
SPSSPSSPSSPS ἲࡿࡼ࡟☢ᛶࢆ᭷࣒࢘ࢩࢿࢢ࣐ࡿࡍᇶ」ྜᮦᩱࡢ≉ᛶἲࡿࡼ࡟☢ᛶࢆ᭷࣒࢘ࢩࢿࢢ࣐ࡿࡍᇶ」ྜᮦᩱࡢ≉ᛶἲࡿࡼ࡟☢ᛶࢆ᭷࣒࢘ࢩࢿࢢ࣐ࡿࡍᇶ」ྜᮦᩱࡢ≉ᛶἲࡿࡼ࡟☢ᛶࢆ᭷࣒࢘ࢩࢿࢢ࣐ࡿࡍᇶ」ྜᮦᩱࡢ≉ᛶ    

᪥኱⏕⏘ᕤ㸦㝔㸧 ۑ㟷ᮌ ⩧  ᪥኱⏕⏘ᕤ㸦㝔㸧  ᯇᓥ ᘯᶞ 

᪥኱⏕⏘ᕤ     ᪂ጔ Ύ⣧ ᪥኱⏕⏘ᕤ     ஂಖ⏣ ṇᗈ 

1.1.1.1. ⥴ゝ⥴ゝ⥴ゝ⥴ゝ     
 ᨺ 㟁 ࣉ ࣛ ࢬ ࣐ ↝ ⤖ (Spark Plasma 
Sintering : SPS)ἲࡣ㸪⢊ᮎ㛫࡟ᨺ㟁⌧

