ࡓࡋ
Table 2Table 2Table 2Table 2 ⢊ᮎྛ࡚࠸⏝ࢆ⛗⢭ᐦኳࢆ㓄ྜ⤌ᡂࡍ♧

₶ࡢ⌮㸪MAฎࡽࡉ㸬ࡓࡋ㔞⛗࠺ࡼࡿ࡞g 10ࡀ

ຓ (Process Control Agent : PCA) ࡚ࡋ㸪ࢸࢫ

 0.25ࡣ㸪ῧຍ㔞࠸⏝ࢆ 㓟 (CH3(CH2)16COOH)ࣥࣜ
g୍ᐃࡓࡋ㸬ࡢࡽࢀࡇ⢊ᮎ┤ᚄ6 mmࡢᕤල㗰〇

ࡢmm 64ࡉᚄ51 mm ×㛗┤ࢆ 70ಶ (70 g)࣮ࣝ࣎

ᕤල㗰〇ᐜჾࢫ࢞ࣥࢦࣝ㞺ᅖẼ୰࡛ධࡓࡋ㸬ᮏ

㸬ࡓࡋ7:1୍ᐃࡣ㔜㔞ẚࡢTi⢊ᮎ࣮ࣝ࣎㸪ࡣ࡛✲◊

MA ฎ⌮ࡣ㸪ືᆺ࣑࣮ࣝࣝ࣎ SPEX8000  㸪࠸⏝ࢆ
MAฎ⌮㛫14.4ࡣ ks (4 h)㸪28.8 ks (8 h) 2ࡢ᮲௳

 㸬ࡓࡋ
MA ฎ⌮ࡓࡋ⢊ᮎࢆᨺ㟁࣐ࢬࣛࣉ↝⤖⨨ (ఫ▼

Ⅳ㖔ᴗओ SPS-1050) ࡛ᅛᡂᙧࡓࡋ㸬MA ⢊ᮎ 7 g
ࣕࢳ㸪ࡋධ㯮㖄ᆺࡢmm 40ࡉᚄ20 mm×㧗┤ࢆ

࡛ࢳࣥࣃ㸪㯮㖄ࡕಖPa⛬ᗘ 40ࢆᗘ✵┿ࡢෆ࣮ࣂࣥ

ᅽຊࢆຍ࡚࠼㸪㧗ࡉ⣙5 mmࡢ↝⤖యࢆస〇ࡓࡋ㸬࡞

「ࡿࡍື⛣ࡀ୧᪉ࡢୗ㒊ࡧࡼ࠾㒊ୖࡣࢳࣥࣃ㸪㯮㖄࠾

㸪㸪㸪㸪᪼ ㏿ᗘࡣ௳㸬↝⤖᮲ࡿ࠶ຍᅽ᪉ἲ࡛ࡢࣉࢱື

1.67 K/s㸪↝⤖ ᗘ1273 K㸪ຍᅽຊ49 MPa㸪ಖᣢ

㛫180 sࡓࡋ㸬ࡋࡔࡓ㸪Pure Ti⢊ᮎࡢ↝⤖ ᗘࡢ

࣮࣮࡚࣌ࣥ࣎࢝ࡋ㸪㞳ᆺࡓࡲ㸬ࡓࡋK 1073ࡳ

 㸬ࡓࡋ⏝ࢆ࣮ࣃ
 2.22.22.22.2    ᮦᩱ≉ᛶࡢホ౯ᮦᩱ≉ᛶࡢホ౯ᮦᩱ≉ᛶࡢホ౯ᮦᩱ≉ᛶࡢホ౯    

MAฎ⌮๓ᚋࡢ⢊ᮎࡢࡸࡉࡁᙧែࢆ㉮ᰝᆺ㟁Ꮚ㢧

ᚤ㙾 (JEOL JSM-5410) ࡚࠸⏝ࢆほᐹࡓࡋ㸬࣮ࣥ࣎࢝

ᑟ㟁ୖࣉ࣮ࢸ⢊ᮎࢆᅛᐃࡋ㸪ຍ㏿㟁ᅽ10 kV࡛ほᐹ

ࡽ┿ࡓࡋ㸪グ㘓ࡣᖹᆒ⢏Ꮚᚄࡢ㸬⢊ᮎࡓࡋ 30 ಶ

㸪ࡽࡉ㛗ࡢ㛗㍈ࡢ⢊ᮎࡢࡑ㸪ࡧ㑅సⅭ↓ࢆ⢊ᮎࡢ

ୖ 2 ಶ㸪ୗ 2 ಶࢆ㝖ࡓ࠸ 26 ಶࡽࢱ࣮ࢹࡢồࡵ

Properties of Ti-HAp Composite Materials Produced by Powder Metallurgy 

Takuya OHNO and Masahiro KUBOTA 

Materials Designation

Ti-0 mass%HAp Pure Ti
Ti-10 mass%HAp Ti-10 HAp
Ti-20 mass%HAp Ti-20 HAp
Ti-30 mass%HAp Ti-30 HAp

TableTableTableTable    2222        Test materials and designation. 

