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ʁ 1 ɾ� ʝˡ  
 
 
1.1� ɨɻʭǓ  

 
1 .1 .1� BypcDq+ǿɖ  

 

� BypcDq,ŧǽɝ(Óɐ�ľ4!$ 100 ű¨<&͎̓ ŝǣǅ+�%,Ȑ˵ɝǇ�
ǣǅ%�=

�͎��)ɯ�:�(¼> Ƀƌ 1)2)@ǝ�= 7͎�ǋ%,ůų
Î̑%Óɐ�>$
=͏  

! ˴̒  

� őŴ�̕9̗+ 1/3 ɶŴ%�<͎ʵɼȆ͎ʸʷ͎˰�('+˶˼Î̑9Ÿʊ͎ĞǠ

+Î̑)�
$˴̒å)Ƃɽ!$
=͏  

! ŽŴ  

� ̗͎oMdRDq͎o}I}͎NCʕ͎�̖('@ȪÛ�ÿ̓å� <͎ğŷ('

+Ûŧ9ȾÌɌ@ǉ� <�=�&%ŽŴ@Ă���=�&�ûʮ%�=͏¬�-͎

ˬ�Suwyp} (Al-Zn-Mg-Cu ʑ )%,̚ǣ)çǃ�=ŽŴ@ǝ�=͏  

! ʩ̓ƕ  

� ĸȑ�%̏åɞʰ@ˆ̺)ſƞ�ʱū̥˃�= 7͎¼> ʩ̓ƕ@ǝ�=͏ʩ̓

ƕ@�;)͈7͎ŽŴ@Ç*¹� BypcDqÿ̓,Ÿʊ͎ʱá˰͎ʸʷ͎ȦȞ̢

ə+Î̑)Óɐ�>$
=͏  

! Ûŧƕ  

� Ŝŷƕ)Œ5͎ǩ͎ʅ͎ǹ͎ʇ͎ʞſǣ('+ɸ�+ſɄ+ˉċ@ŏǏ)ˉ̀�=

�&�ûʮ%�=͏̙̀('+ȳˀƞſÛŧ9ÏÕ('+̨óÛŧ8Ȑ˵ɝŏǏ%�

=͏  

! ̷ȑ ŗƕ  

� ̗+ʓ 60%+ŗ̷Ɉ@ǝ�= 7 ā͎�̐̒+̗&Ȑ˵�$ʓ 2 ¶+̷ȡ@˾��

&�ûʮ%�=͏�+ 7̷͎͈ğ+˼̷ʞ('+ŗ̷§&�$ų�«?>$�<͎

�ƅ,ʱá˰+|Ct�e�dT0+̈ɐƫĸ�ǟƄ�>$
=͏  

! Ⱦ ŗƕ  

� BypcDq+Ⱦ ŗɈ,̕+ʓ 3 ¶%�<͎Ⱦ ŗƕ)¼>=͏�+ 7͎Ⱦ�

ƴĕ͎E}S}̌ċ͎ÊǗƠˇʥ(')ķɐ�>$
=͏  

! ̹ɬƕ  
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� ̷ɬȑ+ɬĬ)2&A'Ɓ̼�>�ɬȑ@Ů/=�&�(
 7͎gwnwB}^

b9ʴ+ɬȑO}gT('+˓ȰȆĕ̷͎ŁèɘȆĕ͎rH`{cLTȆĕ(')Ó

ɐ�>=͏  

! Ȼȏƕ  

� �§)Ŗ�=ȏƕ�(�̓ċ́&+öƑ8(
 7͎̓ċäˇŏĕ9Ŏŵɐĕɂ)

̈�=͏  

! xPCLyƕ  

� «ɐƅ+BypcDqˉċ@Éˀˑ�=�&%͎ġ̓@ÉɎ�=�&�ûʮ%�=͏

ÉɎġ̓@ˉ̀�=̮)Əˌ(EdyK�,Ǉġ̓@ʐ̜�=Ĭÿ&Ȑ˵�$»�

3%ɶŴ%�<͎ʚȬɝ(ǣǅ%�=͏  

� BypcDq@ŧǽÓɐ�=Ĭÿ͎ȆǷɝ͎ɂɌ~åńɝ&
! ˢƕ˩@ɫ²�= 7)ÿ̓å

�=�&��ʶɝ%�=͏BypcDqÿ̓,̙ɂ͎ZCHT`('+̙̀ǣ&ǩ͎ǹ͎ʇ('+Ŝ

¢ǣ)ĸÒ�>=͏�;)͎̙̀ǣ�:/Ŝ¢ǣ),͎ȾÌɌ@ǉ�$ŽŴ@ɫ²�=ȾÌɌĥÿ̓

&͎̙̀44͎8��,ğŷ͎ƧÍ�͎źƦ�('+Ⱦ̣�:/ỆÛŧ):!$ŽŴ@ɫ²�=̹

ȾÌɌĥ)Î�;>=͏  

� Ö˻+:�(¼> Ƀƌ@ǝ�=BypcDqÿ̓,͎ȯǗå9ĸȑȕǮ('+ġɋɍıĐ̀+Ŗ

ʃ)�
$Ǿ7$̐ˌ(̓ŝǣǅ%�= ȯ͏Ǘå9ĸȑȕǮ+ñė+�ɿ&�>$
= CO2+ưÍ̒

+ʓ 2 Ù,͎ʱá˰͎ʵɼȆ͎ʸʷ�:/̆̕('+̄˶̡̌�;ưÍ�>=  (2011 űǒȺ )3)͏̄˶

̡̌+�%8Ƀ)ʱá˰�;+ưÍ̒�Ǜ8ķ�͎̄˶̡̌+ʓ 9 Ù@ï7$
= (2011 űǒȺ )4)͏

�+ 7͎ʱá˰�;+ưȑIT+Õȭ�Ǒ�+˟̀&(!$
=͏ʱá˰+ưȑITÕȭ͎"4<

,ʱá˰+ȿ˦Ă�)Ŗ�$,˰�+˴̒å�ǝÞ%�< 5)͎̐
̕̚ǣǅ�;˴̒%Ȑ˵ɝŽŴ8

͈
BypcDqÿ̓0+ʥƴ�̂7;>$
=͏  

� ʱá˰)«ɐ�>=BypcDqÿ̓+ʓ 8 Ù,͎̙ɂ9ZCHT`('+̙̀ǣ%�= 6)͏By

pcDqÿ̙̓ɂ,͎①ˊ̳ſɄ+ˉċ@͈
ŕțʐŴ%�§ƞſ�=�&�ûʮ͎②ķċɸř̒Ɏ

ɏ�;ĸ̒Ɏɏ4%ŖƑ�ûʮ͎③ʀÿ�=ǣǅ~ŧț&Ȑ˵�$OT`ghF�o}T�͈
͎④

ŽŴ�Ȑ˵ɝ͈�Ⱦ ŗƕ)¼>=�&('ŧǽɝ�:/ǣǅɃƕɝ)¼> ÓȺ�ķ
 6)�8)͏�>

;+ÓȺ�;͎�>4%,ʱá˰+E}S}̤¯̌ċ9mC�y(')«ɐ�>$� ͏4 Ǜ˹%

,͎̙̀ƣ˂+Ƽđ):<ITȇ̩('+̙̀ȇ̩@¥ȭ�=�&%͎Qihz�q͎PTl}Rv

}B�q9T`w\`eDS}M('+ŽŴ@Əˌ&�=˰§̌ċ�:/˭Ė<̌ċ)Ŗ�=By

pcDqÿ̙̓ɂ+̈ɐ�ŊɊ�>ľ7$
= 9)�11)͏  

� ���;͎ʱá˰)��=BypcDqÿ̙̓̀ǣ+ɐ˽,ƫĸºĂ)�<͎�ƅ,BypcDq

ÿ̙̓̀ǣ+Ǚ(=͈Ȇʮå͎"4<ŽŴ9ŷƕ('+ȆǷɝƕ˩+Ƽđ�ˌȔ�>=&ʧ�;>=  ͏
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1 .1 .2� AC4CH BypcDqÿ̙̓̀ǣ  

 

� AC4CH BypcDqÿ̙̓̀ǣ (�̦͎AC4CH ÿ̓&ɖ� ),͎ȳȱ+ȡáƕ9̙ĥ¾įƕ('+

̙̀Ƀƕ)¼> Al-Siʑÿ̓)ř̒+ Mg@ȪÛ� �� F͎eĄǝ̒@ò��Ô̧� ÿ̓%�=͏

ˆ 1 . 1 ) JIS %ˎŉ�>= AC4CH ÿ̓+åńʙƞ@ɯ�͏Mg ȪÛ):<ǒÞǪÍƮá�əɊ�=

 7͎ȾÌɌ):< Mg2Si +�̣ɢ@ǪÍ��=�&%ŽŴ�Ă��=͏�;) Fe Ąǝ̒@ò��

Ô̧�$
= 7͎Fe ʑ̓ṣ̂åÿɂ+ǕÍ̒�ƥÔ�>=�&%¼> ŷƕ͎̻ƕ�ɫ²�>=͏

�>;+Ƀƌ�;͎AC4CH ÿ̓,E}S}̤¯̌ċ9mC�y͎T^Bx}Mb\Ly('+ʱá

˰+²Ņ̌ǣ&�$ĸ̒)ɐ
;>$�< 9),12)͎�ƅ8ʱá˰̌ċ)Ŗ�=ɐ˽ƫĸ�ǟƄ�>=ÿ

̓%�=͏  

� Ö˻+:�)͎BypcDqÿ̙̓̀ǣ+ɐ˽ƫĸ@ɠƭ�Ĭÿ͎ȆǷɝƕ˩+Ƽđ�Ə̾%�=

&ʧ�;>=͏�ʶɝ)͎ǣǅ+ȆǷɝƕ˩,pL{ʙʣȀ̀)ƻ̍�>=͏ě 1 . 1 ) AC4CH ÿ̓

(JIS ʴ̓ĥ͎̐Ú̙̀ )+pL{ʙʣ@ɯ�͏AC4CH ÿ̓+pL{ʙʣ,�)͎_}awC`Ʉ+Ð

Ǖ α-Al ɢ (Al)&�+̣̭@d\`|�LɄ)ø<Ě6ÅǕ̌�;Ȁƞ�>=͏ÅǕ̌,͎ÅǕ α-Al

ɢ (Al)&ÅǕ Si ʎŁ�;Ȁƞ�>=͏4 ͎Fe ʑåÿɂ9 Mg2Si ɢ('&
! ̓ṣ̂åÿɂ8ł

Ġ�=͏��)͎AC4CH ÿ̓+pL{ʙʣ&ȆǷɝƕ˩&+ɢ�̤¯)̤�$ʌȵ)4&7=͏   

 

̙̀ȇ̩ (ǁ µm�ǁɜ µm G�Z� ) 

� ̙̀)�
$,͎①ËĜ÷ʡ)˫ė� ź�Ŧ͎②ȳȱ�)ȳˑ�$
 Ȓʕ�ËĜ)¡�ȳˑŴ

+ȭř):<ȑȜ&�$̙ɂ�)əɎ�=ITȇ̩͎�:/③ȳȱ�ĸȑ&˒>=�&%Ɏ�=̏å

ɞʰ@�ˆ&�=�Ġɂ('+̙̀ȇ̩�əɎ�=͏�>;+̙̀ȇ̩,ˉċ)ĶÚ�Û?! ̮)

ɩĳ+˫Ⱥ&(<9�
 7͎ŷƕ9ɩĳ̻ƕ͎ɗÝŽŴ)Ŗ�$ƗƁ̼@õ3��&�ɫ�7;>

$
= 13)�22)͏  

 

ÅǕ Si ʎŁ (ǁ µm�ǁé µm G�Z� ) 

� Al-Si2 ½ʑÿ̓,͎557�)�
$ 12.6(mass%͎�̦Ƀ)˕˻�Ȼ
̧<,͎ñŁȷŴ, mass%

%ˆ� ))ÅǕȺ@Ƭ"ÅǕʑ%�=͏BypcDq)Ŗ�= Si +ǛĸĜȳ̒, 1.65% (577� )%�

= 7 23)͎ȪÛ�> Si +2&A',ÅǕ Si ʎŁ&�$ǕÍ�=͏ǕÍ� ÅǕ Si ʎŁ+ſƙ (ĸ

��9ſɄ )9ÎǀɄƙ,ŷƕ9ɩĳ̻ƕ͎ɗÝŽŴ)Ŗ�$ĸ��Ɓ̼�= 24)�29)͏BypcDqÿ

̙̓̀ǣ%,͎ĵſ)¡
 Si ʎŁ+ɩĳ�=
,Ȏɢ (Al)& Si ʎŁ+ɕ̺)��=Ø̴)˫ė�$

nCa+ǲ�Ɏƞ�>͎�>;+nCa�ƞ̠~ÿ§�=�&%ɩĳ�̂Ŝ�=�&�:�ɦ;>$
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= 30)͏Ƀ)͎ʏĸ%
/"(ſɄ@ǝ�= Si ʎŁ,͎BypcDqȎɢ+ĵſ)Ŗ�$ĵſ��

>�ƑÚ̲�@Ɏ�9��ɩĳ+˫Ⱥ&(<9�
͏�+ 7͎Si ʎŁ@Ɗʗ�"ɋɄ)ǕÍ��=

Ƣȍ&�$͎ËĜǒ+Êð˿Ŵ 31)9͎Na͎Sr 9 Sb ('+ȪÛ):=ƼʹÌɌ 32)33)�Ǽ˔�> ͏

4 �˻� ɩĳ+̂ŜȆȀ�; S͎i ʎŁ�ő̲�=ÅǕ̌%,ĵſǒ)nCa�ķ�əɎ�= 7

ɩĳ+̂Ŝ�Ü̠�>=&ʧ�;>=͏ɩĳ+̂Ŝ@ƥÔ�= 7),͎Si ʎŁ@ʙʣ�)ģ�Îǀ

��=�&�ÞǬɝ%�=&Ʋœ�>=͏  

 

_}awC`B�qTl�R}M (�ǁé µm G�Z� ) 

� AC4CH ÿ̓%,͎BypcDqĜȳ§�ÐǕ � -Al ɢ&�$_}awC`Ʉ)ǕÍ�=͏_}a

wC`+ 2 Ȉǭ̣̬ (Dendrite Arm Spacing͎�̦͎DASⅡ &ɴ� ),̙̀ǒ+Êð˿Ŵ+ -1/3 �)Ȑ

¬�$ȭř�= 12)͏DASⅡ �Ř�
Ĭÿ%,͎¢/͎˄ƷŽ�͎ʩÚ͎źżŽ�͎ɗÝŽŴ�Ă��

= 12),31)͏  

 

Fe ʑ̓ṣ̂åÿɂ (ǁ µm�ǁé µm G�Z� ) 

� BypcDq)��= Fe +ǛĸĜȳ̒, 0.03�0.05%(655� )%�= 7 34)͎ÿ̓�)łĠ�=

Fe +2&A',̓ṣ̂åÿɂ@ſƞ�= 35)͏Fe ʑ̓ṣ̂åÿɂ,͎�+ʙƞ)8:=�ǩɄ͎ĭɄ

9[sCc�UTLxj`Ʉ('+ſɄ@ǝ�͎ÅǕ Si ʎŁ&āȁ)ĵſǒ)ɩĳ+˫Ⱥ&(= 

7͎ŷƕ9˄ƷŽ�@¥���=ñė&(= 36)͏  

 

ǪÍɂ (ǁ nm�ǁɜ nm G�Z� ) 

� Ö˻+:�)͎AC4CH ÿ̓,ȾÌɌĥÿ̓%�<Ȉ̽%˻1=ȾÌɌ@ǉ��&):<͎Byp

cDqȎɢ (ÐǕ�:/ÅǕ � -Al ɢ )�) Mg2Si +�̣ɢ (β”)�ǪÍ�=͏�+ǪÍɂ,˲¤+ɵá

)Ŗ�$̯ō&(= 7͎ǪÍɂ@BypcDqȎɢ�)Ɗʗ�"͈őŴ)ǪÍ��=�&%͎ɪ�

9ʩÚ('+ŽŴ�Ă��=͏  

�  

� ��)4&7 pL{ʙʣ&ȆǷɝƕ˩+̤¯ƕ�;͎AC4CH ÿ̓+ȆǷɝƕ˩@Ă���= 

7), ě͎ 1 . 2 )ȃŹɝ)ɯ�:�(pL{ʙʣ+Ƽʹ�ǝÞ%�=&ʧ�;>= ŷ͏ƕ9ɩĳ̻ƕ͎

ɗÝŽŴ@Ă���= 7)ź�Ŧ9ITȇ̩�:/�Ġɂ('+̙̀ȇ̩@¥ȭ�=�&�ˌȔ

�>=͏āȁ)͎ĵſǒ)ƑÚ̲�@Ɏ�Ǐ
ÅǕ Si ʎŁ9 Fe ʑ̓ṣ̂åÿɂ@Ɗʗ�"ɋɄ)Ƽ

ʹ�͎ʙʣ�)ģ�Îǀ��=�&�Ǟ4�
&ʧ�;>=͏�;)͎BypcDqȎɢ+ŽŴ@Ă

���= 7)͎Ɗʗ(ǪÍɂ@͈őŴ)ǪÍ��=�&�Ǟ4>=͏   
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ˆ 1 . 1� A C 4 C H ÿ̓+åńʙƞ  ( m a s s % )  

�  Si Fe Cu Mn Mg Zn Ni Ti Pb Sn  Cr Al 

JIS 6.5- 
-0.2 -0.1 -0.1 

0.25- 
-0.1 -0.05 -0.2 -0.05 -0.05 -0.05 bal. 