㓟໬ࡢ⢏Ꮚ⾲㠃࡛࡜ࡇࡿࡏࡉࡇ㉳ࢆ㇟

⢏Ꮚ࡚ࡗࡼ࡟⇕࣮ࣝࣗࢪ㸪ࡋ㝖ཤࢆ⭷⿕

㛫᥋ྜ࠸⾜ࢆ㸪⢊ᮎࢆᅛ໬ᡂᙧࡿࡍ᪉ἲ

ࢆ⏝ᕫⓎ⇕స⮬ࡢࡽ࠿㸬⢊ᮎෆ㒊ࡿ࠶࡛

✚ᴟⓗ࡟฼⏝ࡋ㸪ᚑ᮶ࢫࣞࣉࢺࢵ࣍ࡢἲ

ప ᗘᇦ࣭▷᫬㛫ࡶࡾࡼ㛫㟼Ỉᅽἲ⇕ࡸ

ࡿ࠶࡛⬟ྍࡀ⤖↝ࡢ࡛ 1),2)㸬ᚑ࡚ࡗ㸪

MA ἲ࡛ᚓࡿࢀࡽ㧗ᐦᗘ㌿఩㸪ᚤ⣽⤖ᬗ

⢏ࢆ᭷ࡿࡍ⢊ᮎࡢ≉ᛶࢆᦆ࡟ࡎࢃ࡞ᅛ

໬ᡂᙧࡿࡁ࡛ࡀ࡜ࡇࡿࡍ㸬࡟ࡽࡉ㸪㓟໬

≀⢏Ꮚࢆศᩓࡿࡼ࡟࡜ࡇࡿࡏࡉ㸪ศᩓᙉ

໬㸪⢏ᡂ㛗ࣥࣆࡢṆࡿࡼ࡟ࡵ⤖ᬗ⢏ᚤ⣽

໬ࡓࡗ࠸࡜ᙉ໬ᶵᵓྠࢆ᫬࡟௜୚ࡏࡉ

㸬ࡿࡁ࡛ࡀ࡜ࡇࡿ  
୺ᡂศࢆ㸪㓟໬㕲ࡣࢺ࢖࢙ࣛࣇࢺࣇࢯ 

ୖࡿࡍ᭷ࢆ㸪☢ᛶࡾ࠶ᛶᮦᩱ࡛☢ࡓࡋ࡜

ῧຍ࡟㸪㍍㔠ᒓ⢊ᮎࡵࡓࡿ࠶࡛≀㓟໬࡟

ᶵ⬟ᛶ࡜ᶵᲔⓗᙉᗘࡢ㸪⢊ᮎ࡛࡜ࡇࡿࡍ

㸬ࡿࡁ࡛ࡀ࡜ࡇࡿࡵ㧗࡟᫬ྠࢆ  
 ⴭ ⪅ ࡽ ࡣ ⣧ ࢔ ࣝ ࣑ ࢽ ࢘ ࣒ ⢊ ᮎ ࡟

Ni-Cu-Zn 㸪MAࡋῧຍࢆ⢊ᮎࢺ࢖࢙ࣛࣇ
ฎ⌮ࢆ᪋࡚ࡋᚓࡓࢀࡽ」ྜ⢊ᮎࢆ SPS
ἲ࡛ᅛ໬ᡂᙧ࡛࡜ࡇࡿࡍ㸪㍍㔞㸪㧗◳ᗘ㸪

ᙉ☢ᛶࢆ᭷࣒࢘ࢽ࣑ࣝ࢔ࡿࡍᇶ」ྜᮦ

ᩱࡢ๰〇࡟ᡂຌࡿ࠸࡚ࡋ 3)㸬  
ᮏ◊✲࡛ࡣẕᮦࢆ⣧࣒࢘ࢽ࣑ࣝ࢔⢊

ᮎ࡟ࡽࡉࡶࡾࡼ㍍㔞࡞⣧࣐࣒࢘ࢩࢿࢢ

⢊ᮎ࡟ኚ࠼ Ni-Cu-Zn ⢊ᮎࢺ࢖࢙ࣛࣇ

࡛࡜ࡇࡿࡍ໬ྜ「࡟ࡎࡏࡉᅛ┦ศゎࢆ

㧗ẚᙉᗘ㸪ᙉ☢ᛶࢆ᭷࣒࢘ࢩࢿࢢ࣐ࡿࡍ

ᇶ」ྜᮦᩱࡢ๰〇ࢆ┠ⓗࡓࡋ࡜㸬≉࡟㸪

SPS ↝⤖ ᗘ࡟ᑐࡿࡍ SPS ᮦࡢᶵᲔⓗ

≉ᛶ࡜☢Ẽ≉ᛶࡢኚ໬ࢆホ౯ࡓࡋ㸬     
2.2.2.2. ᐇ㦂᪉ἲᐇ㦂᪉ἲᐇ㦂᪉ἲᐇ㦂᪉ἲ     
2.12.12.12.1 ౪ヨᮦࡢస〇౪ヨᮦࡢస〇౪ヨᮦࡢస〇౪ヨᮦࡢస〇     
    Table 1Table 1Table 1Table 1 ࡟ SPS ᮦస〇࡟౑⏝ࡓࡋ MA
⢊ᮎࡢ㓄ྜ⤌ᡂ࡜ MA ฎ⌮᫬㛫ࡍ♧ࢆ㸬

⣧࣐࣒࢘ࢩࢿࢢ⢊ᮎ㸦⣧ᗘ㸸99.91 %㸪

ᖹᆒ⢏Ꮚᚄ㸸275.9 µm㸧ࡧࡼ࠾ Ni-Cu 

 
 
 
 
 

 
 

matrix

4

30 Ferrite

12 MGFR
14 MGFR
18 MGFR

10 Ferrite

Pure Al34 MGFR
38 MGFR

32 MGFR

52 MGFR

8
2
4
8
2

8

compound

58 MGFR

Designation MA time (h)
Material (mass%)

54 MGFR 50 Ferrite

2
4

 
-Zn ⢊ᮎࢺ࢖࢙ࣛࣇ (⤌ᡂ㸸 (Fe2O3)49.41 

(ZnO)32.09(NiO)12.71(CuO)5.79㸪ᖹᆒ⢏Ꮚ

ᚄ㸸4.3 µm)ࢆ Table  1Table  1Table  1Table  1 ࡟ᡂ⤌ࡍ♧࡟

ࢸࢫ࡚ࡋ࡜㸬₶⁥ᮦࡓࡋ㓄ྜ࡟࠺ࡼࡿ࡞

㓟ࣥࣜ࢔ (⤌ᡂ㸸 CH3(CH2)16COOH)ࢆ
0.75 g ῧຍࡋ㸪MA ᐜჾࣥࢦࣝ࢔࡟㞺ᅖ

Ẽ୰࡛ࢆࡽࢀࡇᑒධᚋ㸪᣺ືᆺ࣮࣑࣎ࣝ

ࡢ᫬㛫ࡢᡤᐃ࡚࠸⏝ࢆࣝ MA ฎ⌮ࢆ᪋

㸬ࡓࡋ  
Fig. Fig. Fig. Fig. 1111 ࡟ SPS ᮦࡢస〇ᕤ⛬ࡍ♧ࢆ㸬

ᡂᙧࡣ࡟㯮㖄ࢫ࢖ࢲ㸦እᚄ㸸50 mm㸪

ෆᚄ㸸20.1 mm㸪㧗ࡉ 40 mm㸧࡜㯮㖄

㸸20 mm㸧ࡉ㸦┤ᚄ㸸20 mm㸪㧗ࢳࣥࣃ

࡟ࢀࡇ㸪࠸⏝ࢆ MA ⢊ᮎࢆ 5 g ඘ሸࡓࡋ㸬

✵┿㸪ࡋࢺࢵࢭ࡟ෆ࣮ࣂࣥࣕࢳࢆࡽࢀࡇ

୰࡛ Fig. 1Fig. 1Fig. 1Fig. 1 ⤖↝࡛௳᮲ࡢᡤᐃࡓࡋ♧࡟

ࡀ㸪 ᗘࡋ 473 K ᚋ㈇Ⲵࡓࡋ㝆ୗ࡛ࡲ

ࡋ኱Ẽゎᨺࡁ㝖ࡾྲྀࢆ SPS ᮦࢆస〇ࡋ

㸬ࡓ  
2.22.22.22.2 ౪ヨᮦࡢホ౯౪ヨᮦࡢホ౯౪ヨᮦࡢホ౯౪ヨᮦࡢホ౯     

SPS ᮦࡉ◳ࡢヨ㦂ࡣ࡟㸪ࢫ࣮࢝ࢵࣅ

◳ᗘィࡓ࠸⏝ࢆ㸬࢚ ࣓࣮ࣜ⣬࡛◊☻ࡓࡋ

㠃ࢆ ᐃ㠃ࡋ࡜㸪Ⲵ㔜 1 kg㸪ಖᣢ᫬㛫

20 ⛊࡛ 7 ኱್㸪᭱ᑠ್᭱ࡾྲྀࢺࣥ࢖࣏

ࡓ࠸㝖ࢆ 5 ࡜ࡉ◳ࢆᖹᆒ್ࡢࢺࣥ࢖࣏

㸬ࡓࡋ  
SPS ᮦࡢᵓᡂ┦ࢆ X ⥺ᅇᢡ⿦⨨ࡼ࡟

◊㸬࢚࣓࣮ࣜ⣬࡛ࡓࡋᐃྠࡾ  
 
 
 