Material
Analyzed Composition

䠄mass%䠅

Experimentally used
pure Ti

O䠖0.31% N䠖0.012%
H䠖0.016% Fe䠖0.028% C䠖0.009%

JIS 3 Grade
(max)

O 0.35% N 0.05%
H 0.0125% Fe 0.25% C 0.1%

TableTableTableTable    1111        Composition of experimentally used 
and JIS 3 grade Ti powders. 
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 㸬ࡓ

MA ⢊ᮎࡧࡼ࠾ SPS ᮦࡢྜ≀┦ࡣ㸪X ⥺ᅇᢡ

⨨ (ᓥὠ XRD-610) ྠ࡚࠸⏝ࢆᐃࡓࡋ㸬MA⢊ᮎࡣ

ࣝ࣍ヨᩱ࡚࠸⏝ࢆΰྜ⁐ᾮࡢࣥ࢜ࢪࣟࢥ࣑ࣝࢯ

㸪CuKα⥺ (λࡣ㸬 ᐃࡓࡋ౪㸪 ᐃࡋᅛᐃ࣮ࢲ
=1.54056Å) ࡚࠸⏝ࢆ⟶㟁ὶ 60 mA㸪⟶㟁ᅽ 40 kV

࡛ᅇᢡ㏿ᗘ 1.66×10-2 °/s ᅇᢡゅᗘࡧࡼ࠾ 2θࡀ 20

㹼80°ࡢ⠊ᅖ࡛⾜ࡓࡗ㸬ࡓࡲ㸪SPSᮦࡶ⾲㠃ࢆ◊☻ᚋ㸪

MA⢊ᮎྠᵝࡢᅇᢡ᮲௳࡛ ᐃࡓࡋ㸬    

MA⢊ᮎࡣࡉ◳ࡢ㸪⢊ᮎࢆᶞ⬡ᇙࡵ㎸ࡳ㸪࣓࢚ࣜ

࣮⣬࡛◊☻ᚋ㸪࡚ࡋࢆ☻◊ࣇࣂ㸪ࢫ࣮࢝ࢵࣅࣟࢡ࣐

࣏ヨ㦂ᶵ࡛㸪Ⲵ㔜10 g㸪ಖᣢ㛫15 s࡛㸪15ࡉ◳

࢚ࢆຍᅽ㠃ࡢ㸪SPSᮦࡣࡉ◳ࡢ㸬SPSᮦࡓࡋᐃ ࢺࣥ

࣓࣮ࣜ⣬࡛◊☻ᚋ㸪ࡉ◳ࢫ࣮࢝ࢵࣅヨ㦂ᶵ࡚࠸⏝ࢆ㸪

Ⲵ㔜1 kg㸪ಖᣢ㛫20 s࡛㸪7ࢺ࣏ࣥ ᐃࡓࡋ㸬

㸬Ỉ୰ࡓࡵồࢆᐦᗘࡢSPSᮦ࡚࠸ᇶ࡙ἲࢫࢹ࣓࢟ࣝ

㉁㔞ࡢ ᐃ࡛ࡣSPS ᮦࡢ⾲㠃ࣥࣇࣛࣃࢆฎ⌮ࡓࡋ㸬

ࡎࡏ៖⪄ࢆᡂ⏕ࡢ┦≀㸪ྜࡣᐃ ࡢ㸪┦ᑐᐦᗘࡓࡲ

 㸬ࡓࡋ⟭ィ
 
3.3.3.3. ᐇᐇᐇᐇ    㦂㦂㦂㦂    ⤖⤖⤖⤖    ᯝᯝᯝᯝ    ࡧࡧࡧࡧ    ࡼࡼࡼࡼ    ࠾࠾࠾࠾    ⪃⪃⪃⪃    ᐹᐹᐹᐹ    
3.13.13.13.1    MAMAMAMA ⢊ᮎࡢ⢊ᮎࡢ⢊ᮎࡢ⢊ᮎࡢ≉ᛶ≉ᛶ≉ᛶ≉ᛶ    