AC4CH 7.5 0.45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ě 1 . 1� A C 4 C H ÿ̓+pL{ʙʣ  

 

 

 

10µm 

50µm 

��α-Al
�

����

��Si���


�	 

100µm 

��α-Al
�

10µm 

Fe��������
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ě 1 . 2� A C 4 C H ÿ̓)��=ɌƘɝ(pL{ʙʣɄƙ  
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1 .1 .3  AC4CH ÿ̓)Ŗ�=pL{ʙʣƼʹ+ɊɄ&Đ̀Ⱥ  

 

� pL{ʙʣƼʹ+Ƣț&�$,͎ú��;̙̀ǈț+Ƽđ͎Æ§ɝ),͎͈ɤɼZCHT`ț9͈

ğ̙̀ț (ȳȱ̝̀ț͎TLCUJsT`ț )͎êȳˀ~êËĜ̙̀ț (VpXx\aZCHT`ț )('

+ɃȌZCHT`ț�Ǽ˔�>$
= 37),38)͏�>;+ɃȌZCHT`ț%,͎ƆǦ+̐Ú̙̀ț9

ZCHT`ț)əɊ�=ITȇ̩�:/ź�Ŧ+¥ȭ9pL{ʙʣ+Ɗʗå�ŊɊ�>͎ȆǷɝƕ˩

+Ƽđ)Ŗ�$ǝÞ%�=�&�ɫ�7;>$
= 39)�44)͏  

� �ǈǛ˹%,͎̙̀ƅ+ƅÌɌ):=pL{ʙʣƼʹ͎Æ§ɝ),͎ȾÌɌǥ�+Ǽ˔9Ž.�5

Ûŧ+̈ɐ('ķ̺ɝ(Bj{�[�ˁ?>$
=͏��)�+ǿˌ@˻1=͏  

 

! ȾÌɌ  

� ľ7)͎AC4CH ÿ̓+ȾÌɌ)̤�$ʌȵ)˞ǎ�=͏AC4CH ÿ̓,ȪÛ½ʕ&�$ Mg & Si

�łĠ�= 7 A͎l-Mg2Si +ƹ 2 ½ʑÿ̓&ʧ�=�&�%�=͏ě 1 . 3 ) Al-Mg2Si +ƹ 2 ½ʑŰ

˅Ʉƙě@ɯ�͏Ȏɢ+ � -Al )Ŗ�= Mg2Si +ǛĸĜȳŴ,ÅǕȯŴ+ 595�)�
$ 1.85%%�

<͎Mg2Si +ĜȳŴ,ȯŴ+¥�&&8)Ɣȶ)ȭř�$͎ŋȯ�˹%,23W{&(=͏�+ȳˑ

Ŵ+ĵå)˫ė�$͎¼> ǒÞɪåƕ@ɯ�͏�ʶɝ) AC4CH ÿ̓%,͎ě 1 . 4 )ɯ�ŧɶ%Ⱦ

ÌɌ (T6)�ǉ�>=͏ȳ§åÌɌ%,͎ȳ˩½ʕ (Mg �:/ Si)@Ȏɢ (Al)�)ģ�)Ĝȳ��=�&

9ÅǕ Si ʎŁ+ɋɄå@ɠɝ&�$͎ĜɢʞȯŴ:<¥�ȳˑŴǘʞ��+ȯŴ̿Ĩ%̈ž(ọ̌

²Ƭ@ˁ�͏�+ƅ͎ŋȯ)�
$̅̈́ĊĜȳ§@Ƈ= 7+ƔÊ (ȼÁ> )@ʚ$͎̈ž(ȯŴ%²

Ƭ�=ǒÞÌɌ)�
$̅̈́Ċ)Ĝȳ� Mg �:/ Si @ Mg2Si +̓ṣ̂åÿɂ+�̣ɢ (� ”)&�

$ǪÍ��=͏�+�̣ɢ�˲¤+ɵá@Ľ�=ƂÙ@ƨ� 7)ŽŴ9ŷƕ��ǌ�=͏  

� ��)˻1 ȾÌɌ)�
$͎Ǿ7$̐ˌ&(=ŧɶ,ȳ§åÌɌ%�=͏ȳ§åÌɌ)�
$ȳ

˩½ʕ@Ȏɢ)éÎ)ƫǀ~Ĝȳ�� 2'͎ƅ)ǒÞÌɌ@ǉ� ̮+ǪÍ̒�ĲÛ�= 7ŽŴ

+Ă�)�
$ǝÞ&(=͏�ʶɝ)͎AC4CH ÿ̓+ȳ§åÌɌ, 535�%ǁọ̌+²Ƭ�Ŋǉ�

>= 12)͏�ǈ͎�˕ȯŴ:<8͈ȯ%ȳ§åÌɌ@ǉ� Ĭÿ%,͎½ʕ+ƫǀ�Ƞə)(= 7͎

ȪÛ½ʕ+Ĝȳ@°̂��=�&�ûʮ%�=͏���(�;͎ƫǀ+Ƞəå,ÅǕ Si ʎŁ+ʏĸ

å@8 ;�͏ʏĸå� ÅǕ Si ʎŁ,ĵſǒ)ɩĳ+˫Ⱥ)(<Ǐ
 7͎ŷƕ9̻ƕ¥�+ñ

ė&(=͏�+:�)ĜɢʞȯŴɡ�+͈ȯ̿Ĩ)��=ȳ§åÌɌ,͎Ĝȳ+°̂&
�Ⱥ�;,

ÞǬɝ%�=�͎ŷƕ9̻ƕ+ˏȺ�;,ǝÞ%(
&
�`z�aGh+̤¯�ɯ�>=͏�+`

z�aGh+̤¯@Ƽđ�= 7)Ǽ˔�>$
=ǈț�͈ȯɧọ̌ȳ§åÌɌ 45)�50)%�=͏͈ȯ

ɧọ̌ȳ§åÌɌ%,͎͈ȯ%ȳ§åÌɌ@ǉ��&):<Ȏɢ�+ȪÛ½ʕ+Ĝȳ@°̂�=&&

8)͎ȳ§åọ̌@ɧʡ�=�&):<ÅǕ Si ʎŁ+ʏĸå@ƥÔ�=�&�ûʮ%�=͏Û�$
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ȳ§åÌɌọ̌+ɧʡ�ě>=�&�;͎ÞɈå&
! Ⱥ%8ÞǬɝ%�=͏  

� ͈ȯɧọ̌ȳ§åÌɌ@ŊɊ�=̮),͎ȾÌɌˇʥ+ȯŴÔƈƕ�̐ˌ&(<͎Æ§ɝ),͎Ì

Ɍọ̌@ɧʡ�= 7+Ɣ˿ǌȯ9͈ȯ̿Ĩ)��=¼> ȯŴŅŉƕ�ˌȔ�>=͏�ʶɝ)ȳ§

åÌɌ),̷ȑȹ�ɐ
;>=�͎͈ȯɧọ̌ȳ§åÌɌ)̤�=ɨɻ%,̷͎ȑȹ&Ȑ˵�$Ɣ˿

(ǌȯ�ûʮ%�=İȥȹ9ȡáŞȹ@ɐ
$ɨɻ�ˁ?> ͏ Zhang ; 47), A356 ÿ̓

(JIS:AC4CH )ɢž ))"
$͎İȥȹ@ɐ
 Ɣ˿ǌȯ͌ŋȯ�; 505�)ʲ=4%+ȉĈọ̌�

30s �͍/)ɧọ̌+ȳ§åÌɌ@ǉ� ̮+pL{ʙʣ&ȆǷɝƕ˩@ˠ1$
= �͏>):=&͎

550�% 30min ȳ§åÌɌ@ǉ� Ĭÿ͎āȯŴ% 6h +ÌɌ@ǉ� ˙ǅ+ 95%ɶŴ+ǛĸźżŽ

��Ƈ;>=&īĆ�$
=͏4 ͎Á�È; 49), AC4CH ÿ̓)"
$͎ȡáŞȹ@ɐ
$ȳ§å

ȯŴ� Al-Si-Mg +�½ÅǕȯŴ˹¸+ 560�͎ȳ§åọ̌� 30min +ǥ��)�
$ȳ§åÌɌ@

ǉ� Ĭÿ͎ĸȑȹ@ɐ
$ȳ§åȯŴ� 540�͎ȳ§åọ̌� 300min +ȳ§åÌɌ@ǉ� Ĭÿ

)Ŗ�$͎ŽŴ�ʓ 16%Ă�� &īĆ�$
=͏  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ě 1 . 3� A l - M g 2S i ƹ 2 ½ʑɄƙě  

 

 

 

 

Al�
Mg2Si (mass%)�

Te
m

pe
ra

tu
re

 , 
T 

/ �
�

0�

100�

200�

300�

400�

500�

600�

700�
L�

L+(Al)�
(Al)�

1.85%� 595�� 13%�

(Al)+Mg2Si�

2� 4� 6� 8� 10� 12� 14�



 -9- 

 

 

 

 

 

 

 

 

 

 

ě  1 . 4� A C 4 C H ÿ̓+ȾÌɌŧɶ  

 

 

! Ž.�5Ûŧ  

� ECAP(Equal-Channel Angular Pressing ͎ � ̦ ͎ ECAP & ɖ � )51) 9 ARB(Accumulative 

Roll-Bonding͎�̦͎ARB &ɖ� ) 52)�:/ƶƸƺƩj{VT (Friction Stir Processing͎�̦͎FSP

&ɖ� )53)('+Ž.�5Ûŧ@ɐ
 ũĸ.�5+ŗÁ):<͎ȳˑ~ËĜ)˫ė� ̙̀ʙʣ@Ƽ

ʹ�ȆǷɝƕ˩@Ƽđ�=˙5�ˁ?>$
=͏��)͎�>�>+Ûŧ+Ƀƌ&BypcDqÿ̓

̙̀ǣ)̤�=ɨɻ¬@ʌȵ)˻1=͏  

 

ECAP(Equal-Channel Angular Pressing) 

� ECAP Ûŧ&,͎ě 1 . 5 )ɯ�:�)ā�ŕț@ǝ�̓ĥ�%�Ū�=Ȳ)ǣǅ@Ƨ�Í�͎ːŴ

+"
 ̌Î%ǣǅ)�Aǆĵſ@��=8+%͎ÛŧÖƅ%ǣǅ+ǆ̺ſɄ�ĵå�(
 7ñɌ

ɝ),Ƨ�Í�Ėǁ)Ôʓ�(�͎fyLɄƙ%ũĸ(Ûŧ.�5@ŗÁ%�=Ž.�5Ûŧț%�

= 54),55) E͏CAP Ûŧ%, �͎ũĸ.�5+ŗÁ):=Ûŧɪå)˫ė� ŽŴ+Ă��ûʮ%�=͏

4 ͎�áɝ�=
,̸ɝĖƉ~ÉʛǕ&ʙ5ÿ?�=�&):<PipL{}zky+ˬƊʗʎʙ

ʣ�̇ƞ�>= 7ŷƕ�ʽ��Ƽđ�>= B͏ypcDqÿ̙̓̀ǣ)Ŗ�$ ECAP Ûŧ@ǉ� 

Ĭÿ%, �͎Aǆĵſ):<ʏĸ(_}awC`Ʉ+ � -Al ɢ9 Si ʎŁ�ɩĳ�>Ɗʗå�=�&9

ź�Ŧ�:/ITȇ̩('+̙̀ȇ̩+ȧȴ)˫ė�$źżŽ�9ŷƕ�Ă��=�&�īĆ�>

$
= 56),57)͏AC4CH ÿ̓)̤�$,͎ECAP Ûŧ)¡��Aǆĵſ)˫ė� ÅǕ Si ʎŁ+ģ�

Îǀ):<͎ʩÚ9ɩǆ¢/('+źżɃƕ�Ă��=�&�īĆ�>$
= 58)͏  
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ě 1 . 5� E C A P +ǿɖě  

 

 

ARB(Accumulative Roll-Bonding) 

  ARB &,͎ě 1 . 6 )ɯ�:�)ǩǣ@̐*ÿ?�Ʊÿğŷ�͎�+ƅÏǆ� ǩǣ@�;)̐*

ÿ?�$Ʊÿğŷ@ʤ<˺��&%ũĸ(Ûŧ.�5@ŗÁ�ˬƊʗʎʙʣ@̇ƞ�=ǈț%�=

52)͏Jamaati ; 59),͎êËĜZCHT`ț):<©ˉ� A356 ÿ̓)Ŗ�$ ARB @̈ɐ�͎ARB

PCLyǁ�pL{ʙʣ&ȆǷɝƕ˩)õ3�Ɓ̼@ˠ1 ͏�+ʛǬ A͎RB PCLyǁ+Ĳĸ)¡


ÅǕ Si ʎŁ+ƊʗɋɄå�:/ģ�Îǀ�̂Ŝ�=�&)˫ė�$͎źżŽ�9ŷƕ�Ă��=

�&īĆ�>$
=͏  

 

 

 

 

 

 

 

 

 

 

 

ě 1 . 6� A R B +ǿɖě  
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FSP(Friction Stir Processing) 

� FSP )̤�$,Ȉʈ)$˚��˻1=͏  

 

� ��)˻1 :�)͎̙̀ƅ+ƅÌɌ͎Æ§ɝ),͎ȾÌɌǥ�+Ǽ˔9Ž.�5Ûŧ+̈ɐ('

):=pL{ʙʣƼʹ+ǝɐƕ�ɫ�7;>$�<͎ƆǦ+ȳ§åȯŴ&Ȑ˵�$ 15�25�ɶŴ͈

ȯ%Ŋǉ�=͈ȯȳ§åÌɌ%,͎ǁéÎɶŴ+ɧ
²Ƭọ̌%¼> ȆǷɝƕ˩�Ƈ;>=�&�

ɫ�7;>$
=͏���(�;͎ȆǷɝƕ˩+Ă�)Ő��=&ʧ�;>=ȳ§åÌɌ�)Ɏ�=

pL{ʙʣĵå͎Æ§ɝ),͎ȳ˩½ʕ+ƫǀ~ĜȳƮá('@˚ʗ)ˠ1 ɨɻ¬,ř(
 47)͏4

 ͎ECAP 9 ARB �:/ƅ˻�= FSP ('+Ž.�5Ûŧ@ AC4CH ÿ̓)̈ɐ� Ĭÿ͎ũĸ(

.�5+ŗÁ):<ȳˑ~ËĜ)˫ė� ̙̀ʙʣ+Ƽʹ͎Æ§ɝ),�ź�Ŧ('+ɼ̭+Ƽđ͎

�ÐǕ � -Al ɢ9ÅǕ Si ʎŁ+Ɗʗå�:/�ÅǕ Si ʎŁ+ģ�Îǀ�̇ƞ�>͎�>;+ɢ�Þ

Ǭ):<ȆǷɝƕ˩͎Ƀ)źżɃƕ�Ƽđ�>=�&�ǎ;�&(!$
=͏�˕��:/��ȆǷ

ɝƕ˩õ3�Ɓ̼)̤�$,͎ķ�+ɨɻʨ�˚ʗ)ˠ1$�<�=ɶŴ+ŉ̒ɝ(ɦˍ�Ƈ;>$


= 17)͎28)͎31)͏�+ 7͎Ž.�5Ûŧ)¡��˕��:/��ȆǷɝƕ˩@Ă���=ˌė&�

$©ɐ�=�&,ǎɛ&Ñǆ�>=͏�ǈ�˕�)̤�$,͎ÅǕ Si ʎŁ+ÎǀɄƙ&ȆǷɝƕ˩

+ɢ�̤¯@ŉ̒ɝ)˘®� īĆ,2&A'Ȼ�͎ÅǕ Si ʎŁ+ÎǀɄƙ�ȆǷɝƕ˩)õ3�

Ɓ̼)̤�$,�ǎɥ%�=͏�+ 7͎ÅǕ Si ʎŁ+ÎǀɄƙ&ȆǷɝƕ˩+ɢ�̤¯@ʐǰ�

=�&,͎Ž.�5Ûŧ+̈ɐ):=BypcDqÿ̙̓̀ǣ+̙̀ʙʣƼʹ+ǝɐƕ)̤�$̐ˌ

(ɦˍ@��=&Ʋœ�>=͏  

 

1 .1 .4� ƶƸƺƩj{VT  

 
1 . 1 . 4 . 1� ƶƸƺƩj{VT+ǿˌ  

� ƶƸƺƩj{VT (Friction Stir Processing͎�̦ F͎SP &ɖ� )53)&, 1͎991 ű)ʻĝ+ TWI(The 

Welding Institute of the United Kingdom)�̢ə� ƶƸƺƩƱÿ (Friction Stir Welding͎�̦͎

FSW &ɖ� )60)@ǣǅ+pL{ʙʣÔƈǈț&�$Ƒɐ� 8+%�=͏ě 1 . 7 ) FSP(8��,

FSW)+ǿˌ�:/�ʶɝ(ŧɶ@ɯ�͏FSP %,͎Ė˲�=]�y@­˙ǣ)Ƨ�ž$=�&%͎

ƶƸȾ):<˱å� ­˙ǣ@]�y¿ɿ)˖� j{�i�:/]�y+RvyZ�̌%ƺƩ�͎

ƺƩ)¡�Įƕȡá):<pL{ʙʣ@Ɗʗå�:/ģ�å�=�&�ûʮ%�=͏�ʶɝ)ˁ?>

= FSP +ŧɶ&�$,͎ľ7)͎Ė˲�=]�y (¿ɿ+j{�i )@­˙ǣ)Ƨ�ž$͎ƶƸȾ):

<­˙ǣ@˱å��= (ě 1 . 7 - 1 )͏"#
$͎˱å� ­˙ǣ)j{�i@ƯÁ�= (ě 1 . 7 - 2 )͏�

+ƅ͎ƺƩ̿Ĩ@ƫĸ�= 7)͎]�y@­˙ǣ)Ŗ�$ȒŰɵá��= (ě 1 . 7 - 3 )͏Ǜƅ)͎­
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˙ǣ�;j{�i@ź�Ʀ� (ě 1 . 7 - 4 ) ě͏ 1 . 8 ), FSP(8��, FSW)@ǉ� ̮)Ƈ;>=ǆ̺