 

Table 1 Table 1 Table 1 Table 1 Designation, starting compositions Designation, starting compositions Designation, starting compositions Designation, starting compositions 
and mechanical alloying time of test and mechanical alloying time of test and mechanical alloying time of test and mechanical alloying time of test 
materials.materials.materials.materials.    
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Starting powders

Mechanical alloying (MA)

MA powders

Spark Plasma Sintering (SPS)

SPS materials

MA time : 2,4,8 h

Temp : 673 K~873 K
Holding time : 1 h
Pressure : 49 MPa
Heating rate : 1.67 K/s

 
㸪40 kV㸪60 mAࡋ࡜ᅇᢡ㠃ࢆ㠃ࡓࡋ☻
ᙉᗘ࡛ࡢ CuKα⥺࡚࠸⏝ࢆᅇᢡ㏿ᗘ

1.66×10 -2 °/s㸪ᅇᢡゅᗘ 2θ㸻20°㹼

㸬ࡓࡋ᮲௳࡛ ᐃࡢ80°  
 SPS ᮦࡢ☢Ẽ≉ᛶ (㣬࿴☢໬㸪ಖ☢ຊ )
ࡣ 㸪 ᣺ ື ヨ ᩱ ᆺ ☢ ຊ ィ (Vibrating 
Sample Magnetometet : VSM)࠸⏝ࢆ

࡚ 6×4×1 mm 㟁ࢆ∦ヨ㦂ࡓࡋຍᕤ࡟

☢ 㛫ࡢ▼ ࣍ࡢ ࣮ࣆ࣮ࣝ ࢭ࡟ࢫ ࡋࢺࢵ

800 kA/m 㸬ࡓࡋ୰࡛ ᐃ⏺☢ࡢ  
 SPS ᮦࡣ⧊⤌ࡢ㸪స〇ࡓࡋ SPS ᮦࢆ

࢚࣓࣮ࣜ⣬࡛◊☻ᚋࡋ☻◊ࣇࣂ㸪ࣜࢡࣆ

ࣥ㓟࣓࣮ࣝࢥࣝ࢔ࣝࢳ⁐ᾮ ࣥࣜࢡࣆ)