MAฎ⌮๓ᚋࡢ⢊ᮎࡢࡸࡉࡁᙧែࡢኚࢆFig. 1Fig. 1Fig. 1Fig. 1

ࢀࡒࢀࡑࡣ 㸬(a)㸪(b)ࡍ♧ MA ฎ⌮๓ࡢ Ti ⢊ᮎ࠾

 Pureࡓࡋ⌮MA 4hฎࡣ 㸬(c)㸪(d)ࡿ࠶HAp⢊ᮎ࡛ࡧࡼ

Ti⢊ᮎ㸪Ti-10 HAp⢊ᮎ࡛ࡿ࠶㸬Pure Ti⢊ᮎࢆMA

ฎ⌮ࡓࡋሙ  ྜ (c)㸪ࡿࡼ࣮ࣝ࣎⢊○࡚ࡗࡼ㸪MA
ฎ⌮๓ࡢᙧែ (a) ࡽゅࡀ๐ࢀࡽ㸪ࢆࡳᖏࡀࡿࡧ㸪

⢊ᮎ⾲㠃ࡣẚ㍑ⓗᖹࡿ࠶࡛ࡲࡲ࡞ࡽ㸬ࡋࡋ㸪Ti-10 

HAp ⢊ᮎࢆMA ฎ⌮ (d) ࡿࡍࢆࡳᖏ࡛ࡅࡔࡿࡧ

㸪ࡣ㠃⾲ࡢࡇ㸬ࡿࡁㄆ࡛☜ࡀพฝᵓ㐀࡞ᚤ⣽㠃⾲ࡃ࡞

HAp ⢊ᮎࡢ⾲㠃 (b) 㢮ఝࡽࡇࡿ࠸࡚ࡋ㸪MA

ฎ⌮୰Ti⢊ᮎࡢ⾲㠃HAp⢊ᮎࡀ╔ࡢࡶࡓࡋ

พฝᵓࡢ 㸪Ti-10 HAp⢊ᮎ⾲㠃 (d)ࡓࡲ㸬ࡿࢀࡽ࠼⪄

㐀ࡣ㸪HAp ⢊ᮎ⾲㠃 (b) ࡢพฝᵓ㐀ࡾࡼᚤ⣽࡛ࡿ࠶

HApࡿ࠶࡛ࢫࢡࢵ࣑ࣛࢭ࡚ࡗࡼ⌮㸪MAฎࡽࡇ
ࡽ࠼⪄ࡓࡋ╔㸪Ti⢊ᮎ⾲㠃ࡋᚤ⣽ඃඛⓗࡀ

㸪ࡶ⢊ᮎ࡛ࡓࡋ⌮㸪MA 8 hฎࡣพฝᵓ㐀ࡢࡇ㸬ࡿࢀ

Ti-20 HAp㸪Ti-30 HAp࡛ࡶ☜ㄆࡓࢀࡉ㸬ࡓࡲ㸪ࡢࡇ

ࡼ㟁ゎࢻ࣮ࢯ࢝㸪⌫≧Ti↝⤖యࡣพฝᵓ㐀࡞࠺ࡼ

㠀ᖖ㠃⾲ࡢሙྜࡓࡋ⌮㠃ฎ⾲࡚ࡗࡼ㟁╔ἲࡿ

㢮ఝࡓ࠸࡚ࡋ 4)㸬ᑠ㔝ࡿࡼ✲◊ࡢࡽ㸪Ti⾲㠃㸪

࡞࠺ࡼࡢࡇ HAp ຠࢆ㸪㦵ఏᑟᛶࡣయ⤖↝ࡓࡋᯒฟࡀ

ᯝⓗ㐍⾜ࡿࡏࡉሗ࿌  㸬ࡿ࠸࡚ࡋ(4

㸪ࡣࡽᯝ⤖ࡢᖹᆒ⢏Ꮚᚄࡓࡋ㸪ᮏ◊✲࡛ ᐃࡽࡉ

Ti-HApΰྜ⢊ᮎࡣMAฎ⌮ࢆࡶ࡚ࡋ⢏Ꮚࡢᚤ⣽

ࡓࡋ╔㸪Ti⢊ᮎ⾲㠃ࡣࢀࡇ㸬ࡓࡗ࡞ࢀࡽࡵㄆࡣ

ᚤ⣽࡞ HAp ⢊ᮎࡀ㸪⢊ᮎྠኈࡢ᥋ྜಁࢆ㐍ࡶࡓࡏࡉ

 㸬ࡿࢀࡽ࠼⪄ࡢ

Fig. 2Fig. 2Fig. 2Fig. 2MAฎ⌮4ࢆ h୍ᐃࡋ㸪HApῧຍ㔞ࢆኚ

ࡓࡏࡉࡢ⢊ᮎࡢᅛ┦ᛂ㐣⛬ࡍ♧ࢆ㸬Ti-10 HAp
⢊ᮎࡣࡽ㸪Pure Ti⢊ᮎྠᵝ㸪α-TiTiH2ࡢ

ᅇᢡྠࡀࢡ࣮ࣆᐃࡓࢀࡉ㸬ࡣࢀࡇ㸪MA ฎ⌮୰ Ti

⢊ᮎࣥࣜࢸࢫ㓟୰ࡢỈ⣲ࡀᅛ┦ᛂࢆࡇࡓࡋ

♧၀ࡿ࠸࡚ࡋ 5)㸬Ti-10 HAp⢊ᮎ࡚࠸࠾㸪HApࡀ☜

ㄆࡣࡢࡓࡗ࡞ࢀࡉ㸪HApࢫࣇࣝࣔࡀࡵࡓࡓࡋ

ᅇࡢHApࡣ㸬୍᪉㸪Ti-20 HAp⢊ᮎ࡛ࡿࢀࡽ࠼⪄

ᢡྠࡶࢡ࣮ࣆᐃࡓࢀࡉ㸬ᚑ࡚ࡗ㸪Ti-10 HAp⢊ᮎࡼ࠾

ࡣHApࡶ࡚ࡋࢆ⌮㸪MAฎࡣTi-20 HAp⢊ᮎ࡛ࡧ

ᅛ┦ศゎࡎࡏ㸪⢊○ΰྜࡓࢀࢃ⾜ࡳࡢ᥎ᐹࡓࡋ㸬