ʙʣ@ȃŹɝ)ɯ�$
=͏j{�i9]�yRvyZ�̌):<ʙʣ�ƺƩ�>=̌Î,ƺƩ̌

(Stir Zone)&ĉ->͎ƺƩ)¡�Įƕȡá&ȯŴ�ǌ):<¥˲¤őŴ%ʛǕʎƃ�ǁ µm ���"

ʂ˳+ÉʛǕʙʣ&(=͏ƺƩ̌+Ķ·%,͎ʛǕʎ�¢̠� Ʉƙ+ȾÛŧƁ̼̌ (Thermo 

Mechanically Affected Zone͐TMAZ)�łĠ�=͏�;)�+Ķ·),͎Įƕĵſ,Ɏ�(
�ƶƸ

Ⱦ+Ɓ̼@ù� ȾƁ̼̌ (Heat Affected Zone͐HAZ)�łĠ�= 61)͏�;) FSP %,͎�ĜɢɄƙ

%+pL{ʙʣÔƈ�ûʮ͎�śơɝ(pL{ʙʣÔƈ�ûʮ�:/�ŏǏ�"Ņ®)Ŋǉ�ûʮ&


! Ƀƌ@ǝ�=͏  

 

 

 

 

 

 

 

 

 

 

 

 

ě 1 . 7� F S P +ǿɖě  

 

 

 

 

 

 

 

 

 

ě 1 . 8� F S P ( o r  F S W )@ǉ� ̮+ǆ̺ʙʣ+ȃŹě  
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1 . 1 . 4 . 2� ƶƸƺƩj{VT@ɐ
 ƆǦ+ɨɻ  

� FSP ,¼> pL{ʙʣƼʹ�ûʮ%�= 7 B͎ypcDqÿ̓@�Ǝ&� ̓ŝǣǅ)Ŗ�$͎

ˬĮƕ+��9ˊÿˆ̺+Ɏƞ͎BypcDqÿ̓&̓ŝĩˊÿǣǅ+ģ˩å�:/̙̀ǣ+ʙʣƼ

˩('@̇ƞ�=Ƣț&�$̈ɐ�>$
= 62)͏  

� BypcDqÿ̙̓̀ǣ)Ŗ�= FSP +ɨɻ¬@ě 1 . 9 )ɯ�͏ʱá˰ɐE}S}̌ċ)ķɐ�

>= Al-Cu-Si ʑ+ AC2B ÿ̓9 Al-Si-Mg ʑ+ AC4C ÿ͎̓ZCHT`ɐÿ̓%�= Al-Si-Cu ʑ+

ADC12 ÿ̓(')̤�$̈ɐ� ɨɻ8�=� 63)�68)͎E}S}̌ċ͎mC�y9˭Ė<̌ċ('+

ʱá˰+²Ņ̌ǣ&�$ķɐ�>=  AC4CH ÿ̓ (A356 ÿ̓ ))̤�=īĆ�ķ
͏��)͎AC4CH

ÿ̓ (A356 ÿ̓ ))̤�=ɨɻ¬@ʌȵ)4&7=͏Sharma ; 69),͎FSP @ǉ� ˙ǅ+ɗÝƮá

@ˠ1$�<͎FSP ):<ITȇ̩9ź�Ŧ('+ɼ̭�ȧȴ�=�&9ÅǕ Si ʎŁ+Ɗʗå�:

/ģ�Îǀ�̇ƞ�>=�&)˫ė�$ ɗ͎Ý̧Ŵ�̙ƽ�ǣ&Ȑ˵�$ 80%��8Ƽđ�>=�&

@ǎ;�)� ͏Ma ; 70),͎FSP @ǉ� ˙ǅ�͈ȯ)�
$ˬĮƕ@əɊ�=�&@īĆ�$


=͏4 �+īĆ%,͎ƺƩ̌%,ÐǕ α-Al ɢ+_}awC`ſɄ,ɩĳ�>͎áɝÉʛǕ):<

ʛǕʎƃ� 3µm ��4%Ɗʗå�>=&
�ʳĈȨ
ʛǬ8Ƈ;>$
=͏Santella ; 71),͎FSP

@ǉ� ˙ǅ+źżɃƕ@ˠ1$�< F͎SP )¡�pL{ʙʣ+Ɗʗå�:/ģ�å)˫ė�$źż

Ž�9ɩǆ¢/�ʽ��Ƽđ�>=�&@ǎ;�)� ͏Ma ; 72)�:/ǻǨ; 73), F͎SP ƅ+ȾÌ

Ɍ (T6 ÌɌ )+Ɓ̼)̤�$Ǽ˔� ͏�>;+īĆ%,͎ÅǕ Si ʎŁ+ÎǀɄƙ)Ŗ�=ȾÌɌ+

Ɓ̼,Ř�
8++͎ȾÌɌ)¡
 Al Ȏɢ9 Si ʎŁ+ʏĸå�Ɏ�=�&�ɯ�> ͏�+�&�

;͎ʙʣ+ʏĸå@ǾÚ¥ȭ�=:�( FSP ƅ+ȾÌɌǥ�+ɫɽ�˟̀&�> ͏4 ͎FSP )

:<Ƈ;>=ʙʣɄƙ, FSP ǥ�)ĸ��Ũý�>=�&�;͎]�yĖ˲˿Ŵ9˼<˿Ŵ('+

FSP gwr�Y+Ǽ˔ 74)9͎]�y�:/j{�i+ſɄ)̤�=Ǽ˔ 74)͎�;), FSP @ˊǁg

Tǉ�oy[gT FSP )̤�=Ǽ˔ 75)('�ˁ?> ͏  

� ��)˻1 ƆǦ+ɨɻ@4&7=&͎BypcDqÿ̙̓̀ǣ)Ŗ�$ FSP @̈ɐ� ɨɻ%

,͎ƺƩ)¡�Įƕȡá)˫ė� pL{ʙʣƼʹ):<ȆǷɝƕ˩+Ă�@ɠƭ� ɨɻ�ķ�͎

�ITȇ̩9ź�Ŧ+ȧȴ͎�ÅǕ Si ʎŁ�:/�+ʁ 2 ɢʎŁ+Ɗʗå�/)ģ�Îǀ�:/�

_}awC`Ʉ+ÐǕ � -Al ɢ+ȧȴ(;/)áɝÉʛǕ):=Ɗʗå�ŊɊ�>͎�>;pL{ʙ

ʣƼʹ+ÞǬ):<ȆǷɝƕ˩+Ƽđ�̇ƞ�>=:�%�=͏�ǈ͎Ŝ¢ǣ+ȾÌɌĥBypcD

qÿ̓)Ŗ�$ FSP 8��, FSW @ǉ� Ĭÿ͎ƶƸȾ)˫ė� Ĝȳ~ǪÍɄƙ+ĵå�ȆǷɝ

ƕ˩@Ũý�=ºĂ��= 76)�84)͏¬�-͎Y.S.Sato77);, A6063 ÿ̓ (Al-Mg-Si ʑ )+ T5 ÌɌǣ)

Ŗ�$ FSW @ǉ� ˙ǅ+ɪ�@ˠ1$�< Ʊ͎ÿ̌ć˸ (ƺƩ̌ )%,ʛǕʎ�Ɗʗå�=8++ƶ

ƸȾ):=ȯŴ�ǌ)¡
ǪÍɂ+ÉĜȳ�Ɏ�$͎Ȏǣ&Ȑ˵�$ɪ��¥��=�&īĆ�$


=͏"4< FSP ǒ+ƶƸȾ):=ȯŴ�ǌ,͎ȳ˩ñŁ+ƫǀ~Ĝȳ�Ƞəå�=ɶŴ+͈ȯ&(
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=Ʉș�ɯď�>=͏�+�&)̤́�$͎Ŝ¢ǣ+ȾÌɌĥBypcDqÿ̓%, FSP(FSW)&Ⱦ

ÌɌ+ʙÿ�)̤�=Ǽ˔ 85)9 FSP ƅ+ȳ§åÌɌ)¡�ʙʣĵå)̤�=Ǽ˔ 86)�˚ʗ)ˁ?>

 �͏ǈ Ö͎˻+:�)̙̀ǣ)�
$8 FSP(FSW)&ȾÌɌ+ʙÿ�)̤�=Ǽ˔,Ŋǉ�> �͎

ʙʣ+ʏĸå@ǾÚ¥ȭ�=:�( FSP ƅ+ȾÌɌǥ�+ɫɽ�˟̀&�>$
=͏��+Ʉș@

âǶ�=&͎FSP ǒ+ƶƸȾ):=ȯŴ�ǌ)˫ė� ȳ˩ñŁ+ƫǀ~ĜȳɄƙ@Ôƈ�=�&�

ûʮ%�>- Ȇ͎Ƿɝƕ˩+Ă�9ŧɶ+ÞɈå (ȾÌɌŧɶ+Õȭ )+Ⱥ%ǝɟ%�=&ʧ�;>=͏

"4<͎FSP ǒ+ƶƸȾ@ȳ§åÌɌ&�$Óɐ�=�&%͎Įƕȡá):=ʙʣƼʹ (Æ§ɝ),

�˕�͎��:/� )�̇ƞ%�=&āǒ)͎ʙʣ@ʏĸå��=�&(�ȳ˩ñŁ@ Al Ȏɢ�)ƫ

ǀ~Ĝȳ��=�&�ûʮ)(= 7͎FSP ƅ)ȾÌɌ@ǉ�Ĭÿ&Ȑ˵�$ȆǷɝƕ˩+͂˯ɝ(

Ƽđ�ǟƄ�>=͏  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ě 1 . 9� BypcDqÿ̙̓̀ǣ)Ŗ�= F S P +ɨɻ¬  
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1 .2� ɨɻɠɝ�:/ˡǄ+Ȁƞ  
 
� ǡɨɻ%, �͎ˆɝ(ȾÌɌĥBypcDqÿ̙̓̀ǣ%�= AC4CH ÿ̓@ɨɻŖ˥)̉/ F͎SP

ǒ+ƶƸ):=ȯŴşȋ@Ôƈ�ȳ§åÌɌ&�$Óɐ�=�&%͎ƺƩ)¡�Įƕȡá)˫ė� 

ʙʣÔƈ+ÞǬ&ƶƸȾ):=ȳ§åÌɌ+ÞǬ@āǒ�ˁɝ)Ƈ=�&):<ȆǷɝƕ˩+͂˯

ɝ(Ă�+̇ƞ@ǛʘɠȂ)Ƴ� ͏  

� ě 1 . 1 0 )ǡɨɻ+ǿˌ(;/)ˡǄ+Ȁƞ@ɯ�͏ǡɨɻ@̃ˁ�= 7)��+:�(Ǽ˔̽

ɠ(;/)�>)ŖƑ�=˟̀@ʧ� ͏ľ7) 	͎ȳ§åÌɌ+ÞǬ
&	ʙʣÔƈ+ÞǬ
)̤

�=ȃƹ˙͇@Ǽ˔� 	͏ȳ§åÌɌ+ÞǬ
%,͎FSP ǒ)əɎ�=ƶƸȾ):=ȯŴşȋ (Ɣ˿

ǌȯ͎͈ȯ͎ɧọ̌ )�ȳ§åÌɌ&�$Óɐûʮ�ă�+Ǽ˗@˟̀&�$Ʈ� 	͏ʙʣÔƈ+Þ

Ǭ
%,͎ÅǕ Si ʎŁ+ÎǀɄƙ&ȆǷɝƕ˩͎Ƀ)ŷƕ&+ɢ�̤¯+ŉ̒˘®@˟̀&�$Ʈ

� ͏�+ƅ͎ƺƩ):=	ʙʣÔƈ+ÞǬ
&ƶƸȾ):=	ȳ§åÌɌ+ÞǬ
@āǒ�ˁɝ)

øƇ�= 7+ FSP Ƣț+ʧǶ�:/�+ FSP Ƣț@ŊɊ�= FSP ˇʥ+ˉ©@˟̀&� �͏;

)͎ˉ©� FSP ˇʥ@ɐ
$ FSP @Ŋǉ�͎ƶƸ):=ȯŴşȋ9Įƕȡá):=ʙʣÔƈ�ǣ

ǅɃƕ)õ3�Ɓ̼+ˠǰ@˟̀&� ͏  

� ��)˻1 Ǽ˔̽ɠ(;/)˟̀)Ŗ�$͎ǡˡǄ%, 2 ɸ́+ȃƹ˙͇͎FSP ˇʥ+ˉ©�:

/ FSP ǒ+ƶƸ):=ȯŴşȋ�ǣǅɃƕ)õ3�Ɓ̼+ˠǰ@ˁ! ʛǬ@4&7 ͏ʁ 2 ɾ%

,͎FSP ǒ+ƶƸȾ@ȳ§åÌɌ&�$Óɐ�=)ž <͎AC4CH ÿ̓)Ŗ�=Ɣ˿ǌȯ@¡�͈

ȯɧọ̌ȳ§åÌɌ)̤�$Ǽ˔� ͏FSP ǒ)əɎ�=ƶƸȾ,Ɣ˿)ǌȯ (ǁé�ǁɜ� /s)��

"Ĝɢʞɡ�+͈ȯ̿Ĩ)̇�=Ʉș�Ƙŉ�>= 87) Û͏�$ F͎SP %,�+ñɌ�;̠ọ̌ÌɌ@

ǉ� Ĭÿ͎­˙ǣ+ƶʪ�ƝƓ�>=͏­˙ǣ+ƶʪ@ǾÚ¥ȭ�= 7),͎ÌɌọ̌@ǾÚɧ

ʡ�=�&�Ǟ4>=͏"4<͎FSP ǒ)əɎ�=ƶƸȾ@ȳ§åÌɌ&�$Óɐ�= 7),͎�

Ǿ7$ĸ�
ǌȯ˿Ŵ (ǁé�ǁɜ� /s)͎�Ĝɢʞɡ�+͈ȯ͎�Ǿ7$ɧ
²Ƭọ̌&
�̧ŉɝ

(ȯŴşȋ)�
$ȳ§åÌɌ+ÞǬ�Ƈ;>=�@Ǽ˗�=Əˌ��=&ʧ�;>=͏Ö˻+:�

)͎Ɣ˿ǌȯ@¡�͈ȯɧọ̌ȳ§åÌɌ)̤�$,͎İȥȹ9ȡáŞȹ@ɐ
 ɨɻ�Ŋǉ�> 

� F͎SP ǒ)əɎ�=ƶƸȾ,İȥȹ9ȡáŞȹ):<ŊɊ�>=ǌȯ˿Ŵ:<8ĸ�
&ƲȰ�>

=͏��%͎İȥȹ9ȡáŞȹ:<8ĸ�(ǌȯ˿Ŵ�ŊɊûʮ%�=�&)Û�$͎Ǿ7$ɧ
ǒ

̣)�
$8ʹļ(ȯŴÔƈ�ûʮ&
! ¼> Ƀƌ@ǝ�=͈ćȝ˜ŗÛȾˇʥ@ɐ
$͎FSP

ǒ+ƶƸȾ):=ȯŴşȋ@ȃƹ� ͏͈ćȝ˜ŗÛȾˇʥ@ɐ
$Ɣ˿ǌȯ@¡�͈ȯɧọ̌ȳ§

åÌɌ@ǉ� ̮+pL{ʙʣ9ȆǷɝƕ˩+ʐǰ@˾�$ȳ§åÌɌ+ÞǬ�Ƈ;>=ȯŴşȋ

@Ǽ˔�͎FSP ǒ+ƶƸ):=ȯŴşȋ+ƭȂ@Ȁʊ�=�&@ɠȂ&� ͏ʁ 2 ɾʁ 3 ʈ%,͎͈

ćȝ˜ŗÛȾˇʥ@ɐ
 AC4CH ÿ̓+ÛȾɄș@ɫ˛� ͏�+Ǽ˔@ˁ! Ɍɒ,͎fyLɄ



 -16- 

+BypcDqÿ̙̓̀ǣ@˜ŗÛȾˇʥ%ÛȾ� īĆ¬�ř(
 7%�<͎ÛȾOCy9˙͇

ɀ+ſɄ(;/)­ʜ̷Ú+ˠǂ)̤�=˙͇ɀ+ǌȯɄș9ȯŴÎŭ@�;��7Ǽ˔�=Əˌ

��=&ʧ� �;%�=͏ʁ 2 ɾʁ 4 ʈ%,͎͈ćȝ˜ŗÛȾˇʥɃǝ+�+ȾÌɌˇʥ%,ŊɊ

�ę̵%�=ĸ�(ǌȯ˿Ŵ@¡�ȳ§åÌɌ�ǣǅɃƕ)õ3�Ɓ̼+ǿˌƤƵ@ɠɝ&� ͏Æ

§ɝ),͎ĸ�(ǌȯ˿Ŵ�)�
$ȳ§åȯŴ9ȳ§åọ̌�pL{ʙʣ�:/ȆǷɝƕ˩)õ3

�Ɓ̼@ˠ1 ͏�;)͎͈ćȝ˜ŗÛȾˇʥ+¼> ȯŴÔƈƕ@Óɐ�$͎ǌȯ˿Ŵ@ųʉĚ)