㓟㸸3 g㸪⵨␃Ỉ㸸20 ml㸪࢚࣮ࣝࣀࢱ㸸

20 ml㸪㓑㓟㸸2 ml)ࢢࣥࢳࢵ࢚ࡿࡼ࡟ฎ

㸬ࡓࡋ㸪ගᏛ㢧ᚤ㙾࡛ほᐹࡋ᪋ࢆ⌮  
3.3.3.3. ᐇ㦂⤖ᯝᐇ㦂⤖ᯝᐇ㦂⤖ᯝᐇ㦂⤖ᯝࡧࡼ࠾ࡧࡼ࠾ࡧࡼ࠾ࡧࡼ࠾⪃ᐹ⪃ᐹ⪃ᐹ⪃ᐹ     

Fig. 2Fig. 2Fig. 2Fig. 2 ࡟ SPS ᮦࡢ↝⤖ ᗘࡢኚ໬࡟

ᑐࡿࡍᵓᡂ┦ࢆゎᯒ୍ࡓࡋ౛࡚ࡋ࡜ 14 
MGFR ⢊ᮎࢆᅛ໬ᡂᙧࡓࡋ SPS ᮦࡘ࡟

㸬↝⤖ ᗘࡍ♧࡚࠸ 673 K ࡛స〇ࡓࡋ

SPS ᮦ ࡢ ᵓ ᡂ ┦ ࡟ ࡣ 㸪 ῧ ຍ ࡋ ࡓ

Ni-Cu-Zn ࡎࡏᏑᅾࡣࢺ࢖࢙ࣛࣇ Mg㸪
MgO㸪α -Fe ⤖↝㸬୍᪉㸪ࡓࢀࡉᐃྠࡀ

 ᗘ 773 K㸪873 K ࡛స〇ࡓࡋ SPS ᮦ

㸪Mg㸪MgO㸪αࡣ┦ᵓᡂࡢ -Fe ࠼ຍ࡟

Mg2Ni㸪Fe3C ↝ࡢ㸬඲࡚ࡓࢀࡉᐃྠࡀ

⤖᮲௳࡚࠸࠾࡟ MgO ࡣ⏤⌮ࡓࡋᡂ⏕ࡀ

MgO ࡀ Ni-Cu-Zn ࢚ࡶࡾࡼࢺ࢖࢙ࣛࣇ

ࡽ࠼⪄࡜ࡵࡓࡿ࠶Ᏻᐃ࡛࡟ⓗ࣮ࢠࣝࢿ

࡛ࡇࡑ㸬ࡿࢀ MgO ࡧࡼ࠾ Fe2O3 㓟⣲ࡢ

1mol ࢠࣝࢿ࢚ࢫࣈࢠᶆ‽⏕ᡂࡢࡾࡓ࠶

ࢆᯝ⤖ࡓࡋ⟭ィࢆ࣮ Fig. 3Fig. 3Fig. 3Fig. 3 㸬ࡍ♧࡟

MgO 㸪Fe2O3ࡣ࣮ࢠࣝࢿ࢚ࢫࣈࢠࡢ ࡼ

㸬ࡿ࠶Ᏻᐃ࡛ࡵࡓ࠸పࡶࡾ  
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Diffraction angle, 2Diffraction angle, 2Diffraction angle, 2Diffraction angle, 2θθθθ䠄䠄䠄䠄deg) deg) deg) deg) 

MgMgMgMg----10mass%Ferrite10mass%Ferrite10mass%Ferrite10mass%Ferrite SPS materials  SPS materials  SPS materials  SPS materials  
fabricated from MA4h powderfabricated from MA4h powderfabricated from MA4h powderfabricated from MA4h powder

(a)(a)(a)(a)

(c)(c)(c)(c)
(b)(b)(b)(b)

(a) powder(a) powder(a) powder(a) powder
(b) (b) (b) (b) 673 K673 K673 K673 K
(c) (c) (c) (c) 773 K773 K773 K773 K
(d)(d)(d)(d)873 K873 K873 K873 K

(d)(d)(d)(d)
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ᚑ࡚ࡗ㸪௨ୗࡍ♧࡟໬Ꮫ཯ᛂᘧ࡞࠺ࡼࡢ

ศゎࡿࢀࡽ࠼⪄࡜ࡓࡌ⏕ࡀ㸬  

Fe2MgO3OFeMg3 32 +→+   (1) 

Ni-Cu-Zn ࡢ୰ࢺ࢖࢙ࣛࣇ Fe2O3 ศゎࡀ

࡟࠺ࡼࡢࡇ㸪ࡋ MgO α࡜ -Fe ࡋᡂ⏕ࡀ

㸬↝⤖ ᗘࡿࢀࡽ࠼⪄࡜ࡓ 773 K ࡼ࠾

ࡧ 873 K αࡓࡋ㸪ศゎ࣭⏕ᡂࡣ࡛ -Fe
ࡋྜ⤖࡜Ⅳ⣲ࡢ㓟୰ࣥࣜ࢔ࢸࢫࡀ Fe3C
㸬ࡿࢀࡽ࠼⪄࡜ࡓࡋᡂ⏕ࡀ  

Fig. 4Fig. 4Fig. 4Fig. 4 ྛ࡟ MA ⢊ᮎࢆᅛ໬ᡂᙧࡓࡋ

SPS ᮦࡧࡼ࠾ࡉ◳ࡢ┦ᑐᐦᗘࡍ♧ࢆ㸬

12 MGFR ⢊ᮎࢆ↝⤖ ᗘ 673 K ࡛ᅛ໬

ᡂᙧࡓࡋ SPS ᮦࡣࡉ◳ࡢ㸪65.0 HV ࢆ

ࡾࡀୖ⫪ྑ࠸క࡟᪼ୖࡢ㸪↝⤖ ᗘࡋ♧

㸬↝⤖ ᗘࡓࡋቑຍ࡟ 673 K ࡛ప࠸◳

ࡀᑐᐦᗘ┦ࡣ⏤⌮ࡓࡋ♧ࢆࡉ ࡜84.8%

⦓ᐦ໬࡛ࡽ࠼⪄࡜ࡵࡓࡓࡗ࠿࡞࠸࡚ࡁ

㸬୍ࡿࢀ ᪉㸪↝⤖ ᗘ 773 K ࡧࡼ࠾ 873 
K 㸪Ni-Cu-Znࡣ⏤⌮ࡓࡋቑຍࡀࡉ◳࡛
ࡋᡂ⏕࡚ࡗࡼ࡟ᅛ┦ศゎࡢࢺ࢖࢙ࣛࣇ

≀໬ྜࡓ (MgO㸪α -Fe㸪Mg2Ni㸪Fe3C)
ቑࡀᑐᐦᗘ┦࡜ศᩓᙉ໬ࡿࡼ࡟ศᩓࡢ

Fig. 3  The standard free energies of Fig. 3  The standard free energies of Fig. 3  The standard free energies of Fig. 3  The standard free energies of 
formation of the relevant oxides as a formation of the relevant oxides as a formation of the relevant oxides as a formation of the relevant oxides as a 
function of temperature.function of temperature.function of temperature.function of temperature.    

Fig. 2  Fig. 2  Fig. 2  Fig. 2  XXXX----rrrray diffraction patterns of ay diffraction patterns of ay diffraction patterns of ay diffraction patterns of SPS SPS SPS SPS 
materials fabricatedmaterials fabricatedmaterials fabricatedmaterials fabricated    from 14 MGFR from 14 MGFR from 14 MGFR from 14 MGFR 
powder.powder.powder.powder.    