ࡽࡵㄆࡀኚ࠸ࡋⴭ┦ᵓᡂࡣ㸪Ti-30 HAp࡛ࡋࡋ

ࡀTiNࡧࡼ࠾㸪CaO㸪CaTiO3࠼ຍ㸪α-Ti㸪TiH2ࢀ

ྠᐃࡓࢀࡉ㸬ᮏ◊✲࡛⏝ࡓ࠸HApࡣ㸪CaO/P2O5 (ࣔ
ࣝẚ 3.23㹼3.43) ྜࡽᡂࡵࡓࡿ࠸࡚ࢀࡉ㸪MA ฎ⌮

㸪ྜᡂඖ⣲࡛ࡇࡇ㸬ࡿࢀࡽ࠼⪄ࡓࡋᅛ┦ศゎࡾࡼ

ࡿ࠶࡛ CaO ࡗ࡞ࢀࡉᐃྠࡀ㸪P2O5ࡀࡓࢀࡉᐃྠࡣ

  㸬ࡓࡋᐹ⪄ࡽほⅬࡢ࣮ࢠࣝࢿ࢚ᶆ‽⏕ᡂࢆ⏤⌮ࡓ

|ΔG°||␗ࡿ࡞㓟≀࣒࢘ࢽ࣑ࣝࢆῧຍࡓࡋ MA

࠸ࡉᑠࡢ||°㸪|ΔG࡚࠸࠾ CuO ࡸ Fe2O3࡛ࡣ㸪MA
ฎ⌮୰ࡧࡼ࠾ᅛᡂᙧࡢᅛ┦ᛂ࡚ࡗࡼ㸪|ΔG°||

࡞ࡁࡢ Al2O3ࡀ⏕ᡂࡋ㸪㓟≀୰ࡢ㔠ᒓࡀ㑏ඖࢀࡉ

ࡿ࠸࡚ࢀࡉሗ࿌ࡿ 1)㸬⏕ᡂࡓࡋ㓟≀ࡢᶆ‽⏕ᡂ⮬

ࢆᗘ⥺ᅗ ‐࣮ࢠࣝࢿ࢚⏤ Fig. 3Fig. 3Fig. 3Fig. 3    6)ࡍ♧㸬P2O5    ࡢ

|ΔG°||ࡀ CaO㸪CaTiO3ࡢ|ΔG°||ࡾࡼᑠࡵࡓ࠸ࡉ

PࡣMAฎ⌮୰㑏ඖࡿࢀࡽ࠼⪄ࡓࢀࡉ㸬࠾࡞㑏ඖ

ࡓࢀࡉ P ⣙ࡀ㸪ἛⅬࡣ 550 K ࡵࡓ࠸ప㠀ᖖ MA

ฎ⌮୰ࡢᦶ᧿⇕࡚ࡗࡼ࡞Ⓨࡢࡶࡓࡋ᥎ᐹࡋ

㸪CaTiO3ࡓࡲ㸬ࡓ ⏕㸪ྠ㸪ᅛ┦ศゎࡣᡂ⏕ࡢ

ᡂࡓࡋ CaO  Ti ⾲㠃ࡢ㓟⭷ TiO2ࡀᅛ┦ᛂࡓࡋ

ᐃྠࡀTiO2ࡾࡼ㸪Fig. 2Fig. 2Fig. 2Fig. 2࡛ࡇࡇ㸬ࡿ࠸࡚ࡋ၀♧ࢆࡇ

Fig. 1Fig. 1Fig. 1Fig. 1        SEM micrographs of mechanically 
alloyed powder ; (a)None MA pure Ti, (b)    None 
MA pure HAp, (c) MA 4 h pure Ti and (d)MA 4 
h Ti-10 HAp. 

20 μm

(a)

(c)

(b)

(d)

20 μm20 μm

20 μm

Fig. 2Fig. 2Fig. 2Fig. 2        X-ray diffraction patterns of 
mechanically alloyed 4 h powders with the 
addition of 0.25 g PCA. 
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㸪Tiࡣࡢࡓࡗ࡞ࢀࡉ ࠸పࡢᬗᛶ⤖ࡣ⭷⓶ືែࡢ