ĵå�� ̮+pL{ʙʣ�:/ȆǷɝƕ˩+ˠǰ@˾�$͎Ɣ˿ǌȯ+ÞǬ@Ǽ˗� ͏ʁ 2 ɾʁ

5 ʈ%,͎Öʈ4%+Ǽ˔ʛǬ@ˮ4�$͎Ɣ˿ǌȯ@¡�Ĝɢʞɡ�+͈ȯ̿Ĩ)��=Îí¤+

²Ƭ&
�Ǿ7$̧ŉɝ(͈ȯɧọ̌ȳ§åÌɌ@ǉ� ̮+pL{ʙʣ�:/ȆǷɝƕ˩͎Ƀ)͎

ȳ§åÌɌ)¡� Mg 9 Si +łĠɄƙ+ĵå9ÅǕ Si ʎŁ+ſƙĵå&źżɃƕ&+ɢ�̤¯)̤

�$ʐǰ�͎ȳ§åÌɌ+ÞǬ�Ƈ;>=ȯŴşȋ@ȃʖ� ͏ʁ 2 ɾʁ 6 ʈ%,͎Ɣ˿ǌȯ�pL

{ʙʣ͎Ƀ)ÅǕ Si ʎŁ+ſƙĵå)õ3�Ɓ̼@�;)˚��ˠ1= 7)͎ÛȾOCy(;/

)˙͇ɀſɄ@ĵǙ�$Öʈ4%:<ĸ�(ǌȯ˿Ŵ@ŊɊ�͎�+ǌȯ˿Ŵ�ȳ§åÌɌ�+ÅǕ

Si ʎŁſƙ)õ3�Ɓ̼)̤�$Ǽ˔� ͏  

� ʁ 3ɾ%, F͎SP)¡�ʙʣÔƈ+ÞǬ)̤�$Ǽ˔�= 7) Å͎Ǖ SiʎŁ+ÎǀɄƙ� AC4CH

ÿ̓+ǣǅɃƕ)õ3�Ɓ̼@ˠ1 ͏Ö˻� :�)͎AC4CH ÿ̓)Ŗ�$Ž.�5Ûŧ@̈ɐ

� Ĭÿ͎ũĸ.�5+ŗÁ):<ȳˑ~ËĜ)˫ė� ̙̀ʙʣ+Ƽʹ͎Æ§ɝ),�ź�Ŧ('

+ɼ̭+Ƽđ͎�ÐǕ � -Al ɢ9ÅǕ Si ʎŁ+Ɗʗå�:/�ÅǕ Si ʎŁ+ģ�Îǀ�̇ƞ�>͎

�>;+ɢ�ÞǬ):<ȆǷɝƕ˩ Ƀ͎)źżɃƕ�Ƽđ�>=�&�ǎ;�&(!$
= �͏��͎

�˕�)̤�$,͎ÅǕ Si ʎŁ+ÎǀɄƙ&ȆǷɝƕ˩+ɢ�̤¯@ŉ̒ɝ)˘®� īĆ,2&

A'Ȼ�͎ÅǕ Si ʎŁ+ÎǀɄƙ�ȆǷɝƕ˩)õ3�Ɓ̼)̤�$,Ǚ(=Ǽ˔�Ǟ4>=͏�

+ 7͎ÅǕ Si ʎŁ+ÎǀɄƙ&ȆǷɝƕ˩+ɢ�̤¯@ʐǰ�=�&,͎FSP ǒ+ʙʣÔƈ+Þ

Ǭ@˘®�=�%̐ˌ(ɦˍ@��=8+&Ʋœ�>=͏��%ǡɾ%,͎ľ7)ÅǕ Si ʎŁ+Î

ǀɄƙ+ŉ̒˘®ǈț@Ǽ˔� ͏Æ§ɝ),͎ECAP Ûŧ@ɐ
$ÅǕ Si ʎŁ+ÎǀɄƙ@ĵå

�� ˙ǅ@©ˉ�͎̺ɺǴŁ@ɐ
 ÅǕ Si ʎŁ+ÎǀɄƙ+ŉ̒å@˙5 ͏�+ƅ͎ŉ̒å

� ÅǕ Si ʎŁ+ÎǀɄƙ&źżɃƕ&+ɢ�̤¯)̤�$Ǽ˔@Û� ͏  

� ʁ 4 ɾ%,͎FSP ǒ+ƶƸ):=ȯŴşȋ�ǣǅɃƕ)õ3�Ɓ̼@ˠ1 ͏ľ7)͎ƺƩ):=

ʙʣÔƈ+ÞǬ&ƶƸȾ):=ȳ§åÌɌ+ÞǬ@āǒ�ˁɝ)øƇ�= 7+ FSP Ƣț@ʧǶ�͎

�>@ŊɊ�= FSP ˇʥ@ˉ©� ͏Æ§ɝ),͎�]�y+ɵáȆȀ,˖�(
͎��)ƺƩ@

ˁ�j{�i�]�y�;ÍÁ<�=ȆȀ@¹� ˇʥ+ŊɊ@ɠƭ� ͏]�y+ɵá@¡?(


FSP %,ʙʣÔƈ̿Ĩ�Ʌ
ʉĚ)̧ŉ�>=�͎̙ ɂ+*�̌9�̌ċ&+ʛÿ̌('śơɝ)Ž

Ŵ�Əˌ(ʄơ)Ŗ�$,͎ǡ FSP +̈ɐ�ǝÞ%�=&ʧ�;>=͏ǡɨɻ%,͎�˻+:�(
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ʄơ)Ŗ�=śơɝ(Ƽ˩@ž̺+ɠȂ&�$˖ŉ� ͏Ȉ)͎ˉ©� FSP ˇʥ@ɐ
$͎FSP

@Ŋǉ� ̮+ƶƸ):=ȯŴşȋ+��Ʉș+ɫ˛� ͏Û�$͎FSP )¡�pL{ʙʣĵå9Ȇ

Ƿɝƕ˩+ˠǰ@˾�$ F͎SP )¡�pL{ʙʣ9ȆǷɝƕ˩+ĵå)̤�=ĩɮ_�Y@÷̲� 

(4.2 ʈ )͏�+ƅ͎FSP ǒ+ȯŴşȋ@ȁ�)ĵå�� ̮+pL{ʙʣ͎Ƀ) Mg 9 Si +łĠɄƙ

9ȆǷɝƕ˩@ˠ1=�&% F͎SP ǒ+ƶƸ):=ȯŴşȋ@ȳ§åÌɌ&�$Óɐûʮ�ă�@Ǽ

˔� (4.3 ʈ )͏4 Ǜƅ)͎ǡɨɻ@˾�$ǎ;�&(! ˟̀9�ƅ+ŜǞ)̤�$˻1 (4.4

ʈ )͏  

� ǡɨɻ�ņƞ� ̮),͎ȾÌɌĥBypcDqÿ̙̓ɂ+dŠ9�̌ċ&+ʟʛ̌�:/ƚá

̌(')ǡ FSP @̈ɐ�=�&%͎śơɝ)Ƽ˩@ǉ��&�ûʮ%�<͎BypcDqÿ̙̓ɂ

+ɐ˽ƫĸ(;/)̌ǣ+ʾʬå)¡�˴̒å('�ǟƄ%�=&ʧ�$
=͏  
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ʠ 2ʜ� ƣ̥ǣɄMµ�ͨɄʆǨ͆Ɋ¼ÿåɥ�ǵǚɝƤ3č
>#Ə͚  
 
 
2.1� ʽ˹  
 

� ǳʈʙ/6 FͯSPǨ5ǋǍ3FIɄƅůȡMʘȓɷ3ïƘ!Ɋ¼ÿåɥ0!.íɨ#I�0/ͯǏƺ3µ

�ĻƤȷü3̓ī!(ʴ˄ïƘ0ǋǍə3FIɊ¼ÿåɥ5˱ėúȀ3FHȜȎɷƤ̑5̙͢ɷ2Ě�M

ɻƾ!(Ͱ�5�̧5ʈʙ3��.ͯǳʜ/6 FSP Ǩ5ǋǍəMɊ¼ÿåɥ0!.íɨ#I3Ƌ(Hͯͨ

ğȰ̅Ŧøəˬ˅3FH FSP Ǩ5ǋǍəMșǎ!(ƣ̥ǣɄMµ�ͨɄʆǨ͆Ɋ¼ÿåɥ��Z�ʴ˄D

ȜȎɷƤ̑3č>#Ə͚M¼ʬɷ3ʫȄ!(Ͱ�5̉ȄM̤".ͯɊ¼ÿåɥ5úȀ�ƗGJIɄƅůȡ3

͇!.ȑ˻!(Ͱ 

 
2.1.1� ͨğȰ̅Ŧøə  
 

� ʠ 1ʜ/̡<(F�3ͯƖǹ5Ɋ¼ÿɄƅ(535
)0ȥ̝!. 15�25
ʖƅͨɄ/śǞ#IɊ¼ÿåɥ/

6ͯǖĂçʖƅ5ʆ�ÈƽǨ͆/ÕJ(ȜȎɷƤ̑�ƗGJI�0�ʌ�BGJ.�HͯͨɄʆǨ͆Ɋ¼ÿ

åɥ5ǭɨƤ�ĹĞ J.�I 1)�4)Ͱ�JG5ĹĞ/6ͯͨɄʆǨ͆5øəMͨʫƅ/śɣ#I(B3ĽȺ

ɑDȷüŮɑ�ɨ�GJ(Ͱ�˗ɷ3əåɥ6ͯ͗ȦɑMɨ�.˨LJI�ͯ͗Ȧɑ6ɄƅïƘƤ3ùI�

0�GͯəåɥǨ͆Mʆ˃#I(B3ƣ̥3ǣɄ!(ĺė/6U�u�v�n�ƭơ JIͰ�ǝĽȺɑD

ȷüŮɑ/6ͯəő¼3 NaOH Da�V�F:O��p215ʧʨ¼Mɨ�.ə´̫ƤMĚ� %I�0

/ͯ͗Ȧɑ/6śɣĭ͖2̥ƅ/5ƣ̥ǣɄ�ŗŚ!.śɣ JIͰ!�!2�GͯĽȺɑDȷüŮɑ/ś

ɣ JIƣ̥ǣɄ3��.6 įͯ 2.1.1 3șƇɷ3ʐ#F�3ŜɄ¬̠5»Ʉ͝ķ/6͘Ž3̥�ǣɄ̥ƅ

�ƗGJI�ͯͨɄ͝ķ/6ͯəő¼0˪øə¼5ɄƅŹ�ŧ �2I�03̓ī!.ͯǣɄ̥ƅ�ˡ!�

»�#IͰ�ǝ FSPǨ3ɴɧ#IǋǍə6ͯŜɄ¬̠5»Ʉ͝ķ�Gİɽʾɼ�5ͨɄ͝ķ3˓I?/�̏

!(̥ƅ/5ƣ̥ǣɄ�ƨŚ JI 5)Ͱ&�/ͯFSPǨ5ǋǍə0͡¸5ƣ̥ǣɄ2G:3ͨɄʆǨ͆Èƽ

Mśɣ#Iəåɥˬ˅0!.ͨğȰ̅Ŧøəˬ˅3ʁɻ!(Ͱ 

� ̅Ŧøə6ͯøə]Q�3¥ȷ͗ȷMȷ#�03FHøə]Q��?(6øə]Q�̠Ï3˽˅!(˪ø

ə¼3¥ɰʍǷ�ɧ" Ƀͯ͗ȷM̅̓ %I�0/˪øə¼M˒źɴə %Iøəǝȯ/�IͰ̅ Ŧøə6ͯ

ƣ̥ǣɄ�ĒˊͯɄƅïƘƤ3ÕJIͯ͘Ǆ˸/øə�ĒˊͯūƱøə�Ēˊͯøəúɡ�ͨ�ͯɦľ̎˞

�ŧ �215ÕJ(ɝƜMƽ,Ͱ&5(B ŷͯȒç̸/6ąʮ2øə5@2G$Ɋ˷ ɖͯÛJ ɖͯ�ư!ͯ

K�¬��F:ɖ�7B213íɨ JIͰ?(̠ͯƁ/6øəúɡ�ͨ�ɓDɦľ̎˞�ŧ �ɓ3ʁɻ
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 JͯIHZkX�[v�h�DɒͤĨ215̉ɥĨß3Cíɨ J.�IͰ 

� ̅Ŧøə6͗ȦȥƷƵ�Ņ��ʍƤMǭ#I̽́ǵǚ5øə3ɨ�GJI�0�ń�ͰO��qR�ė̺

3,�.6ͯˣǼǵDu�Zǵ3ţ!.ȑ˻ J(�&5ĹĞÁ6Ũ2� 6)�8)Ͱ&5Ċī0!.6ͯ�O�

�qR�ė̺6͗ȦȥƷƵ�ŧ �͘ʍƤ/�I�0ͯ
øə]Q��ƌƮ#Iʍɭ5Ə͚Mđ�I(Bͯ

ə͗ţ3FIɄƅɅŚ�ĭ͖/�I�0�ƿ�GJIͰ�JGMǑħ#I(BͯØ5ʈʙ 9)3��.®�5

ȑ˻� J(Ͱ�3,�.6ͯǠŔ5̅Ŧøəˬ˅3��I 40�400kHz0��ğȰǖ3ţ!. 2ͯ000kHz

5ͨğȰMɴɧĒˊ2ͨğȰ̅Ŧøəˬ˅Mɨ�I�0/ͯ˩ɸúȀMͨBͯu�Zǵ5ƣ̥ǣɄMĒˊ3

!(Ͱ
3,�.6ͯǒťɄƅ˺5̭ɨ�F:́ǚ5ͩ¼ÿ3FIǒťɡ5ŗŚÿ3FH˪øə¼5ɄƅM

ͨ�ʫƅ/ɅŚĒˊ0!(Ͱ®�5ʵˁ�GͯͨğȰ̅Ŧøəˬ˅Mɨ�(O��qR�ė̺u�Zǵ5ŗ

Śɷ2ƣ̥ǣɄMśɣ!(Ͱ 

� ñ̡!(ͨğȰ̅Ŧøəˬ˅5ÕJ(ɝƜ�Gͯ͗ȦɑDĽȺɑͯȷüŮɑ215«5əåɥˬ˅/6ś

ɣ�ĭ͖0 JI»Ʉ͝ķ�GͨɄ͝ķ3��.�̏!(̥ƅ/5ƣ̥ǣɄ�F:İɽʾɄƅ̠Ï5ͨɄ

͝ķ3��IÕJ(ɄƅŗŚƤ�ƗGJI(B FͯSPǨ3ɴɧ#IǋǍə5Ʉƅůȡ3͡¸!(Ʉƅůȡ5

¬��śɣĒˊ0ˇ�GJIͰ 

 

 

 

 

 

 

 

 

 

 

į 2.1.1� Ėʗəåɥˬ˅5ǣɄɞȮMʐ!(șƇį  

 

 
2.1.2� ʈʙɻɷ  
 

� FSP Ǩ5ǋǍəMɊ¼ÿåɥ0!.íɨ#I3Ƌ(HͯFSP Ǩ3ɴɧ#I0ƨŚ JIǋǍə5Ʉƅů

ȡ(ƣ̥ǣɄͯİɽʾɼ�5ͨɄͯçąº5ʆǨ͆5Èƽ)MͨğȰ̅Ŧøəˬ˅Mɨ�.șǎ!(ͰͨğȰ

̅Ŧøəˬ˅3FIƣ̥ǣɄMµ�ͨɄʆǨ͆Ɋ¼ÿåɥMǞ!(͑5�Z�ʴ˄DȜȎɷƤ̑5¼ʬɷ

Target holding temp.�

Te
m

p.
�

time�

Electrical furnace�
Salt-bath 

& 
Fluid bed�

Induction 
heating�

Overheat�
Reduction of heating rate�
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2ʫȄM̤".ͯɊ¼ÿåɥ5úȀ5Ƴǉ2G:3&5úȀ�ƗGJIɄƅůȡMșʱ!(Ͱ 

� 2.3 ʤ/6ͯͨğȰ̅Ŧøəˬ˅MO��qR�ė̺̦̀ǵ5øə3̭ɨ#I3Ƌ(Hͯ́ͧɚ5øəɞ

ȮM̉<(ͰøəɞȮM̉<(ɥɪ6ͯu�Zɞ5O��qR�ė̺̦̀ǵM̅Ŧøəˬ˅/øə!(ĹĞ

Á�Ũ2�(B/�Hͯøə]Q�D́ͧɚ5ƌɞ2G:3Âʷ͗÷5̉Ǘ3͇#Íͧɚ5ǣɄɞȮDɄ

ƅçżM�G�"Bȑ˻#Iƞ˲��I0ˇ�(�G/�IͰ2.4 ʤ/6ͯͨğȰ̅Ŧøəˬ˅ɝǭ5«5

əåɥˬ˅/6śɣ�ĭ͖/�IŅ�2ǣɄ̥ƅMµ�Ɋ¼ÿåɥ�ǵǚɝƤ3č>#Ə͚5Ȕ˲ƳǉM

ɻɷ0!(Ͱß¼ɷ36ͯŅ�2ǣɄ̥ƅ�3��.Ɋ¼ÿɄƅDɊ¼ÿǨ͆��Z�ʴ˄�F:ȜȎɷƤ

̑3č>#Ə͚M̉<(Ͱ G3ͯͨğȰ̅Ŧøəˬ˅5ÕJ(ɄƅïƘƤMíɨ!.ͯǣɄ̥ƅMƄʥĮ

3łÿ %(͑5�Z�ʴ˄�F:ȜȎɷƤ̑5̉ȄM̤".ͯƣ̥ǣɄ5úȀMȑ˿!(Ͱ2.5 ʤ/6ͯ

ñʤ?/5ȑ˻ʶȀM̘?�.ͯƣ̥ǣɄMµ�İɽʾɼ�5ͨɄ͝ķ3��Içąº5Èƽ0��ȓB.