Fig. 1  Process chart for fabricating test Fig. 1  Process chart for fabricating test Fig. 1  Process chart for fabricating test Fig. 1  Process chart for fabricating test 
materials.materials.materials.materials.    
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ຍࡿࢀࡽ࠼⪄࡜ࡵࡓࡓࡋ㸬  
14 MGFR ࡧࡼ࠾ 18 MGFR ⢊ᮎࡽ࠿

↝⤖ ᗘ 773 K ࡛స〇ࡓࡋ SPS ᮦࡢ◳

㸪154.7 HV㸪198.0 HVࢀࡒࢀࡑ㸪ࡣࡉ
㸪↝⤖ ᗘࡋ♧ࢆ 873 K 㸪ࢀࡒࢀࡑ࡛

135.8 HV㸪175.8 HV ↝㸬ࡓࡋῶᑡ࡜࡬

⤖ ᗘ 773 K ࡛ᛴ⃭ࡀࡉ◳࡟ቑຍࡓࡋ

㸪Fig. 2Fig. 2Fig. 2Fig. 2࡚ࡋ࡜⏤⌮ ࡢ X ⥺ᅇᢡࡢ⤖ᯝ

ࡾࡼ MgO ࡚ࡋቑຍࡀᅇᢡ⥺ᙉᗘࡢࡽ࠿

㸪MgOࡕࢃ࡞ࡍ㸬ࡓ࠸ ቑຍ㸪ࡢᡂ㔞⏕ࡢ

Fe3C ࡧࡼ࠾ Mg2Ni ࠸࡚ࡋ㉳ᅉࡀᡂ⏕ࡢ

࡟≉㸬ࡿࢀࡽ࠼⪄࡜ࡿ Fe3C 㸪ࡣࡉ◳ࡢ

⣙ 1200 HV4)࡜㠀ᖖ࡟㧗ࡃ㸪㗰ࡢᙉ໬ࡢ

ඖࡿ࡞໬ྜ≀࡛ࡿ࠶㸬ࡢࡉ◳ࡵࡓࡢࡑቑ

ຍ࡟኱ࡃࡁᐤ୚ࡿࢀࡽ࠼⪄࡜ࡿ࠸࡚ࡋ㸬

↝⤖ ᗘ 873 K ⏤⌮ࡓࡋపୗࡀࡉ◳࡛

ࡀ≀໬ྜࡓࡋᡂ⏕࡟ࡵࡓ࠸㧗ࡀ㸪 ᗘࡣ

⢒኱໬ࡿ࠸࡚࠼⪄࡜ࡵࡓࡓࡋ㸬  
↝⤖ ᗘ 773 K ୍ᐃ࡛ MA ฎ⌮᫬㛫

㸪MAࡣኚ໬ࡢࡉ◳࠺క࡟ኚ໬ࡢ ฎ⌮ 2㸪
4㸪8 h ࢀࡒࢀࡑ࡛ 96.6 HV㸪154.7 HV㸪

198.0 HV 㸪MAࡋ♧ࢆ ฎ⌮᫬㛫ࡀಸ࡟

⣙ࢀࡒࢀࡑࡀࡉ◳࡜ࡿ࡞ 50 HV ቑࡘࡎ

ຍࡓࡋ㸬ࡣࢀࡇ㸪MA ฎ⌮᫬㛫ࡀ㛗࠸⢊

ᮎ࡛ࡣ㸪⤖ᬗ⢏ࡀᚤ⣽໬ࡾ࠾࡚ࢀࡉ㸪ຍ

ᕤࡶࡳࡎࡦከࡃᑟධࡀ࡜ࡇࡿ࠸࡚ࢀࡉ

㉳ᅉࡿࢀࡽ࠼⪄࡜ࡿ࠸࡚ࡋ㸬  
ྛ MA ฎ⌮᫬㛫ࡢ⢊ᮎࡽ࠿స〇ࡓࡋ

SPS ᮦࡢ┦ᑐᐦᗘࡣ㸪↝⤖ ᗘ᪼ୖࡢ

㸪↝⤖ ᗘࡋ♧ࢆഴྥࡿࡍቑຍ࠸క࡟

773 K  㸬ࡓ࠸࡚ࢀࡉ㐩ᡂࡀᐦ໬⦔ࡰ࡯࡛
 Fig. 5Fig. 5Fig. 5Fig. 5 ྛ࡟ MA ⢊ᮎࢆᅛ໬ᡂᙧࡓࡋ

SPS ᮦࡢ㣬࿴☢໬ࡧࡼ࠾ಖ☢ຊࡍ♧ࢆ㸬

ྛ MA ฎ⌮᫬㛫ࡢ⢊ᮎࢆ↝⤖ ᗘ 673 
K ࡛ᅛ໬ᡂᙧࡓࡋ SPS ᮦࡢ㣬࿴☢໬ࡣ

⣙ 1.0×10 -5 Wbm/kg 㸪MAࡋ♧ࢆ ⢊ᮎ

㣬࿴☢໬ࡢ (0.65×10 -5 Wbm/kg)ࡢ⣙ 2
ಸࡓࡋ♧ࢆ್ࡢ㸬ࡣࢀࡇ㸪MA ⢊ᮎ࡛ࡣ

⏕ᡂ㔞ࡓࡗ࠶࡛࠿ࡎࢃࡃࡈࡀα -Fe ࡢ

⏕ᡂ㔞ࡀቑຍࡽ࠼⪄࡜ࡿ࠶࡛ࡵࡓࡓࡋ

㸬αࡿࢀ -Fe 㸪2.73×10ࡣ㣬࿴☢໬ࡢ -4 
Wbm/kg 㸬Ni-Cu-Znࡿ࠶࡛ ࢺ࢖࢙ࣛࣇ