TiO2ࡽᡂࡿ࠶࡛ࡵࡓࡿ࠸࡚ࡗ 7)㸬TiNࡢ⏕ᡂ⌮⏤ࡣ㸪

MAฎ⌮࡛ࡇࡓࡋ⢊ᮎࡀ㠀ᖖάᛶ࡞≧ែࡾ࡞㸪

X ⥺ᅇᢡࡢ㝿㸪✵Ẽ୰ࡢ❅⣲ᅛ┦ᛂࡵࡓࡓࡋ᥎

ᐹࡓࡋ㸬ྛHAp ῧຍ㔞ࡿ࡞␗ࢆMAฎ⌮㛫࡛ẚ㍑

㸪ࡽࡇࡓࡗ࡞ࢀࡽࡵㄆࡀኚࡢ┦ᯝ㸪ᵓᡂ⤖ࡓࡋ

HAp⢊ᮎࡢᅛ┦ศゎࡣ㸪MAฎ⌮㛫ࡾࡼHApῧຍ

㔞౫Ꮡࡿࢀࡽ࠼⪄ࡿࡍ㸬 
HAp ῧຍ㔞ࡧࡼ࠾ MA ฎ⌮㛫ᑐࡢࡉ◳ࡿࡍኚ

ࢆ ᐃࡓࡋ⤖ᯝࢆFig. 4Fig. 4Fig. 4Fig. 4ࡍ♧㸬MAฎ⌮4ࢆ h

Ti-20 HApࡧࡼ࠾Pure Ti⢊ᮎ㸪Ti-10 HAp⢊ᮎࡓࡋ
⢊ᮎࡣࡉ◳ࡢ㸪୍ࡰᐃ್ࡓࡋ♧ࢆ㸬ࡣࢀࡇ㸪Fig. 2Fig. 2Fig. 2Fig. 2

HApࡾࡼ㸪Fig. 1Fig. 1Fig. 1Fig. 1࠼ຍࡇ࠸࡞ࡀኚ┦ᵓᡂࡾࡼ

⢊ᮎࡀTi⢊ᮎ⾲㠃╔ࡋ㸪᥋ྜಁࢆ㐍࡛ࡇࡓࡏࡉ㸪

Ti ⢊ᮎࡢຍᕤࡢࡳࡎࡦᑟධࢆᢚไ࠼⪄ࡵࡓࡓࡋ

Pure Ti⢊ᮎࡓࡋ⌮㸪MA 8 hฎࡣഴྥࡢࡇ㸬ࡿࢀࡽ

㸬ࡓࢀࡽࡵㄆᵝྠࡶ࡚ࡋᑐTi-10 HAp⢊ᮎࡧࡼ࠾

MA 4 hฎ⌮ࡓࡋTi-30 HAp⢊ᮎࡀ㸪ྠPure Ti⢊ᮎ

⏕ࡾࡼ㸪Fig. 2Fig. 2Fig. 2Fig. 2ࡣࡢࡓࡋ㸪⣙100 HVྥୖ࡚ࡋẚ㍑

ᡂࡓࡋྜ≀ࡿࡼᙳ㡪ࡿࢀࡽ࠼⪄㸬ࡋࡋ㸪MA 8 
hฎ⌮ࡓࡋTi-30 HAp⢊ᮎࡣ࡚࠸࠾㸪ⴭࡢࡉ◳࠸ࡋ

ࡓࡋ⌮㸪MA 8 hฎࡣࢀࡇ㸬ࡓࡗ࡞ࢀࡽࡵㄆࡣୖྥ

Ti-20 HAp⢊ᮎྠࡶᵝ࡛ࡀࡿ࠶㸪⢊ᮎࡢ⤖ᬗᏊࡢࡁ

ཬࢆᙳ㡪ࡉ◳ࡶᑟධ㔞ࡢࡳࡎࡦࡿࡍᑐ⢊ᮎࡸࡉ