͊Śɷ2ͨɄʆǨ͆Ɋ¼ÿåɥMǞ!(͑5�Z�ʴ˄�F:ȜȎɷƤ̑ͯɝ3ͯɊ¼ÿåɥ3µ� MgD

Si 5ŔĲɞƪ5łÿDÞǪ Si ʨŒ5ƌƪłÿ0ƈƉɝƤ05ɽ£͇Å3͇!.ʫȄ!ͯɊ¼ÿåɥ5úȀ

�ƗGJIɄƅůȡMșʱ!(Ͱ2.6ʤ/6ͯƣ̥ǣɄMµ�ͨɄʆǨ͆Ɋ¼ÿåɥ3��IÞǪ SiʨŒ5

ƌƪłÿ3͇!.̉<(ͰChaudhury G 10)6 AC4CH ė̺0ȥ̝#I0 Mg ȿø̹�ń� D357 ė̺3ţ

!.ͯȷüŮɑMɨ�.ƣ̥ǣɄMµ�Ɋ¼ÿåɥMǞ!(͑5�Z�ʴ˄łÿ0ȜȎɷƤ̑3͇!.̉<

.�IͰ&5ĹĞ/6ͯƣ̥ǣɄMµ�Ɋ¼ÿåɥMǞ!(ĺėͯÞǪ SiʨŒ��AlȤɽ0ÞǪ SiʨŒ5

ʾːƉɡ5Źɱ3̓ī!(əƠ÷3FHʉŀ�çǛ#I�0ͯ
ǣɄ̥ƅ�̩�ĺė0ȥ̝#I0ͨɄÈƽ

̪ʖ5Ǣǯ3ʩŅÿ2G:3ɤɞÿ#IÒĚ��I�0�ʌ̄ J.�IͰ,?HͯɊ¼ÿåɥǨ5ǣɄ̥

ƅ6ͨɄÈƽ�3��IÞǪ Si ʨŒ5ƌƪłÿ3ˡ!�Ə͚#IC50ˇ�GJIͰñ̡5F�3ͯO�

�qR�ė̺̦̀ǵ/6ͯÞǪ Si ʨŒ5ƌƪ6ȜȎɷƤ̑3ţ!.Ņ��Ə͚#I(BͯͨğȰ̅Ŧøə

ˬ˅Mɨ�(ƣ̥ǣɄ�ÞǪ Si ʨŒ5ƌƪ3č>#Ə͚MʫȄ#I�06ͯͨɄʆǨ͆Ɋ¼ÿåɥ5ǭɨ

ƤM̋̊#I�/ǭɹ2ʄ˳M��IC50ˇ�IͰ 

 
2.2 śͧ́ǚ�F:ǝȯ  
 

! śͧ́ǚ  

� śͧ́ǚ6 ÝͯɹʑĬȯ§ǡǳ̦̀ŷŖ³̜ė̺ʈʙ̱³�GǇÂ J( AC4CHė̺(JIS˕̺Ĵ̦̀ǵ)

MÀɨ!(Ͱ̦̀3Øʛ*ͯAr Wc3FIˍWcåɥ�Ǟ J(ͰęǨ3 Sr ȿø3FHÞǪ Si ʨŒ5Ǒ

˘åɥ�Ǟ J(ͰɊɆ�F:̺ĴɄƅM&J'Jʭ 700
�F:ʭ 150
3̉ʤ!.ͯŅȦ�/ȱɆ!.

Q�^knMƗ(Ͱ&5ÿŖʴƮ5çǽʶȀ(ƀĳË)M˩ 2.2.1 3ʐ#Ͱ 

� 2.3 2ͯ.4�F: 2.5ʤ/6 įͯ 2.2.1 3ʐ#F�3Q�^kn�G 10mm�10mm�50mm5˶Ȃɞ́ͧ

ɚMȜȎèð3FHǃĐ!.ͯͨ ğȰ̅Ŧøəˬ˅3FIøəMǞ!(Ͱ2� 2.3 2ͯ.4ʤ�F: 2.5ʤ/6ͯ
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�3Q�^kn5�̱�GǃĐ!(́ͧɚ(į�5 c,d 3ɽƋ)Mśͧ3ɨ�(ͰQ�^kn5�̱�GǃĐ

!(́ͧɚ(į�5 a,b3ɽƋ)6 2.5ʤ5�̱5śͧ(2.5.1.1)3Àɨ!(�ͯ̂ʲ6Ɣ̡#IͰ2.6ʤ/6ͯ

øəǨ5ǣɄ̥ƅMͨBI(B3ͯį 2.2.2 3ʐ#F�3ɼƑ� 10mmͯͨ � 5mm5áȂɞ́ͧɚMǃ

Đ!.ͯͨğȰ̅Ŧøəˬ˅3FIøəMǞ!(Ͱ  

 

˩ 2.2.1� AC4CH ė̺5ÿŖʴƮ  (mass%) 

�  Si Fe Cu Mn Mg Zn Ni Ti Pb Sn  Cr Sr(ppm) Al 

Sample 6.9 0.12 <0.01 <0.01 0.37 0.01 <0.01 0.13 <0.01 <0.01 <0.01 48 bal. 

 

 

 

 

 

 

 

 

 

 

 

į 2.2.1� ˶Ȃɞ́ͧɚǃĐ3͇#IȔɯį  

 

 

 

 

 

 

 

 

 

 

į 2.2.2� áȂɞ́ͧɚǃĐ3͇#IȔɯį  

a� b�

c� d�

3m
m
�

20
m
m
�

Ingot�

190mm�22mm�

50mm�

10mm�

10mm�
20
m
m
�

Ingot�

190mm�22mm�

5mm�

Φ
10
m
m
�
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! ͨğȰ̅Ŧøəˬ˅  

� ǳʈʙ/6 �ͯQTc͗ŒŷȒȇƇ³ʑ�ͅɴ!(ͨğȰ̅Ŧøəˬ˅Mɨ�(Ͱį 2.2.3 3ͨğȰ̅Ŧ

øəˬ˅5Ȕ˲ͯ˩ 2.2.2 3ˬ˅5ȕƮ�F:˩ 2.2.3 3ɴǀˬ˅5ªȖM&J'Jʐ#Ͱǳˬ˅/6

2MHz0��ȓB.ͨ�ɴǀğȰǖ3̓ī!.ͯO��qR�ė̺5ƣ̥øə�śɣĒˊ/�IͰ 

� į 2.2.4 3øə]Q�̠Ï5ƼŅį(ʅƌ5øə]Q�5ĺė)Mʐ#Ͱǳʈʙ/6ͯį 2.2.5 3ʐ#ʅƌ

�F:áƌ5 2ʗ͡5øə]Q�(̾˰)MÀɨ!((į�5øə]Q�6ͯ́ ͧɚ;5̤͗M͈�(B3ʹ˂

l�zMŻ�.�I)Ͱ2.3 2ͯ.4�F: 2.5ʤ/6ͯ˶Ȃɞ́ͧɚMøə#I(B3ʅƌ5øə]Q�MÀɨ

!(Ͱ2.6 ʤ/6áȂɞ́ͧɚMøə#I(B3áƌ5øə]Q�MÀɨ!(Ͱøə�6́ͧɚ�̱�ň5

˩͙ɄƅMǒťɄƅ˺3FH̢ȞɅŚ#I0ęǨ3ͯɅŚɄƅ3Ơ".øə]Q�;5͗÷ÂʷɈM̉Ǘ!

(ͰǒťɄƅ˺5ªȖM˩ 2.2.4 3ʐ#ͰǒťɄƅ˺3FIɄƅ5ɅŚʫƅMͨBI(B3ͯ́ͧɚ5Ʉƅ

ɅŚ͙3ţ!.ͩ¼cz��5ļż3FIͩ¼ÿMǞ!(Ͱøə]Q�5�36ɄƅMʭ 20
3Èƽ!(

ȧ�ƚɦ#Iȧȗ�˽˅ J.�H Ɋͯ¼ÿåɥ J(́ǚ6ɼ*3ȧȗ3ˠ0 J ƣͯã J((į 2.2.4

Čɗ)Ͱ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.2.3� ͨğȰ̅Ŧøəˬ˅  

A 

B 

H 

C 

D 

E 

F 

G 
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˩ 2.2.2� ͨğȰ̅Ŧøəˬ˅5ȕƮ  

 

 

 

 

 

 

 

 

 

 

˩ 2.2.3� ɴǀˬ˅5ªȖ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.2.4� øə]Q�̠Ï5ƼŅį (ʅƌ5øə]Q�5ĺė )  

 

;�� "5� �7�

A (2'/��!86� ORION 49�(RKE1500A-V) 
B 3)86� ���	<#%,9�

C 
����������� ���+'�49�(IGA C-E1) 
D ���������� ���	<#%,9�

E *$0&:
������� ���+'�49�(SH-7A-64) 
F  1���� ���	<#%,9�

G .-� ��

H UNIT COOLER ORION 49�(RKS750S) 

��� ���


�
�� ����


���	(Hz) 2M 

��(W) 10k 

Heating coil�

Specimen�

Radiation thermometer�

Water bath 
(20�)�
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į 2.2.5� øə]Q� (�Ͳʅƌøə]Q�ͯ�Ͳáƌøə]Q� )  

 

 

 

˩ 2.2.4� ǒťɄƅ˺5ªȖ  

 

 

 

 

 

 

 

 

 

 

 

 

Heating coil�

Specimen 
(10mm×10mm×50mm)�

Heating coil�

Specimen 
(Φ10mm×5mm)�

��� ���


	� IGA C-E1 
���������(�) 250�2000 
��
��(µm) 1.6 
����� InGaAs 
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! əåɥǸ°  

� 2.4 ʤ/6ͯͨğȰ̅Ŧøəˬ˅3FHśɣ JIƣ̥ǣɄ�3��IɊ¼ÿɄƅͯɊ¼ÿǨ͆�F:ǣ

Ʉ̥ƅ5Ə͚  ͯG36ͨɄʆǨ͆Ɋ¼ÿåɥ�ǵǚɝƤ3č>#Ə͚M̉Ȅ#I(B įͯ 2.2.6 3ʐ!(

Ǹ°/øəMǞ!(Ͱƣ̥ǣɄ�3��IɊ¼ÿɄƅ5Ə͚M̉Ȅ!( 2.4.1 ͛/6ͯśͧ3ɨ�(ͨğȰ

̅Ŧøəˬ˅3��.ͯ˶Ȃɞ́ͧɚMøə!(͑3śɣ JIǬŅ5ǣɄ̥ƅ(ʭ 40.0
/s)�3��.Ɋ

¼ÿɄƅM 450
�G 570
3˽Ś!(ͰɊ¼ÿǨ͆6 0minͯ#2L*ɻȘ5Ɋ¼ÿɄƅ3î̫Ɣͯɼ*

3 20
5ȧ�/ƣã!(ͰƣãƔ6ͯŜɄ3��. 48 Ǩ͆ǒ˅!(ɞƪͯ�LEI T4 ɞƪ3��.�Z

�ʴ˄˵šDʊ ́ͧ�F:ı˃́ͧ215ĖʗśͧMśǞ!(ͰAC4CH /6Ɋ¼ÿåɥƔ3§ŷǨúå

ɥMǞ!(ɞƪ(T6ɞƪ)/5Àɨ��˗ɷ/�I� ǳͯʈʙ/6Ɋ¼ÿåɥƔ5�Z�ʴ˄łÿMǥʂ3ǂ

�I(B §ͯŷǨúMǞ 2� T4ɞƪ3��.Ėʗ̀ÄM˨+(ͰęȖ5ɥɪ/®�5 2.4.2͛ 2ͯ.4.3͛ͯ

2.5ʤ�F: 2.6ʤ3��.C T4ɞƪ3��.Ėʗ̀ÄM˨+(Ͱƣ̥ǣɄ�3��IɊ¼ÿǨ͆5Ə͚M

̉Ȅ!( 2.4.2͛/6ͯʭ 40.0
/s5ǣɄ̥ƅ/ŜɄ�G 560
?/ƣ̥ǣɄ!ͯęɄƅ/5Ɋ¼ÿǨ͆M

0ͯ3ͯ10 �F: 30min 5 4 Ǹ°3˽Ś!(Ͱ2�ͯ2.4.2 ͛/6ͨğȰ̅Ŧøəˬ˅3FIƣ̥ǣɄMµ

�Ɋ¼ÿåɥ5ȥ̝ţ̍0!.ͯ͗ȦɑMɨ�. 560
?/ʭ 30min/ǣɄ %ͯɊ¼ÿǨ͆� 0min�F

: 30min 5Ɋ¼ÿåɥMǞ!(́ǚCɨƩ!(ͰǣɄ̥ƅ5Ə͚M̉Ȅ!( 2.4.3 ͛/6ͯɊ¼ÿɄƅM

560
ͯɊ¼ÿǨ͆M 3min3İŚ!.ͯǣɄ̥ƅMʭ 40.0ͯ4.0ͯ0.4
/s5 3Ǹ°3˽Ś!(Ͱ 

� ͨɄʆǨ͆Ɋ¼ÿåɥ�ǵǚɝƤ3č>#Ə͚M̉<( 2.5ʤ/6į 2.2.7 3ʐ!(F�3 Qͯ�^kn

5�̱�GǃĐ!(́ͧɚ(į 2.2.1 �5 c,d3ɽƋ)3ţ!.6ͯʭ 40.0
/s5ǣɄ̥ƅ�3��.Ɋ¼ÿ

ɄƅM 560
3İŚ!.ͯɊ¼ÿǨ͆M 0min �G 30min 5ʥĮà/łÿ %ͯ&5Ɣ6ʭ 20
5ȧ�/

ƣã!(Ͱ?( 2ͯ.5.1.1/6 MgMěA̺ŭ͆ÿėɜ5ȼŉ�F:ɞƪłÿ3č>#̺ŭ͆ÿėɜ5Ņ� 

5Ə͚M̉<I(B3 Qͯ�^kn5�̱�GǃĐ!(́ͧɚ(į 2.2.1 �5 a,b3ɽƋ)3ţ!.  ͯ 40.0


/s / 560
?/ƣ̥ǣɄ!(Ɣͯ0min �G 7min ?/ 1min ͆͏5ÈƽM˨�ͯ&5Ɣ6ʭ 20
5ȧ�/

ƣã!(Ͱͨ ɄʆǨ͆Ɋ¼ÿåɥ5ȥ̝ţ̍0#I(B3ͯ͗ ȦɑMɨ�.�˗ɷ2Ɋ¼ÿåɥ(Ɋ¼ÿɄƅ

� 535
ͯɊ¼ÿǨ͆� 8h)MǞ!(́ǚCɨƩ!(Ͱ 

� ƣ̥ǣɄ3µ�ÞǪ Si ʨŒ5ƌƪłÿ3͇!.̉<( 2.6 ʤ/6ͯį 2.2.8 3ʐ#F�3ͯ90.0
/s 0

0.9
/s5 2ʗ͡5ǣɄ̥ƅ/ŜɄ�G 560
?/ǣɄ!(ͰǣɄƔ6 0,3,10�F: 30min5 4Ǹ°/Èƽ

M˨�ͯ&5Ɣ6ʭ 20
5ȧ�/ƣã!(Ͱ 
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į 2.2.6� 2.4 ʤ3��IəåɥǸ°  

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.2.7� 2.5 ʤ3��IəåɥǸ°  

2.4.1 Study on solution temp.� 2.4.2 Study on solution time�

2.4.3 Study on heating rate�

Te
m

p.
�

Time�

48h at  
R.T.�

Temp. : 
560��

W.Q. at 20��

Holding time : 
0,3,10 and 30min�

Heating rate :  40.0�/s�

Holding time : 0min�
Te

m
p.
�

Time�

48h at 
 R.T.�

W.Q. at 20��
Temp. :   
450�570��

Heating rate :   
40.0�/s�

Te
m

p.
�

Time�

48h at  
R.T.�W.Q. at 20��

Heating rate :  40.0�4.0�0.4�/s 
                     Holding time : 3min�

Temp. : 
560��

a� b�

Te
m

p.
�

Time�

48h at  
R.T.�

Temp. : 560��

W.Q. at 20��

Holding time : 
0,3,10 and 30min�

Heating rate :  40.0�/s�Heating rate :  40.0�/s�

W.Q. at 20�� 48h at  
R.T.�

Holding time : 
0 to 7min�

c� d�

Ingot�
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į 2.2.8� 2.6 ʤ3��IəåɥǸ°  

 

 

! �Z�ʴ˄˵š  

ÙŖ͠ƛ̓ 

� Ɋ¼ÿåɥ3µ��Z�ʴ˄łÿͯß¼ɷ36ͯÞǪ Si ʨŒD̺ŭ͆ÿėɜ215ʠ 2 ɽʨŒ5Ņ� 

Dƌɞ�F:ŔĲɞƪM̀Ä#I(BͯÙŖ͠ƛ̓(Optical Microscopeͯį�/6ͯOM 0˼#)3FH�

Z�ʴ˄˵šM˨+(Ͱ˵šɬÔ6ͯÙŖ͠ƛ̓5Ǆʀ��ḏç3˽˅!(|�`�ȇƇ³ʑ˰5 USB

V��(L-830)3.ǌƏ!(Ͱ́ǚ6ĵ̟@Ĵ(ɼƑͲʭ 25mmͯͨ Ͳʭ 25mm 5áȂɞ)3ď?IF�3

̭Ƌ2Ţȯ3èæ!(Ɣͯã͆țˋ3ĵ̟@ȜȎʈʏM˨+(ͰȜȎʈʏ5˨ʖM˩ 2.2.5 3ʐ#Ͱ 

 

 

˩ 2.2.5� ȜȎʈʏŷʖ  

 

 

 

 

 

 

 

 

 

 