⢊ᮎ୰ࡣ࡟㸪Fe2O3 ࡀ 50 %ྵ᭷࠸࡚ࡋ  
ࡿ ࡢ ࡛ 㸪 ᮏ ◊ ✲ ࡛ ῧ ຍ ࡋ ࡓ Mg-10 
mass% Ferrite ୰ࡣ࡟ ࡢ% 5 Fe2O3 ྵࡀ

᭷ࡿ࠸࡚ࡋ㸬Fe2O3 ୰࡟Ꮡᅾࡿࡍα -Fe
 %㸪Mg-10 mass࡛ࡢ࡞% 㸪69.94ࡣ㔞ࡢ
Ferrite ୰ࡣ࡟ αࡢ% 3.5 -Fe ࡋᏑᅾࡀ

㸪α࡛ࡇࡇ㸬ࡿ࠸࡚ -Fe ࡢ㣬࿴☢໬ࡢ

3.5 %ศࡣ್ࡢ㸪0.95×10 -5 Wbm/kg ࡛

ࡓࡋ㸪స〇ࡋᑐ࡟ࡢࡿ࠶ SPS ᮦࡢ㣬࿴  
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☢໬ࡶ㸪0.95×10 -5 Wbm/kg ࡇࡓࡋ♧ࢆ

ࡓࡋ㸪ῧຍࡽ࠿࡜ Ni-Cu-Zn ࢺ࢖࢙ࣛࣇ

୰ࡢ Fe2O3 αࡿࢀࡲྵ࡟ -Fe ඲࡚ศゎࡀ

㸬ྛࡿࢀࡉண᝿ࡀ࡜ࡇࡓࡋᡂ⏕ࡋ MA
ฎ⌮᫬㛫ࡢ⢊ᮎࡽ࠿స〇ࡓࡋ SPS ᮦࡢ

㣬࿴☢໬ࡣ㸪↝⤖ ᗘ࡟᪼ୖࡢకྑ࠸⫪

ୗ࡟ࡾࡀῶᑡࡓࡋ㸬ࡣࢀࡇ㸪Fig. Fig. Fig. Fig. 2222 ࡢ X
⥺ᅇᢡ⤖ᯝ࡛ྠᐃ࡟࠺ࡼࡓࢀࡉ㸪ῧຍࡋ

ࡓ Ni-Cu-Zn ࡋᅛ┦ศゎࡀࢺ࢖࢙ࣛࣇ

࡚⏕ᡂࡓࡋ Fe3C ࠼⪄࡜ࡿ࠸࡚ࡋ㉳ᅉࡀ

㸬Fe3Cࡿࢀࡽ 㸪αࡀࡿ࠶ᙉ☢ᛶయ࡛ࡣ

-Fe 㸪Fe3Cࡵࡓ࠸ࡉᑠࡀ㣬࿴☢໬ࡶࡾࡼ
⏕ᡂ㔞ࡢቑຍ࡟క࠸㣬࿴☢໬ࡀపୗࡋ

㸬ྛࡿࢀࡽ࠼⪄࡜ࡓ MA ฎ⌮᫬㛫ࡢ⢊

ᮎࡽ࠿స〇ࡓࡋ SPS ᮦࡢಖ☢ຊࡣ㸪↝

⤖ ᗘ࡟᪼ୖࡢకྑ࠸⫪ୗ࡟ࡾࡀῶᑡ

㸪࠸క࡟᪼ୖࡢ㸪↝⤖ ᗘࡣࢀࡇ㸬ࡓࡋ

ಖ☢ຊࡢ㧗࠸α -Fe 㔞ࡀῶᑡࡋ Fe3C ࡀ

ከࡃ⏕ᡂ࡜࡜ࡇࡓࡋ㸪⤖ᬗ⢏ࡀ⢒኱໬ࡋ

㸬ࡿࢀࡽ࠼⪄࡜ࡿ࠸࡚ࡋ㉳ᅉ࡟࡜ࡇࡓ  

Fig. 5  Fig. 5  Fig. 5  Fig. 5  Change in the Change in the Change in the Change in the magnemagnemagnemagnetizationtizationtizationtization    and and and and 
coercive force for the SPS materials coercive force for the SPS materials coercive force for the SPS materials coercive force for the SPS materials 
fabricatfabricatfabricatfabricatedededed    from from from from 12 MGFR, 14 MGFR and 18 12 MGFR, 14 MGFR and 18 12 MGFR, 14 MGFR and 18 12 MGFR, 14 MGFR and 18 
MGFRMGFRMGFRMGFR    powderpowderpowderpowders.s.s.s.    