 㸬ࡿࢀࡽ࠼⪄ࡵࡓࡍࡰ

3.23.23.23.2    SPSSPSSPSSPS ᮦࡢ≉ᛶᮦࡢ≉ᛶᮦࡢ≉ᛶᮦࡢ≉ᛶ    

Fig. 5Fig. 5Fig. 5Fig. 5MAฎ⌮4ࢆ h୍ᐃࡋ㸪HApῧຍ㔞ࢆ

ኚࡓࡏࡉ⢊ᮎࡽస〇ࡓࡋSPS ᮦࡢᵓᡂ┦ࡍ♧ࢆ㸬

MAฎ⌮ࡓࡋ⢊ᮎࡽస〇ࡓࡋSPS ᮦ࡛ࡣ㸪α-Tiࡢ

ᅇᢡࡢࢡ࣮ࣆ㸪TiC ࢀࡽࡵㄆࡶࢡ࣮ࣆᅇᢡࡢࡽ

⣧Ti⢊ᮎⅣ⣲ࡿࢀࡲྵ㓟ࣥࣜࢸࢫ㸪ࡣࢀࡇ㸬ࡓ

⇕ຍࡢ㸪SPS↝⤖୰ࢀࡉΰྜᆒ୍MAฎ⌮୰ࡀ

㸪ࡽࡉ㸬ࡿࢀࡽ࠼⪄ࡓࡋᡂ⏕࡚ࡋ㸪ᅛ┦ᛂ࡚ࡗࡼ

HAp ⢊ᮎࢆῧຍࡋ㸪MA ฎ⌮ࡓࡋ⢊ᮎࡽస〇ࡓࡋ

SPS ᮦ࡛ࡣ㸪CaOࡢᅇᢡྠࡶࢡ࣮ࣆᐃࡓࢀࡉ㸬Ti-10 

HAp SPSᮦࡧࡼ࠾Ti-20 HAp SPSᮦࡣ࡚࠸࠾㸪⢊

ᮎࡢ≧ែ࡛ CaO 㸪SPSࡽࡇࡓࡗ࡞ࢀࡽࡵㄆࡀ

↝⤖୰ࡢຍ⇕࡚ࡗࡼ㸪HApࡀᅛ┦ศゎ࡚ࡋ⏕ᡂࡓࡋ

࡚࠸࠾ᅛ┦ศゎࡢ㸪SPS↝⤖୰ࡓࡲ㸬ࡿࢀࡽ࠼⪄

P2O5ࡾࡼ㸪Fig. 3Fig. 3Fig. 3Fig. 3ࡶࢀࡇ㸬ࡓࡗ࡞ࢀࡉㄆ☜ࡣP2O5ࡶ

࠸ࡉᑠࡾࡼ||°ΔG|ࡢCaTiO3ࡧࡼ࠾CaOࡀ||°ΔG|ࡢ

㸪ࡣ㸬HApࡿࢀࡽ࠼⪄ࡓࡋⓎࢀࡉ㑏ඖࡀ㸪Pࡵࡓ

୍⯡ⓗ1473 Kࡣ࡛ࡲᏳᐃᏑᅾࡿࡍ 㸪ࡀࡿࢀࡉ(8

ᮏ◊✲࡛ࡾࡼࢀࡑࡣప1273࠸ Kࡢ↝⤖࡛ศゎࡓࡋ㸬

ࡇࡓࡋ⤖↝㸪┿✵୰࡛ࡣࢀࡇ ࡢMAฎ⌮ᚋ࠼ຍ(8,9

Ᏻᐃ࡞つ๎⢏Ꮚࡿࢀࡽ࠼⪄ࡵࡓࡓࡋ⤖↝ࢆ㸬୍

᪉㸪Ti-30 HAp SPSᮦࡣࡽ㸪⢊ᮎྠᵝCaTiO3ࡼ࠾