Te
m

p.
�

Time�

48h at  
R.T.�

Temp.: 
560��

W.Q. at 20��W.Q. at 20��

48h at  
R.T.�

Heating rate :  90.0�/s�

Holding time : 0,3,10 and 30min�

Heating rate :  0.9�/s�

)%+�� ���
� "#�� �'�

1 (�"#&�����
#120 ��� �����
�
���$$*�

2 (�"#&�����
#800 ��� �����
�
���$$*�

3 (�"#&�����
#1200 ��� �����
�
���$$*�

4 (�"#&�����
#2400 ��� ����������$*�

5 MD-Dur DP-Spray (3µm)                
DP-����	��� ����������$*�

6 MD-Chem OP-U �! � ����������$*�
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͗Œʾ�QZ�Op�Q`� 

� ʠ 2ɽʨŒ5ʴƮDêǪ�-Alɽ�5 Mg�F: SiɐƅM̀Ä#I(B3ͯ͗ Œʾ�QZ�Op�Q`�

(Electron Probe Micro Analyzerͯ®͉ͯEPMA0˼#)Mɨ�(ʴƮçǽM˨+(Ͱˬ˅6ǡǳ͗Œ˰5

JXA-8200MMÀɨ!(ͰEPMAɅŚ/6ͯŚ̹çǽ0͙çǽ5 2ʗ͡5çǽM˨+(ͰêǪ�-Alɽ�5

Mg�F: Si̹Dʠ 2ɽʨŒ5ʴƮ5ɅŚ36Ś̹çǽM̭ɨ!(ͰɊ¼ÿåɥ3µ�ʠ 2ɽʨŒ5ŔĲɞ

ƪ�F: Mg�F: Si5İɊ̪ʖ5ȑ˻36͙çǽM̭ɨ!(Ͱ˩ 2.2.6 �F:˩ 2.2.7 3Ś̹çǽ�F

:͙çǽ5ɅŚǸ°Mʐ#ͰŚ̹çǽ2G:3͙çǽ/6ͯ Ðȑ˻5ʶȀM̘?�.ɅŚÖʰM AlͯSiͯ

Mg�F: Fe5 4Öʰ3˽Ś!(ͰEPMA ɅŚɨ5́ǚ6ÙŖ͠ƛ̓˵š0ęȖ3ã͆țˋ3ĵ̟@ͯȜ

ȎʈʏMǞ!(ͰEPMAɅŚ3Øʛ*ͯ́ǚ6Oen�Mɨ�.ȴȸ!ͯ́ǚ3¬ʁ!(ȪJ�G5Wc5

ɴɧM͈ȟ!(Ͱ 

 

 

˩ 2.2.6� Ś̹çǽ5ɅŚǸ°  

 

 

 

 

 

 

 

˩ 2.2.7� ͙çǽ5ɅŚǸ°  

 

 

 

 

�����

����� Al Si Mg Fe 
����� �Al �Si �Mg �Fe 
����� CH-1:TAP CH-4:PETJ CH-2:TAP CH-5:LIFH 

�������

	��
�(kV) 20 
����(A) 3.0×10-8�
���
�(µm) �0 or 2 

� ���

��� � Al Si Mg Fe 
��"�� �Al �Si �Mg �Fe 
�
!�� CH-1:TAP CH-4:PETJ CH-2:TAP CH-5:LIFH 

%�
����

�#%��(kV) 20 
%�$�(A) 2.5×10-7�

�
���
(µm) 

��
����	� 1 
�
����	� 0 

�����
(µm) 

��
����	� 256×256 
�
����	� 60×60 
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̒ȄĴ͗Œ͠ƛ̓ 

� ƈƉ́ͧƔ5ʉǛ͙�F:ÞǪ Si ʨŒ5ʛ¼ƌɞM˵š#I(B3̒ȄĴ͗Œ͠ƛ̓ (Scanning 

Electron Microscopeͯ®͉ͯSEM0˼#)Mɨ�(˵šM˨+(Ͱˬ˅6ǡʛtQlZ˰5 S-4500MÀɨ

!(Ͱ˩ 2.2.8 3 SEM˵š5Ǹ°Mʐ#Ͱ 

 

˩ 2.2.8� SEM 5˵šǸ°  

 

 

 

 

 

! ɬÔ˷ǽ  

� ÞǪ Si ʨŒ5Ņ� DƌɞMŚ̹ɷ3̀Ä#I(BͯɬÔ˷ǽfynMɨ�(ʸ˺ɷ2̀ÄM˨+(Ͱ

ɬÔ˷ǽfyn36 Scion ImageMɨ�(ͰÙŖ͠ƛ̓3FHǌƏ!(ɬÔ3ţ!.ÞǪ SiʨŒ5Ǜ͙ʘͯ

̛̈́̈́ �F:ʆ̛̈́ �F:ʨŒ5̷Ɲ͕͆̕MɅŚ!(Ͱ2�ͯǌƏɬÔ�3˵š JI̺ŭ͆ÿėɜ

Dʈʏ5͑3ɧ"(Xd216ͯsQd0ëǛ!!.͋ċ!(ͰǛ͙ʘ5ɅŚ3͇!.6ͯ!��ËM

0.0443µm2(4 pixel) 3˽Ś!.ͯ&J®�5ʨŒ6̀Ä5ţ̍Ń0!(ͰƗGJ(̛̈́̈́ �F:ʆ̛̈́ 

�G(̛̈́̈́ /ʆ̛̈́ )Mʣæ!.ͯOc{Znȥ0!.̀Ä!(ͰǛ͙ʘDOc{Znȥ3͇#Ivcn

[��M¾Ʈ!.ͯɊ¼ÿåɥ3µ�ÞǪ SiʨŒ5ƌƪłÿM̀Ä!(Ͱ 

 

! Ŧ͗ɡɅŚ  

� Ŧ͗ɡ5ɅŚM̤".ͯɊ¼ÿåɥ3µ�İɊ�ǽæɞƪMǅŚ!(Ͱˬ˅6ǡǳ|kX�[ȇƇ³ʑ˰

5mbh�Ŧ͗ɡ˺ AutoSigma2000MÀɨ!(Ͱ 

 

! wkV�cʊ ́ͧ  

� Ɋ¼ÿåɥ3µ�ʊ 5łÿM̉Ȅ#I(B3wkV�cʊ MɅŚ!(Ͱˬ˅6ȇƇ³ʑǥʇ˰¾Ʊ5

�QZ�wkV�cʊƅ˺MÀɨ!(Ͱţ͙˶� 136�5iQO��oĩ˶͂ıŒMɨ�.ͯƸ̟@˞̷�

1.96N (200gf)ͯÈƽǨ͆� 15s5Ǹ°�/́ǚ3ıɳM¬�!ͯ&5ţ˶ʾ̈́ MɅŚ!(Ͱ2,5ţ˶ʾ

̈́ 5ƀĳËM®�5Ƈ3­Û#I�0/wkV�cʊ Mʣæ!(Ͱ 

 

 [kg/mm2] 

  
  

€ 

HV =
2P sin68

d2 ×1000
=1.8544 × P

d2


�� �	�


����(kV) 15 
Working Distance (mm) 15 

����������(µA) 8�10 



 -35- 

P [kg]6Ƹ̟@˞̷ͯd [mm]6ţ˶ʾ̈́ 5ƀĳË/�IͰ?(ͯ2.5ʤ/6ͯǭ͊³ʑ�ɾəåɥŷȒ3

.ƛŧʊƅ˺(FUTURE-TECHͯFM-ARS 900)MÀɨ %.�()�ͯƸ̟@˞̷M 0.049N(5gf)ͯÈƽǨ

͆M 15s3˽Ś!.êǪ�-Alɽ5@5ʊ MɅŚ!(Ͱ 

 

! ı˃́ͧ  

� 2.4 ʤ/6ȜȎɷƤ̑M̀Ä#I(B3ı˃́ͧM˨+(Ͱı˃́ͧ6ȇƇ³ʑŲȵ˰¾Ʊ˰5U�n[

�y AG50kNG Mɨ�.śǞ!(Ͱ́ͧɚ5ǃĐº˅�F:ƌɞMį 2.2.9 3ʐ#Ͱı˃́ͧɚ6 JIS 3

FIǥʌ2˴Ś�ŔĲ!2�(Bͯ Ð́ͧMśǞ!(�/ͯı˃˞̷3ţ!.ūƱłƌMɧ"2�́ͧɚ

Ţȯ(ɼƑͲ5mmͯȘɓ͕͆̕Ͳ6mm5áȂɞ)MȬŚ!(Ͱı˃́ͧɚ6 48 h5ŜɄǒ˅�3ǟɺMɨ�

.˰¾!(ͰͱÉ5˶Ȃɞ́ͧɚ�Gı˃́ͧɚM 2 ÉǃĐ!(Ͱêǯ9$@̥ƅ� 1.4�10-3s-1ͯ́ͧɄ

ƅ� 30
5Ǹ°�/ı˃́ͧMśǞ!.ͯ0.2%ˉ÷Mʣæ!(Ͱ́ͧɚMFHĳ�3łƌ %I(B3ͯ

ɎɌó0!. MoS2Ḿͧɚ5�ʝ͙3ˣ�ļż!(Ͱ 

 

 

 

 

 

 

 

 

į 2.2.9� ı˃́ͧɚ5ǃĐº˅�F:Ţȯ  

 

 

! ƈƉ́ͧ  

� 2.5 ʤ2G:3 2.6 ʤ/6ͯƈƉ́ͧMśǞ!.ƈƉɝƤ(0.2%ˉ÷ͯƈƉƊ ͯʉǛ¶:)M̉<(Ͱˬ

˅6ı˃́ͧ0ęȖ5U�n[�y AG50kNGMɨ�(Ͱ́ ͧɚ5ǃĐº˅�F:ƌɞMį 2.2.10 �F:

į 2.2.11 3ʐ#Ͱ2.5ʤ/6ͯ˶Ȃɞ́ͧɚ�G JIS7Ĕ3ɽƋ#IǼɞ5ƈƉ́ͧɚ(ĉ Ͳ2mmͯȘɓ

͆5žͲ3mmͯȘɓ͕͆̕Ͳ9.8mm)M 48 h5ŜɄǒ˅�3y�QcɺMɨ�.˰¾!(Ͱͱǳ5˶Ȃɞ́

ͧɚ�G 2ǳ5ƈƉ́ͧɚMǃĐ!(Ͱêǯ9$@̥ƅ� 8.5�10-4s-1ͯ́ͧɄƅ� 30
5Ǹ°�/ƈƉ́

ͧMśǞ!.ͯ0.2%ˉ÷ͯƈƉƊ �F:¶:Mʣæ!(Ͱ2.6ʤ/6ͯáȂɞ́ͧɚ�Gʋɞ5ƛŧƈƉ

́ͧɚ(Șɓ͆5ĉ Ͳ1mmͯžͲ1mmͯȘɓ͕͆̕Ͳ4mm)M 48 h5ŜɄǒ˅�3�Q��ǒ͗øŷȜM

ɨ�.˰¾!(ͰͱÉ5áȂɞ́ͧɚ�G 3É5ƛŧƈƉ́ͧɚMǃĐ!(Ͱêǯ9$@̥ƅ� 2.1�10-3s-1ͯ

��Microstructure observation & 
      Electrical conductivity &    
      Hardness test 
��Compression test�

Specimen�

6mm�

Φ5mm�

���� ��

Machining� Machining�
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́ͧɄƅ� 30
5Ǹ°�/ƈƉ́ͧMśǞ!.ͯ0.2%ˉ÷ͯƈƉƊ �F:ʉǛ¶:Mʣæ!(Ͱ 

 
 
 
 
 
 
 
 
 
 

į 2.2.10� ƈƉ́ͧɚ5ǃĐº˅�F:Ţȯ (˶Ȃɞ́ͧɚ )  

 
 
 
 
 
 

 

į 2.2.11� ƈƉ́ͧɚ5ǃĐº˅�F:Ţȯ (áȂɞ́ͧɚ )  

 
 
2.3 ́ͧɚ5øəɞȮ  
 

� ǳʤ/6ͯͨğȰ̅Ŧøəˬ˅MO��qR�ė̺̦̀ǵ5øə3̭ɨ#I3Ƌ(Hͯ́ͧɚ5øəɞȮ

M̉<(Ͱ 

� ͨğȰ̅Ŧøəˬ˅/6&5øəĊɥ�Gͯøə]Q�0́ͧɚ5ɽţº˅3̓ī!.́ͧɚ�3Ʉƅç

żMɧ"I�0�ƭơ JIͰ&�/ͯŅ�2ɄƅçżMɧ"Ǧ�0 ƨ JÍͧɚ5̈́ƲǝĚ0žǝĚ

3��IɄƅçżMə͗ţMɨ�.̉<(Ͱñ̡5F�3ͯə͗ţMɨ�(ɄƅɅŚ/6ͯøə]Q�3F

HƌƮ JIʍǷ5Ə͚Mđ�I(BͯɄƅMȠʌ3ɅŚ#I�0�ĭ͖/�IͰį 2.3.1 3ͯøə�(Ŝ

Ʉ�G 520
?/)5́ͧɚɄƅMə͗ţ�F:ǒťɄƅ˺Mɨ�.ɅŚ!(͑5ɄƅůȡMʐ#Ͱ��/6ͯ

į 2.3.1(a)3ʐ#F�3́ͧɚ5�ň3ə͗ţͬK-typeͯa�cŃƑͲ0.5mmͭM˽˅(Ƚ Ͳ5mm)!ͯ

�� ��

��Microstructure observation & 
      Electrical conductivity &    
      Hardness test 
��Tensile test�

Specimen�

3m
m
�

9.8mm�
40mm�

6m
m
�

t = 2mm�

R15mm�

Machining� Machining�

4mm�
1m

m
�

t = 1mm�Machining�

Specimen�

Machining�
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ɄƅMɅŚ!(ͰęǨ3ə͗ţ̠Ï5́ͧɚ˩͙ɄƅMǒťɄƅ˺3FHɅŚ!(Ͱ2�į/6ͯ250
®

�5ɄƅMŃǁʾ/ʐ!.�I�ͯ�J6ǳʈʙ/ɨ�(ǒťɄƅ˺5ɅŚɄƅ5�͊� 250
/�I�0

3FIͰə͗ţ3FIɄƅɅŚ�ȠŽ/�J7ͯøəͅŎ0ęǨ3ą̉2Ʉƅ�ǣ�ɅŚ JIͰ!�!ͯ

į 2.3.1(b)�GǥG�2F�3ͯøəͅŎͯ,?Høə]Q�;5͗÷Âʷ0ęǨ3ə͗ţ3FIɅŚË

6ƣɏ3»�!(Ͱ�J6ͯøə]Q�3FIʍɭ5ƌƮ3̓ī#IsQd/�I0ˇ�GJIͰ&5Ɣə

͗ţ5ʐ#Ë6ǒťɄƅ˺3FIɅŚË0ęʡ5Ò�Mʐ!2�Gą̉3�ǣ#I�ͯøəʳ�0ęǨ3ƣ

ɏ3�ǣ!(Ͱ�5ƣɏ2�ǣ6ͯʍɭ5ȼɋ3̓ī#Iɣ̍0ˇ�GJIͰ?(ͯʍɭ�ȼɋ!(Ɣ/6

ə͗ţ0ǒťɄƅ˺5ɅŚË�=>�˔#I�0�GͯǒťɄƅ˺3FIɄƅɅŚ5ōƋƤ�ʐ J.�IͰ 

®�5ʶȀM̘?�.ͯǳʤ/6Ɋ¼ÿåɥɄƅ3ɽƋ#IͨɄͬ560
ͭ?/́ͧɚMǣɄ %(Ǩɓ/

øə]Q�;5͗÷5ÂʷMǛ*ͯʍǷ�ȼɋ!(ɼƔ5ə͗ţ5ËMƹæ!(Ͱ 

� Ǭê3̈́ƲǝĚ3,�.̡<IͰį 2.3.2(a)3ʐ#F�3́ͧɚ5̈́ƲǝĚ3 10mm͆͏/ 5ǳ5ə͗

ţͬK-typeͯa�cŃƑͲ0.5mmͭM˽˅!.ͯ́ͧɚ5ɄƅçżMɅŚ!(Ͱʅƌ5øə]Q�/6ͯƀ

˨̱0ȥ̝!.ʝ̱5ʍǷ�ͨ�2I�0� ƨ JI(Bͯ́ͧɚʝ̱5̪ə�ƭơ JIͰ&�/ͯø

ə]Q�ʝ̱0́ͧɚʝ̱05͕̕ L(į 2.3.2(a)Čɗ)�̈́ƲǝĚ5Ʉƅçż3č>#Ə͚M̉<(ͰɅŚ

ʶȀMį 2.3.2(b)3ʐ#�ͯį/6ĖɅŚº˅3��IɄƅḾͧɚ�Ɲ̱(ch3)5Ʉƅ3ţ#IŹç

(Tchn-Tch3)/ʐ!(Ͱə͗ţ5Ǆ˸�˘3̓ī#I0ƢLJIˡ!�Ʉƅ»���̱(L=30mm 5 ch4)/ʌ

̄ JI�ͯ«5ɅŚʶȀ6�$JCâɣƤ5�Im�h0ˇ�GJIͰøə]Q�ʝ̱0́ͧɚʝ̱05

͕̕ L5ĿŅ3µ� ch55Ʉƅ6ą̉3»�!(Ͱ�5Ʉƅ»�6øə]Q�ʝ̱3��Iͨ�ʍǷ3̧͇

#Iɣ̍0ˇ�GJIͰį�GǥG�2F�3 Lͯ=26mm5ĺė3̈́ƲǝĚ3��IɄƅŹ6Ǭŧ02Hͯ

&5Ë6ʭ 4
/�+(Ͱ&�/ͯL=26mm 5º˅/žǝĚ5Ʉƅçż3,�.̉ȄM˨+(Ͱ��/6ͯ

į 2.3.3 (a)3ʐ#F�3ͯ5 ǳ5ə͗ţM 2mm ͆͏/́ͧɚ5žǝĚ3˽˅!(ͰɅŚʶȀ5�ÁMį

2.3.3(b)3ʐ#Ͱį�GǥG�2F�3ͯ�Ɲ̱(ch3)0ȥ̝#I0ͯ́ͧɚ5�Î͙(ch1 0 ch5)5Ʉƅ�

DDͨ�2IÒĚ�ʌ̄ J(Ͱ?(ͯ5 Ī5ɅŚM̤".ͯ=>ę�5Ʉƅçż�ʌ̄ JI�0�Gͯ

&5âɣƤC˘ŋ/�I0ëǛ J(Ͱ̅ Ŧøə/6øə]Q�3ţĚ#Íͧɚ˩Ů�ɴə!(˩ɸúȀ)ͯ

́ͧɚ�Ɲ̱6˩Ů�G5ə´Ŧ3FHøə JI(Bͯ�˼5F�2ɄƅçżMɧ"(0ˇ�GJIͰ�

$J3!.Ćͧɚ5žǝĚ5ɄƅŹ6ǬŅ/Cʭ 4
0ŧ ��0�ʌ̄ J(Ͱ 

� ̈́ƲǝĚ�F:žǝĚ3��IɄƅçż5ȑ˻ʶȀ�Gͯøə]Q�3ţ!.̭Ƞ2º˅(L=26mm)3́

ͧɚM˽˅#I0ͯȓʝ3Ņ�2ɄƅçżMɧ"2��0�ʌ̄ J(Ͱ�5ʶȀ�Gͯ�Ɲ̱(ch3 ̠Ï)