Fig. 4  Fig. 4  Fig. 4  Fig. 4  Change in the hardnessChange in the hardnessChange in the hardnessChange in the hardness    together together together together 
with relative densitywith relative densitywith relative densitywith relative density    for the SPS materials for the SPS materials for the SPS materials for the SPS materials 
fabricatfabricatfabricatfabricatedededed    from from from from 12 MGFR, 14 MGFR and 18 12 MGFR, 14 MGFR and 18 12 MGFR, 14 MGFR and 18 12 MGFR, 14 MGFR and 18 
MGFR MGFR MGFR MGFR powderpowderpowderpowderssss....    
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 Fig. 6Fig. 6Fig. 6Fig. 6 ࡟ 14 MGFR ⢊ᮎࢆ↝⤖ ᗘ

(a) 673 K㸪 (b) 883 K㸪(c) 873 K ࡛ᅛ໬

ᡂᙧࡓࡋ SPS ᮦࡢගᏛ㢧ᚤ㙾⤌⧊ほᐹ

෗┿ࡍ♧ࢆ㸬෗┿ෆ࡛ࢺࢫࣛࢺࣥࢥࡢ㯮

࠸ 㒊ศࡣ ࢿࢢ࣐ ࣒࢘ࢩ 㸪ⓑ࠸ 㒊ศࡣ

Fe3C ᗘ ⤖↝ࡢ㸬඲࡚ࡿࢀࡽ࠼⪄࡜ࡔ

࡛㸪ᒙ≧࡟ᯒฟࡓࡋ Fe3C 㸬ࡓࢀࡉほᐹࡀ

࡞ࡁ኱ࡢ㸪ẚ㍑ⓗ⢏Ꮚᚄࡣࢀࡇ Mg ⢊ᮎ

ࡀ MA ฎ⌮୰࡟ᅽᘏࢀࡉ㸪ෆ㒊ࡢ⤖ᬗ

⢏ࡀᢲࡋᘏ࡛࡜ࡇࡿࢀࡉࡤ㸪ᒙ≧⤖ᬗ⢏

࡛ 㧗ࢆࢀࡑ㸪ࢀࡉస〇ࡀ⢊ᮎࡿࡍ᭷ࢆ

࡟⏺⢏࡟㝿ࡓࡋ⤖↝ Fe3C ࡓࡓࡋᯒฟࡀ

㸬ࡿࢀࡽ࠼⪄࡜ࡢࡶࡓࡗ࡞ࡃ㸪⣽㛗࡟ࡵ

ࡓࡋᯒฟ࡟≦㸪ᒙࡓࡲ Fe3C 㸪ࡣࡉࡁ኱ࡢ

↝⤖ ᗘ 673 K 㛗㍈ࡣ࡛ 10~30 µm㸪↝

⤖ ᗘ 773 K 㛗㍈ࡣ࡛ 10~60 µm㸪↝⤖

 ᗘ 873 K 㛗㍈ࡣ࡛ 20~100 µm 㸪ࡾ࠶࡛

ቑ࠸క࡟᪼ୖࡢ㸪↝⤖ ᗘࡣࡉࡁ኱ࡢࡑ

ຍࡓࡋ㸬  
௨ୖࡢ⤖ᯝࡽ࠿㸪↝⤖ ᗘ 873K ࡛స

〇ࡓࡋ SPS ᮦࡸࡉ◳ࡢಖ☢ຊࡀపୗࡋ

㸪Fe3Cࡣ⏤⌮ࡓ ࠸࡚ࡋᙳ㡪ࡀ⢒኱໬ࡢ

㸬ࡿࢀࡽ࠼⪄࡜ࡿ  

10μ䡉

(a)

10μ䡉

(b)

 
 

 
 
 
 
 
 
 

 
 