ࡧ TiN ᡂ⏕ࡢ㸬CaTiO3ࡓࢀࡉᐃྠࡀࢡ࣮ࣆᅇᢡࡢ

㛵࡚ࡋ㸪ࣥࢱࢳ㓟≀ࣥࢱࢳ) ࢺࢱࣃࡓࡋྜ⤖ࡀ

⇕ᢠຍ࡛✵┿ࢆ (TiAP : ࢺࢱࣃ࣭ࣇࢹࣔ

ࡀCaTiO3㸪ྠᵝࡿࡍ⤖↝㸪 1273 K࡛࠸⏝ࢆ⅔

⏕ᡂࡿࡍሗ࿌ࡿ࠸࡚ࢀࡉ 9)㸬 Pure Ti SPSᮦHAp

ࡀࢡ࣮ࣆᅇᢡࡢα-Tiࡿࡍẚ㍑ࢆSPSᮦࡓࡋῧຍࢆ

పゅᗘഃࡀࡇࡿ࠸࡚ࡋࢺࣇࢩ☜ㄆ࡛ࡿࡁ㸬ࡣࢀࡇ㸪

Ti ୰ᅛ⁐ࡿࡍ㓟⣲㔞ࡀHAp ῧຍࡾࡼቑຍࡓࡋ

㸬୍᪉㸪MAࡿࢀࡽ࠼⪄ ฎ⌮ࡓࡋ⢊ᮎ࡛ྠᐃࡓࢀࡉ

TiH2ࡣ SPS ᮦ࡛ྠࡣᐃࡓࡗ࡞ࢀࡉ㸬ࡣࢀࡇ㸪TiH2

773K㏆ࡀศゎ ᗘࡢ 10)࡛ 㸪ᅛᡂᙧࡵࡓࡿ࠶

 㸬ࡿ࠸࡚ࡋ၀♧ࢆࡇࡓࡋᅛ┦ศゎࡾࡼ⇕ຍࡢ

HApῧຍ㔞ࢆኚࡏࡉ㸪MAฎ⌮ࡓࡋ⢊ᮎࡽస〇

ࡓࡋ SPS ᮦࡧࡼ࠾ࡉ◳ࡢ┦ᑐᐦᗘࡢኚࢆ Fig. 6Fig. 6Fig. 6Fig. 6 

㸬ྛࡍ♧ SPSᮦࡢ┦ᑐᐦᗘ100ࡣ㸣㏆ࡣࡃࡋࡶ್࠸㸪

㸪ᮏ◊✲࡛タᐃࡣࢀࡇ㸬ࡓࢀࡽᚓࡀ್ࡿ࠼㉸ࢆ100%

ࡓࡋ SPS ↝⤖᮲௳ࡀ㐺ษࡧࡼ࠾ࡇࡓࡗࡔྜ≀ࡢ

⏕ᡂࡸMA ฎ⌮୰ࡸ࣮ࣝ࣎ᐜჾࡽΰධࡿࡍFe ࡀ

㸪࡚ࡋῧຍࢆ㸬HAp⢊ᮎࡿࢀࡽ࠼⪄ࡀࡇࡿ࠸࡚ࢀࡲྵ
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Fig. 3  Fig. 3  Fig. 3  Fig. 3  The standard free energies of 
formation of oxides6). 