3��I˩͙Ʉƅ5ɅŚʶȀ3ĸ-�.ͯɊ¼ÿɄƅDǨ͆3͇#I®�5ȑ˻M̨B.Cǐ͒�2�0ë

Ǜ!(Ͱ2�ͯ®�/6ͯǒťɄƅ˺3FÍͧɚ�͙�ṉ̌5˩͙Ʉƅ5ɅŚʶȀ3ĸ-�.ʗ�5ȑ˻

MśǞ!(�ͯǒťɄƅ˺3FIɄƅɅŚ5ōƋƤ3,�.6ͯǒťɡ5Ə͚M̉<(Ø5ʈʙ3FHͯȑ

˿Ɂ@/�I 9)Ͱ 
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į 2.3.1� ə͗ţ3FIɄƅɅŚɞȮ  
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į 2.3.2� ́ͧɚ̈́ƲǝĚ5Ʉƅçż  

 

 

 

 

 

 

 

ch1� ch2� ch3� ch4� ch5�

5mm�

L�

(a)�
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Top view�
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į 2.3.3� ́ͧɚ̈́ƲǝĚ5Ʉƅçż  
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2.4 ƣ̥ǣɄMµ�Ɋ¼ÿåɥ�ǵǚɝƤ3č>#Ə͚  
 

� ǳʤ/6ͯͨğȰ̅Ŧøəˬ˅ɝǭ5«5əåɥˬ˅/6śɣ�ĭ͖/�IŅ�2ǣɄ̥ƅMµ�Ɋ¼ÿ

åɥ�ǵǚɝƤ3č>#Ə͚5Ȕ˲ƳǉMɻɷ0!(Ͱß¼ɷ36ͯʭ 40
/s0��Ņ�2ǣɄ̥ƅ�3�

�.Ɋ¼ÿɄƅDɊ¼ÿǨ͆��Z�ʴ˄�F:ȜȎɷƤ̑3č>#Ə͚M̉<(Ͱ G3ͯͨğȰ̅Ŧø

əˬ˅5ÕJ(ɄƅïƘƤMíɨ!.ͯǣɄ̥ƅMƄʥĮ(0.4�40
/s)3łÿ %(͑5�Z�ʴ˄�F:

ȜȎɷƤ̑5̉ȄM̤".ͯƣ̥ǣɄ5úȀMȑ˿!(Ͱ 

 

2.4.1� Ɋ¼ÿɄƅ5Ə͚  
 

� ��/6ͯͨğȰ̅Ŧøəˬ˅Mɨ�.ƣ̥ǣɄMǞ!(ɞȮ�3��.ͯɊ¼ÿɄƅ��Z�ʴ˄DȜ

ȎɷƤ̑3č>#Ə͚M̉<(Ͱ 

� ŎB3ͯͨɄɊ¼ÿåɥ/6øəɄƅ5�͊3ɽƋ#IİɽʾɄƅMƳǉ#Iƞ˲��I0ˇ�(Ͱ&�

/ͯǬê3́ǚ5İɽʾɄƅMʐŹ̒Ȅə̹˺Mɨ�.ɅŚ!(ͰɅŚʶȀMį 2.4.1 3ʐ#ͰɅŚǨ5ǣ

Ʉ̥ƅ6 5 1ͯ0 2ͯ0�F: 30
/min5 4Ǹ°/ͯ́ ǚ̹̑6 10mg/�IͰÜ.5ǣɄ̥ƅ3��. Aͯl-Si

ʬ5¢ÖʬÞǪɄƅ3ɽƋ#IİɽʾɄƅ6ʭ 570
/�+(Ͱ?(ͯ�$J5ǣɄ̥ƅ/Cͯ560
�G

565
¬̠3��.Ó�2ĜəĎƠ�ʌ̄ J(� �ͯ5ĜəĎƠ6 Aͯl-Mg2Si-Si5�ÖʬÞǪɄƅ3ɽƋ

#IĜəĎƠ0ǅɅ JI 11)Ͱ®�5ʶȀ�Gͯǳ͛/6ͯɊ¼ÿɄƅM 450
�G 570
5ʥĮà3˽Ś

!(Ͱ 

� ͨğȰ̅Ŧøəˬ˅3FIøəǨ5ɄƅůȡMį 2.4.2 3ʐ#Ͱį/6ͯ250
®�5ɄƅMŃǁʾ/ʐ

!.�I� �ͯJ6ǳʈʙ/ɨ�(ǒťɄƅ˺5ɅŚɄƅ5�͊� 250
/�I�03FIͰ2� įͯ 2.4.2

/6 250
®�3��IǣɄɞȮMǥʐ#I(B3ͯĖm�h6 X̛3ţ!.Uyekn˩ʐ!.�IͰ&

5(Bͯ�5į�G Y̛èɚMɼǄɷ3ȩBI�06/�2��ͯÜ.5Ǹ°3��.ͯŃǁʾ�ŜɄ¬̠

/ Y ̛0¥LI�0Mʌ̄!.�IͰį�GǥG�2F�3ͯ250
�G 560
¬̠5ͨɄ͝ķ?/=>ɼ

ʾɷ2ǣɄ�śɣ J.�IͰ�5͑ͯǣɄ̥ƅ6ʭ 40.0
/s0Ņ��ͯ?(ͯǣɄɞȮ5âɣƤC˘ŋ/

�+(Ͱñ̡5F�3ͯ250
®�5Ńǁʾ5 Y̛èɚ6ͯ�$JCŜɄ¬̠/�+(�0Mʌ̄!.�I

�0�Gͯɼʾɷ2ǣɄ6ŜɄ¬̠5»Ʉ͝ķ�Gśɣ J.�IɞȮ�ʐĤ JIͰČˇ?/3ͯŜɄ�

G 450
�F: 560
;5Ʉƅ�ǣ3˲!(Ǩ͆6ͯ&J'J 1ͯ1s�F: 14sʖƅ/�+(Ͱ�ǝ 5ͯ60


®�/6į 2.4.2(b)�3ʃć/ʐ#F�3ǣɄ̥ƅ�»�!(�ͯ�J6Ɣ̡#IF�3ūƱ˧˷5ɴɧ

3µ�ɣ̍0ˇ�GJIͰ 

� į 2.4.3 3ĖɄƅ/Ɋ¼ÿåɥMǞ!(́ǚ5�Z�ʴ˄Mʐ#Ͱ�$J5Ɋ¼ÿɄƅ3��.Cm�n

�Qnɞ5êǪ�-Alɽ0ÞǪ SiʨŒ�F:ÞǪ�-Alɽ�GȕƮ JIrkn��Zɞ5ÞǪʴ˄�ʌ̄
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 Jͯ450
�G 570
5Ɋ¼ÿɄƅ3ţ#Iǥʂ2Źɱ6˳đ�GJ2�Ͱ!�!ͯį 2.4.3 (h)3Áʐ

#IF�3ͯɊ¼ÿɄƅ� 570
5ĺė36ͯøə]Q�3ţĚ#IÎ͙�F:́ǚ5ĩ͍3��.ͯøə

Ǩ5ūƱ˧˷0&5Ɣ5ãĈ3µ�äİď˃3FHƌƮ J(0ˇ�GJIɳ̖(ʩŅ2ʚ͐)�̄BGJ(Ͱ

Ø3į 2.4.2(b)/ʐ!( 560
®�/˵š J(Ʉƅ�ǣ5̩ɍ6ͯ́ͧɚĖ̱3ɧ"(�5F�2ūƱ

˧˷3̓ī#Iɣ̍0ˇ�GJIͰ�̡5F�3 êͯǪ �-Alɽ2136Ɋ¼ÿɄƅ5Ə͚�@GJ2��ͯ

ÞǪ Si ʨŒ5Ņ� Dƌɞ6Ɋ¼ÿɄƅ3̧͇!.łÿ#I�0� ƨ JIͰ&�/ͯĖɄƅ/Ɋ¼ÿ

åɥMǞ!(͑5ÞǪ Si ʨŒM˵š!(0�Kͯį 2.4.4 3ʐ#ʶȀ�ƗGJ(ͰɬÔ�GëǛ#I͊H

/6ͯɊ¼ÿɄƅ5Źɱ3̓ī#IÞǪ SiʨŒ5Ņ� Dƌɞ5Źɱ6ʌ̄ J2�ͰÞǪ SiʨŒ5Ņ�

 DƌɞM G3̂ʲ3̉<I(B3ͯį 2.4.4 3ʐ!(F�2ɬÔMɨ�.ɬÔ˷ǽ3FHÞǪ Si ʨŒ

5Ǜ͙ʘ0Oc{ZnȥMʸ˺ɷ3ȩB(0�K įͯ 2.4.5 3ʐ#ʶȀ�ƗGJ(Ͱį3ʐ!(Ǜ͙ʘ0O

c{Znȥ5ƀĳË36DDŅ�2łü�̄BGJIC55ͯɊ¼ÿɄƅ5�ǣ3µ�ǭƩŹ6ʌ̄ J$ͯ

̀ǒ!ǵ0ȥ̝!.C=>ęʡ2Ë/�I0˷̵ J(Ͱƣ̥ǣɄ3ø�ͯɻȘɄƅ3î̫!(Ǩɓ/ƣã

#IɊ¼ÿåɥ/6ͯͨɄ͝ķ3��IɍɮǨ͆�ȓʝ3ï͊ JI(B3ͯÞǪ Si ʨŒ5ƌɞłÿDƮ

̈́�ƴï J(C50ǅɅ JIͰį 2.4.6 3Ŧ͗ɡͯwkV�cʊ �F: 0.2%ˉ÷0Ɋ¼ÿɄƅ5͇

ÅMʐ#Ͱ500
®�5Ɋ¼ÿɄƅ/6ͯɄƅ�ǣ3µ�Ŧ͗ɡ6»�#I�0�GɊ¼ÿɄƅ5�ǣ3µ

�êǪ2G:3ÞǪ�-Alɽ�3��I MgD Si5İɊ̹�Ŀø!(0ǅɅ JIͰwkV�cʊ 6Ɋ¼

ÿɄƅ5�ǣ3µ�ĿŅ!ͯİɽʾɄƅ3ɽƋ#I 570
/ǬŅ02I�ͯ500
®�/̀ǒ!ǵ3ţ!.

»�ËMʐ!(Ͱ500
®�5Ɋ¼ÿɄƅ/ʊ �»�#Iɣ̍6ͯ̀ ̦Ɣ5ŜɄǒ˅(˒ɕǨú)3µ�ɧƮ

 J(Z�chD G.P.g��21�ʆǨ͆5øə/ȼŉ#I�LEIƙÖ3̧͇#I 12)0ˇ�GJIͰ

520
®�/5ʊ 5Ŀø6ͯŦ͗ɡ5łÿ�GCǅɅ JIF�3ͯMgD Si5İɊ̹5Ŀø3µ�İɊ

Ɗÿ3̓ī#I0ˇ�.�I�ͯ˒ɕǨú3µ�Z�ch5ƌƮCŨ2�G$ʊ 5Ŀø3͇�!.�I0

ǅɅ JIͰ0.2%ˉ÷/Cʊ 0͡¸5łÿ�ʌ̄ JI�ͯˉ÷5ĿøÒĚ�ǥʂ02IɊ¼ÿɄƅ6

540
?/�ǣ!(Ͱ 

®�5ʶȀ�GͯɊ¼ÿɄƅ3̫!(ɼƔ3ƣã#IɊ¼ÿåɥ/6ͯÞǪ Si ʨŒ3ǥʂ2łÿ6̄B

GJ2�C55ͯɊ¼ÿɄƅ5�ǣ3µ�İɊ̹5ĿŅ3̧͇!.ʊ Dˉ÷�ĿŅ#I�0�ǥG�02

+(Ͱ2�ͯʊ 0ˉ÷6İɽʾɄƅ3ɽƋ#I 570
/ǬŅ02IC55ͯį 2.4.3 (h)/Áʐ!(F�

3ͯ570
/6ūƱ˧˷�ɴɧ#I�0�Gͯ®�3̡<IɊ¼ÿǨ͆DǣɄ̥ƅ5ȑ˻/6 560
MɊ¼

ÿɄƅ0!.ǃɨ!(Ͱ 
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į 2.4.1� ʐŹ̒Ȅəçǽ5ʶȀ  

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.4.2� Ʉƅůȡ  
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į 2.4.3� Ɋ¼ÿɄƅ��Z�ʴ˄3č>#Ə͚  
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į 2.4.4� Ɋ¼ÿɄƅ�ÞǪ Si ʨŒ3č>#Ə͚  
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į 2.4.5� Ɋ¼ÿɄƅ�ÞǪ Si ʨŒ5ƀĳǛ͙ʘ0ƀĳOc{Znȥ3č>#Ə͚  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.4.6� Ɋ¼ÿɄƅ�Ŧ͗ɡͯʊ �F:ˉ÷3č>#Ə͚  
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2.4.2� Ɋ¼ÿǨ͆5Ə͚  
 