4.4.4.4. ⤖ゝ⤖ゝ⤖ゝ⤖ゝ     

⣧࣐࣒࢘ࢩࢿࢢ⢊ᮎ࡜ Ni-Cu-Zn ࣇ

ࢆ⢊ᮎࢺ࢖࢙ࣛ MA ฎ⌮࡛࡜ࡇࡿࡍᚓ

ࢆΰྜ⢊ᮎࡓࢀࡽ SPS ἲ࡚࠸⏝ࢆᅛ໬

ᡂᙧࡋ㸪స〇ࡓࡋ SPS ᮦࡢᶵᲔⓗ≉ᛶ

 㸬ࡓᚓࢆぢ▱ࡢ㸪௨ୗࡋホ౯ࢆẼ≉ᛶ☢࡜
1) ↝⤖ ᗘ 673 K ࡛స〇ࡓࡋ SPS ᮦ

㸪MgOࡣ α࡜ -Fe 㸬୍ࡓࡋᡂ⏕ࡀ ᪉㸪

↝⤖ ᗘ 773 K ࡜ 873 K ࡛స〇ࡋ

ࡓ SPS ᮦࡣ㸪MgO α࡜ -Fe 㸪࠼ຍ࡟

Mg2Ni㸪Fe3C 㸬ࡓࢀࡉᐃྠࡀ  
2) MA 8 h ᪋ࡓࡋ⢊ᮎࢆ↝⤖ ᗘ 773 

K ࡛స〇࡛࡜ࡇࡿࡍ㸪ᅛ┦཯ᛂࡼ࡟

ࡓࡋᡂ⏕ࡾ Fe3C ᐦ໬⦔ࡸࡉࡁ኱ࡢ

㸪ࡵࡓࡓࡗ࠿Ⰻࡀࢫࣥࣛࣂࡢ㐩ᡂࡢ

ࡉ◳࠸㧗ࡶ᭱ 198.0 HV  㸬ࡓࡋ♧ࢆ
3) ↝⤖ ᗘ 673 K ࡛స〇ࡓࡋ SPS ᮦ

㸪Ni-Cu-Znࡣ ࡢ୰ࢺ࢖࢙ࣛࣇ Fe2O3

αࡿࢀࡲྵ࡟ -Fe ᡂ⏕ࡋ඲࡚ศゎࡀ

㸪MA࡟ࡵࡓࡓࡋ ⢊ᮎࡢ 2 ಸ㏆࠸㣬

࿴☢໬್ࡓࡋ♧ࢆ㸬↝⤖ ᗘ 773 K
࡜ 873 K ᡂ⏕ࡾࡼ࡟㸪ᅛ┦ศゎࡣ࡛

ࡓࡋ Fe3C αࡾࡼ࡟ᙳ㡪ࡢ -Fe 㔞ࡀ

ῶᑡ࡟ࡵࡓࡓࡋ㸪SPS ᮦࡢ㣬࿴☢໬

㸬ࡓࡋῶᑡࡣ  
4) SPS ᮦࡢಖ☢ຊࡣ㸪↝⤖ ᗘ᪼ୖࡢ

㸪α࠸క࡟ -Fe ᬗ⢏⢒኱⤖࡜ῶᑡࡢ

໬ࡀ㐍⾜ࡵࡓࡓࡋ㸪ῶᑡഴྥࡋ♧ࢆ

㸬ࡓ  
5) ᅛ┦཯ᛂࡾࡼ࡟⏕ᡂࡓࡋ Fe3C ᒙࡣ

㸪ࡣࡉࡁ኱ࡢࡑ㸪ࡾ࠾࡚ࡋᯒฟ࡟≦

↝⤖ ᗘ࡟᪼ୖࡢక࠸⢒኱໬ࡓࡋ㸬

㸪SPS࠸క࡟ࢀࡇ ᮦࡣࡉ◳ࡢ↝⤖ 

ᗘ 873 K ࡾࡼ 773 K ࡛స〇ࡓࡋ᪉

㸬ࡓࡋ♧ࢆ್࠸పࡀ  
6) ᮏ◊✲ࡢ┠ⓗ࡛ࡿ࠶ Ni-Cu-Zn ࢙ࣇ

࢘ࢩࢿࢢ࣐࡟ࡎࡏࡉศゎࢆࢺ࢖ࣛ

㸪↝⤖ ᗘࡣ࡟ࡵࡓࡿࡍ໬ྜ「࡜࣒

673 K ௨ୗ࡟タᐃࡿࡍᚲせࡿ࠶ࡀ㸬    
㏣グ㏣グ㏣グ㏣グ     

ᮏ◊✲ࡣ㸪ஂಖ⏣◊✲ᐊ 4 ᖺ⏕㸪Ώ

㎶၏ྩ࡜ඹྠ࡛ᐇ㦂ࡓࡗ⾜ࢆ◊✲ᡂᯝ

㸬ࡿ࠶࡛  
ཧ⪃ᩥ⊩ཧ⪃ᩥ⊩ཧ⪃ᩥ⊩ཧ⪃ᩥ⊩     

1) 㬍⏣ṇ㞝㸪᪂↝⤖ᢏ⾡―ᨺ㟁ࢬࣛࣉ

࣐↝⤖ (SPS)ἲ ,ओSPS 㸪ࢡࢵࢸࣥࢩ

pp.1-4. 
2) 㬍⏣ṇ㞝㸪⢊యᕤᏛㄅ㸪30㸪(1993)㸪

pp.790-802 
3) 㟷ᮌ ⩧㸪Ỉ㇂భᖹ㸪ஂಖ⏣ṇᗈ㸪

᪂ጔΎ⣧㸪⢊ᮎ෬㔠ἲ࡛」ྜ໬ࢀࡉ

ᛶ㸪≉ࡢᇶ☢ᛶᮦᩱ࣒࢘ࢽ࣑ࣝ࢔ࡓ

㍍㔠ᒓᏛ఍➨ 116 ᅇ᫓ᮇ኱఍ㅮ₇

ᴫせ㸪 (2009)㸪pp.103-104 

4) http://www.tobu.or.jp/yasashii/book/gj0

6.htm 

10μ䡉

(c)

Fig. Fig. Fig. Fig. 6666        Optical micrographs of the SPS Optical micrographs of the SPS Optical micrographs of the SPS Optical micrographs of the SPS 
materialsmaterialsmaterialsmaterials    fabricated from 14 MGFR powderfabricated from 14 MGFR powderfabricated from 14 MGFR powderfabricated from 14 MGFR powder    
at different temperatures of (a) 673 K,at different temperatures of (a) 673 K,at different temperatures of (a) 673 K,at different temperatures of (a) 673 K,    (b) (b) (b) (b) 
773 K and (c) 873 K.773 K and (c) 873 K.773 K and (c) 873 K.773 K and (c) 873 K.    
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