Fig. 5Fig. 5Fig. 5Fig. 5        X-ray diffraction patterns of as-SPS 
materials produced by mechanical alloyed 4 h 
powders with the addition of 0.25 g PCA. 
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MAฎ⌮ࡓࡋ⢊ᮎࡽస〇ࡓࡋSPS ᮦࡣ㸪⣧Ti⢊ᮎ

࡛ࡳࡢ MA ฎ⌮ࡓࡋ⢊ᮎࡽస〇ࡓࡋ SPS ᮦࡶࡾࡼ

࡚ࡢ᮲௳࡛ 500 HV ௨ୖ㧗ࡋ♧ࢆࡉ◳࠸㸪࡛᭱

MA 8 hࡓࡋTi-30 HAp SPSᮦ࡛ 1710 HVࡋ♧ࢆ

㸪ྛࡓࡲ㸬ࡓ HApῧຍ㔞࡛స〇ࡓࡋSPSᮦࢆMAฎ

⌮㛫࡛ẚ㍑ࡿࡍ㸪MA 8 hࡓࡋ⢊ᮎࡽస〇ࡋ

SPSࡓ ᮦࡀ 5㹼25 㸣ࡓࡋ♧ࢆୖྥࡢࡉ◳ࡢ㸬௨ୖࡼ

ᅛ┦ศゎࡧࡼ࠾ᅛ┦ᛂࡸᅛ⁐ᙉࡓࡋ♧Fig. 5Fig. 5Fig. 5Fig. 5ࡾ

ᐤຍ⟬ⓗࡀศᩓᙉࡿࡼ≀ྜࡓࡋᡂ⏕ࡾࡼ

ࡾࡼࡇࡓࡋ㧗◳ᗘࡿࢀࡽ࠼⪄ࡓࡋ♧ࢆ㸬ࡇࡇ

࡛㸪ᮏ◊✲࡛స〇ࡓࡋPure Ti SPSᮦࢆ㸪ⴭ⪅ࡇࡀࡽ

ᯝ⤖ࡓࡋሗ࿌࡛ࡲࢀ 㸬MAࡓࡋẚ㍑(5 ฎ⌮㛫࠾

ᗘ㸪㏿ ᪼ࡽ⢊ᮎࡌྠࡀῧຍ㔞ࡢ㓟ࣥࣜࢸࢫࡧࡼ

ಖᣢ㛫ࡿ࡞␗ࡢ᮲௳࡛స〇ࡓࡋ SPS ᮦࡢᵓᡂ┦࠾

㸬ᮏࡓࡗ࡞ࢀࡽࡵㄆࡣኚ࡞ࡽ㸪᫂ࡣࡉ◳ࡧࡼ

◊✲࡛స〇ࡓࡋSPSᮦࡣࡽω-Tiྠࡀᐃࡀࡓࢀࡉ㸪

ࡢࡽࡕ SPS ᮦࡶ࡚࠸࠾㸪α-Ti㸪TiC ࣮ࣆᅇᢡࡢ

㸪࡚ࡗࡼ㸬ࡓࡋ♧ࢆ್ࡢᗘ⛬ྠࡶࡉ◳㸪ࢀࡉᐃྠࡀࢡ

SPSἲ࡚ࡗࡼ㸪ࡿ࡞ࡽࡉ▷㛫↝⤖ࢀࡉ♧ࡀ⬟ྍࡢ

㸪ω-Tiࡓࡲ㸬ࡓ 㸪▷㛫ࡣ࡚࠸ࡘ⏤⌮ࡓࡋᡂ⏕ࡀ

ᙳࡀ⦰▷ࡢಖᣢ㛫ࡣࡃࡋࡶ㸪᪼ ㏿ᗘࡕࢃ࡞ࡍ⤖↝

㡪ࡓࡋ᥎ᐹࡓࡋ㸬 
 
4.4.4.4. ⤖⤖⤖⤖    ゝゝゝゝ    

TiࡢඃࡓࢀᶵᲔⓗ≉ᛶ㸪 HApࡢᶵ⬟ᛶࢀࡒࢀࡑࢆ

άࢆࡇࡍ┠ⓗ࡚ࡋ㸪⣧Ti⢊ᮎHAp⢊ᮎࢆῧ

ຍࡋ㸪MAฎ⌮ࢆ࡚ࡋ㸪ᚓࡓࢀࡽ⢊ᮎࢆSPS⨨࡛

ᅛᡂᙧࡓࡋ㸬స〇ࡓࡋ MA ⢊ᮎࡧࡼ࠾ SPS ᮦࡢᶵ

Ეⓗ≉ᛶࢆホ౯ࡓࡋ⤖ᯝ㸪௨ୗࡢ▱ぢࢆᚓࡓ㸬 

MA ฎ⌮ࢆࡶ࡚ࡋ Ti-10 HAp ⢊ᮎࡧࡼ࠾ Ti-20 

HAp ⢊ᮎ࡛ࡣ㸪HAp ⢊ᮎࡀᅛ┦ศゎࡎࡏᏑᅾࡋ㸪
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