� ñ͛5ȑ˻ʶȀMČɗ!.ͯ40.0
/s3̫#IǣɄ̥ƅ/İɽʾɼ�5 560
?/ƣ̥ǣɄ!(Ɣ3ͯÈ

ƽǨ͆Mçąº/łÿ %(ĺė3,�.ͯ�Z�ʴ˄0ȜȎɷƤ̑5͇ÅM̉<(Ͱ 

� ɄƅůȡMį 2.4.7 3ʐ#Ͱ40.0
/s 3ɽƋ#IŅ�2ǣɄ̥ƅ/øə J(ʶȀͯʭ 13s /ŜɄ�G

560
?/ǣɄ#I�0�Ēˊ/�Hͯ?(ͯǣɄ�GÈƽ;ʕ˨#I͑3͠ˡ2U�u�v�nMɧ"2

�(ʭ 1
)�0�ǥG�02+(Ͱ G3 5ͯ60
/5Èƽ̪ʖ3��IɄƅłü6ǬŅ/C 4
ʖƅ/�Hͯ

ŗŚ!(ɄƅïƘ�śɣ J.�IͰ 

� į 2.4.8 6ĖɊ¼ÿǨ͆3��IÞǪ Si ʨŒMʐ!(C5/�I�ͯÓ�ǖç5Ɋ¼ÿǨ͆5Źɱ3ţ

!.CÞǪ SiʨŒ5Ņ� Dƌɞ�̿ǔ3łÿ!.�I�0�ɥ˷/�IͰ&�/ͯÞǪ SiʨŒ5Ǜ͙ʘ

0Oc{ZnȥMɬÔ˷ǽ3FHʸ˺ɷ3Ǘɥ!(0�K įͯ 2.4.9 3ʐ#ʶȀ�ƗGJ(ͰɊ¼ÿǨ͆3

ţ#IƀĳǛ͙ʘ5łÿ�GǥG�2F�3 ÞͯǪ SiʨŒ6Ǩ͆5Ɔ̈́3µ�ą̉3ʩŅÿ!(ͰÓ� 3min

�F: 10min 5Ɋ¼ÿǨ͆/Cͯ0min 5ƀĳǛ͙ʘ0ȥ̝#I0ͯ&J'J 193%�F: 264%?/ʩŅ

ÿ#IɞȮ�ǥʂ3ʌ̄/�IͰ«ǝͯOc{Znȥ6 3min5Ɋ¼ÿǨ͆/»�!ͯÞǪ SiʨŒ�ɤɞÿ

#IÒĚMʐ!(�ͯ3min ®͉5Ɋ¼ÿǨ͆/6=>�Ś/�Hɤɞÿ�ͥġ#IɞȮ�ʐĤ J(ͰÞ

Ǫ Si ʨŒ5ɤɞÿ3��.6ͯAl 0 Si 5ɭ͙Tr�Y�Mͦü÷0!. Si ĊŒ5ƼǕ�ɧ"IͰŧǾG

6 13)ͯAl �n�kZc0 Si ʨŒ5ɭ͙M Si ĊŒ�ƼǕ#Iĺė6ͯƼǕ̥ƅ�Ņ��ƼǕ͕̕�ʆ��

03̓ī!.ͯɊ¼ÿåɥ5êǯ3��.6�5Ȝȕ3FI Si ĊŒ5ʕü�ǐ̲ɷ/�I0!.�IͰ�

5�0�GͯÞǪ SiʨŒ5ƌɞ6ʆǨ͆5Ɋ¼ÿåɥ3��.łÿ!Ǧ�0ǅɅ JIͰ�ǝͯÞǪ Siʨ

Œ5ʩŅÿ3͑!.6 Aͯl�n�kZc0 SiʨŒ5ɭ͙3��I SiĊŒ5ƼǕ0ȥ̝!.ͯƼǕ̥ƅ�ŧ

 � SiʨŒà5 SiĊŒ5ƼǕD Al�n�kZcà5 SiĊŒ5ƼǕ5Ə͚�Ņ��(B3ͯ̈́Ǩ͆5Ɋ¼

ÿåɥM˲#I0ǅɅ JIͰ,?Hͯį 2.4.9 3ʐ J(ͯ3min®ñ5Ɋ¼ÿåɥǨ͆3��IOc{

Znȥ5ǥʂ2łÿ0ͯɊ¼ÿǨ͆5Ɔ̈́3µ�ʺʻ JIʩŅÿÒĚ6ͯŧǾG5�Ɖ3ė˔#I�Z�

ʴ˄łÿ0˷̵ JIͰį 2.4.10 3Ŧ͗ɡͯwkV�cʊ �F: 0.2%ˉ÷0Ɋ¼ÿǨ͆5͇ÅMʐ#Ͱ

Ŧ͗ɡ6ͯ3min 5Ɋ¼ÿǨ͆?/»�ÒĚMʐ#�ͯ3min ®͉6ͥġ#I�0�GͯMg D Si 5İɊ̹

6 3min®͉5Ɋ¼ÿǨ͆/ͥġ#I0ǅɅ JIͰɊ¼ÿǨ͆3ţ#IŦ͗ɡ5łÿ3ţƠ!.ͯʊ 0

ˉ÷6 3min 5Ɋ¼ÿǨ͆?/6ǥʂ3ĿŅ#I�ͯ3min ®͉6=>ͥġ#IÒĚMʐ!(ͰŦ͗ɡ0͇

̧#Iʊ Dˉ÷5łÿ6ͯêǪ2G:3ÞǪ α-Al ɽ3��IİɊƊÿ3̓ī#Iɣ̍0ˇ�GJIͰ�

ǝͯį 2.4.9 /ʐ!(F�3ͯÞǪ Si ʨŒ6Ɋ¼ÿǨ͆5Ɔ̈́3µ�ą̉3ʩŅÿ#I�0�Gͯʊ D

ˉ÷3č>#ÞǪ SiʨŒ5Ņ� 5Ə͚6ŧ �0ˇ�GJIͰ 

®�5ȑ˻M̤".ͯ3min ®�0��ˡ!�ʆ�Ɋ¼ÿǨ͆3��I�Z�ʴ˄DȜȎɷƤ̑5łÿM

ǥʂ3ǂ�I�0�/�(Ͱƣ̥ǣɄ(40.0
/s)ͯU�u�v�n5ƴï(ʭ 1
)�F:Èƽ̪ʖ3��I˘
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ŋ2ɄƅŗŚƤ(ʭ 4
)0��ɝƜɷ2ɄƅůȡMͨğȰ̅Ŧøəˬ˅5̭ɨ3FHśɣ/�(�0�ͯʆ

Ǩ͆5Ɋ¼ÿåɥ3µ�ƛŌ2�Z�ʴ˄łÿDȜȎɷƤ̑5łÿMȑæ/�(�2ɥɪ0ˇ�.�IͰ 

 

 

į 2.4.7� Ɋ¼ÿåɥǨ5Ʉƅůȡ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.4.8� Ɋ¼ÿǨ͆�ÞǪ Si ʨŒ3č>#Ə͚  
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į 2.4.9� Ɋ¼ÿǨ͆�ÞǪ Si ʨŒ5ƀĳǛ͙ʘ�F:ƀĳOc{Znȥ3č>#Ə͚  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.4.10� Ɋ¼ÿǨ͆�Ŧ͗ɡͯʊ �F:ˉ÷3č>#Ə͚  
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2.4.3� ǣɄ̥ƅ5Ə͚  
 

®�5ȑ˻/6ͯ40.0
/s/ƣ̥ǣɄ!(ɞȮ�3��IɊ¼ÿɄƅ0Ǩ͆5Ə͚M̉<(�ͯ®�5ȑ

˻/6ͯͨğȰ̅Ŧøəˬ˅5ÕJ(ɄƅïƘƤMíɨ!.ͯǣɄ̥ƅMƄʥĮ�,Ƞʌ3łÿ %(ĺė

3��I�Z�ʴ˄0ȜȎɷƤ̑M̉<(Ͱ��/6ͯɊ¼ÿɄƅMİɽʾɼ�5 560
ͯɊ¼ÿǨ͆M�

Z�ʴ˄DȜȎɷƤ̑�ͥġÒĚMʐ# 3min 3˽Ś!ͯǣɄ̥ƅM 40.0
/sͯ4.0
/s �F: 0.4
/s 5 3

ȧɉ/łÿ %(ĺė3,�.ͯśͧMśǞ!(Ͱ 

ĖǣɄ̥ƅ/øə!(́ǚ5ɄƅůȡMį 2.4.11 3ʐ#Ͱ�$J5ǣɄ̥ƅ3��.Cͯ»Ʉ͝ķ�G

ɻȘ5Ɋ¼ÿɄƅ/�I 560
3˓I?/=>ɼʾɷ2ǣɄ�śɣ J.�HͯǣɄ�GÈƽ;5ʕ˨2G

:3Èƽ̪ʖ5ɄƅłüC˘ŋ/�I�0�ʌ̄ J(Ͱ 

į 2.4.12 3ĖǣɄ̥ƅ3��IÞǪ Si ʨŒ5ȖŒMʐ#Ͱ�$J5ǣɄ̥ƅ/Ɋ¼ÿåɥMǞ!(́

ǚ��.Cͯ̀ ǒ!ɞƪ0ȥ̝!.ÞǪ SiʨŒ5ʩŅÿ�ʌ̄ J(Ͱɝ3ǣɄ̥ƅ� 4.0
/s�F: 0.4


/s5́ǚ/6ͯȥ̝ɷʩŅ2 SiʨŒ�ńǖ̄BGJ(Ͱį 2.4.13 3ɬÔ˷ǽ�GȩB(ÞǪ SiʨŒ5Ǜ

͙ʘ0Oc{Znȥ5ƀĳËMʐ#Ͱ�$J5ǣɄ̥ƅ/COc{Znȥ6=>�Ś/�I�0�GǣɄ̥

ƅ3̧͇#IǭƩŹ6̄BGJ2��ͯǛ͙ʘ6ǬŅ5ǣɄ̥ƅ/�I 40.0
/s/ͯ«5ǣɄ̥ƅ0ȥ̝!

.ǥG�3ŧ 2ËMʐ!(Ͱį 2.4.9 /ʐ!(F�3ͯ560
5Ɋ¼ÿɄƅ/6ͯ3min 5ÈƽǨ͆/O

c{Znȥ5łÿ�ͥġ#IͰ&5(BͯǣɄ̥ƅ�ŧ �2Hͯ Si ĊŒ5ƼǕ�ȶɴ02IͨɄ͝ķ3

��IɍɮǨ͆�ś̑ɷ3Ɔ̈́ J.CͯOc{Znȥ6ǥʂ2łÿMʐ 2�0ˇ�GJIͰ«ǝͯǛ͙

ʘ3͇!.6ͯǣɄ̥ƅ5»�3µ�ͯ Si ĊŒ5ƼǕ�ȶɴ02IͨɄ͝ķ3��IɍɮǨ͆�ś̑ɷ3

Ɔ̈́ JI�0/ͯą̉3ʩŅÿ#I0 ƨ JIͰǣɄ̥ƅ� 40.0
/s 3��.ͯÞǪ Si ʨŒ5Ǜ͙ʘ

�Ǭŧ(ʭ 1.5µm2)Mʐ!(56 �ͯ5F�2ͨɄ͝ķ3��IɍɮǨ͆5»ɂ3̓ī#Iɣ̍0ˇ�GJIͰ

!�!ͯ4.0
/s0 0.4
/s6=>ęʡ5ËMʐ!(�0�Gͯ�5ɓ3͇!.6 G3̂ʲ3ȑ˻Mø�I

ƞ˲��I0ˇ�.�IͰį 2.4.14 3Ŧ͗ɡ wͯkV�cʊ �F: 0.2%ˉ÷0ǣɄ̥ƅ5͇ÅMʐ#Ͱ

Ŧ͗ɡ6ͯ�$J5ǣɄ̥ƅ3��.C=>�Ś/�I�ͯʊ 0ˉ÷6ǣɄ̥ƅ5ĿŅ3µ�Ó�3ɂŨ

#IÒĚMʐ!(Ͱ!�!ͯ&5Źɱ6̜ƛ/ 0.4
/s0 40.0
/sMȥ̝!.Cʊ 6 5%ͯˉ÷6 3%ʖƅ

/�+(Ͱ 

®�5ʶȀ�GͯŦ͗ɡͯʊ �F:ˉ÷3ţ#IǣɄ̥ƅ5Ə͚6̜ƛ/�I�0�ʐ J(Ͱ�ǝͯ

ÞǪ SiʨŒ5Ņ� 3č>#Ə͚6͠ˡ/�+(Ͱß¼ɷ36ͯǣɄ̥ƅ� 40.0
/s3��IÞǪ SiʨŒ

5Ǜ͙ʘ(ʭ 1.5µm2)3ţ!.ͯ4.0
/s/6ʭ 168%ͯ0.4
/s/6ʭ 149%5ʩŅÿÒĚ�ʐ J(Ͱ 
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į 2.4.11� Ɋ¼ÿåɥǨ5Ʉƅůȡ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.4.12� ǣɄ̥ƅ�ÞǪ Si ʨŒ3č>#Ə͚  
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į 2.4.13� ǣɄ̥ƅ�ÞǪ Si ʨŒ5ƀĳǛ͙ʘ�F:ƀĳOc{Znȥ3č>#Ə͚  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.4.14� ǣɄ̥ƅ�Ŧ͗ɡͯʊ �F:ˉ÷3č>#Ə͚  
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2.5 ͨɄʆǨ͆Ɋ¼ÿåɥ�ǵǚɝƤ3č>#Ə͚  
 

� ǳʤ/6ͯñʤ3��Iȑ˻ʶȀM̘?�ͯƣ̥ǣɄMµ�İɽʾɼ�5ͨɄ͝ķ3��Içąº5Èƽ

0��ȓB.͊Śɷ2ͨɄʆǨ͆Ɋ¼ÿåɥMǞ!(͑5�Z�ʴ˄�F:ȜȎɷƤ̑5ʫȄM̤".ͯɊ

¼ÿåɥ5úȀ�ƗGJIɄƅůȡMșʱ!(Ͱß¼ɷ36ͯɊ¼ÿåɥ3µ��Z�ʴ˄łÿ5�/Cͯ

ȜȎɷƤ̑3ţ#Iş�ƅ�Ņ��0ˇ�GJI MgD Si5ŔĲɞƪ5łÿDÞǪ SiʨŒ5ƌƪłÿM̉

<(ͰęǨ3ͯ&JG5�Z�ʴ˄łÿ�ʊ DƈƉɝƤ215ȜȎɷƤ̑3č>#Ə͚Mȑ˻!(Ͱ 

 

2.5.1� �Z�ʴ˄  
 

2.5.1.1� ̺ŭ͆ÿėɜ  

� Ɋ¼ÿåɥ3µ� Mg �F: Si 5ŔĲɞƪ5łÿM̋̊#I(B36ͯ̀ǒ!ɞƪ3��I�Z�ʴ˄

M̂ʲ3Ƴǉ#Iƞ˲��I0ˇ�GJ(Ͱ&5(B ÙͯŖ͠ƛ̓2G:3 EPMA3FI͙çǽM̤".ͯ

̀ǒ!ɞƪ3��I Mg �F: Si5ŔĲɞƪM̉<(ͰʶȀMį 2.5.1 3ʐ#Ͱ��/6͙ͯçǽ3Øʛ

*ɝƜɷ2ʠ 2ɽ3,�.ŚƤçǽMśǞ!(͑3ȑæ J( AlͯFeͯMg�F: Si5 4Öʰ3͇!.͙

çǽM˨+(ͰAl5çǽʶȀ3FI0ͯÙŖ͠ƛ̓/m�o�Qnɞ3˵š JIʴ˄6êǪ�-Alɽ3ţ

Ơ#I�0�ɥ˷/�IͰ«ǝͯêǪ �-Al ɽ5͆͐3ɽƋ#IÞǪ̱3��. Si ɐƅ�ͨ��0�Gͯ

Si6ÞǪ SiʨŒ0!.ŔĲ#I0˷̵/�IͰSi0ȥ̝#I0 MͯgD Fe6ÞǪ̱5�̱3ūĲÿ#IÒ

Ě�Ɗ�ͯ?(ͯ�ˈ�ÞŔ!.�I�0�ɝƜɷ/�IͰ�5ɞȮ�Gͯ�ˈ�ÿėɜMƌƮ!.�I�

0�ʐĤ JI5/ͯMg 0 Fe �ÞŔ!.�I͝ķ3,�.̂ʲ3çǽ!(0�Kͯį 2.5.2 3ʐ#ʶȀ

�ƗGJ(Ͱį 2.5.2(a)3ʐ#ÙŖ͠ƛ̓/j�Qq�dcZ�znɞ3˵š JIʠ 2ɽ36 Aͯl Fͯeͯ

Mg�F: Si5 4Öʰ�ÞŔ#I�0�G Aͯl-Fe-Mg-Siʬ5̺ŭ͆ÿėɜ/�I0ˇ�GJIͰį 2.5.2(b)

3ʐ#ÙŖ͠ƛ̓/Ǽɞ3˵š JIʠ 2 ɽ�GCͯ�˼5 4 Öʰ�ȑæ JI�0�Gͯį 2.5.2(a)0

ęȖ3ͯAl-Fe-Mg-Siʬ5̺ŭ͆ÿėɜ0ęŚ JIͰ�ǝͯį 2.5.2(c)3ʐ!(ÙŖ͠ƛ̓/˵š JI

DDͩ˙5Ɗ�ʠ 2ɽ�G6 Mg0 Si5@�ȑæ JI(B ʩͯŅ2 Mg2Siɽ0ˇ�GJIͰ�5F�3ͯ

ƃ½Ŗɷ2ƌɞ2G:3ȕƮÖʰ3ĸ-�.ʠ 2 ɽMç͡#I0ͯMg MěA 2 ʗ͡5 Fe ʬ̺ŭ͆ÿėɜ

0 Mg2Siɽ5ė˺ 3ʗ͡�̀ǒ!ɞƪ3ŔĲ#I�0�ʌ̄ J(Ͱ 

� į 2.5.3 3ĖǨ͆/Ɋ¼ÿåɥMǞ!(́ǚ5͙çǽʶȀ(Mg0 Fe5çżɞƪ)Mʐ#ͰǣɄɼƔ3ȧ�

;ƣã#IɊ¼ÿåɥ(IH:0min)/6ͯ̀ ǒ!ɞƪ0ęȖ3ÞǪ̱5�̱3 Mg�F: Fe�ūĲÿ!.�I

ȖŒ�ʌ̄ J(Ͱ�ǝͯɊ¼ÿǨ͆� 3min®�/6ͯFe5ūĲÿÒĚ3łÿ6̄BGJ2��ͯMg5

ūĲÿ6̄BGJ2�2+(Ͱ2�ͯ͗Ȧɑåɥǵ(EF)/6̜ͯƛ2 Mg5ūĲÿ�ʌ̄ JI�ͯ�J6

Ɋ¼ÿɄƅ�ͨğȰ̅Ŧøəåɥǵ(560
)0ȥ̝!. 25
»��03̓ī#Iɣ̍0ˇ�GJIͰMg 5
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ūĲÿ5˷ȼ0ñ̡5 3ʗ͡5̺ŭ͆ÿėɜ5ŔĲɞƪ05ţƠ͇ÅM̉<I(B3 ÙͯŖ͠ƛ̓Mɨ�.

̂!�˵š!(0�Kͯį 2.5.4 3ʐ#ɞȮ�ǥG�02+(Ͱñ̡5F�3ͯ̀ǒ!ɞƪ/6j�Qq�

dcZ�znɞ�F:Ǽɞ5 Feʬ̺ŭ͆ÿėɜ3ø�.ͯǖŠƅ6ȓB.ŧ ��ʩŅ2 Mg2Siɽ�ʌ̄

 J(ͰɊ¼ÿǨ͆� 0min5ĺėͯ̀ǒ!ɞƪ0ęȖ3ͯj�Qq�dcZ�znɞ�F:Ǽɞ5 2ʗ͡

5 Fe ʬ̺ŭ͆ÿėɜ6ʌ̄ JI�ͯMg2Si ɽ6ʌ̄/�2�+(Ͱ�ǝͯɊ¼ÿǨ͆� 3min ®�5́

ǚ/6 jͯ�Qq�dcZ�znɞ5 Feʬ̺ŭ͆ÿėɜ6ȼŉ! Ǽͯɞ5 Feʬ̺ŭ͆ÿėɜ5@�ʌ̄ 

J(Ͱ�5Ǽɞ5 Feʬ̺ŭ͆ÿėɜ6͙ͯ çǽʶȀ(į 2.5.3)�GëǛ JIF�3MgMě?2�Al-Fe-Si

ʬ5̺ŭ͆ÿėɜ/�I0ǅɅ JIͰ0�K/ͯ͗ȦɑMɨ�. 560
?/ˀD�3øə(ǣɄǨ͆Ͳ

30min)!ͯɼƔ3ƣã!(́ǚMị̀¾Ʈ!ęȖ5ʴ˄˵šM˨+(0�KͯǼɞ5 Feʬ̺ŭ͆ÿėɜ5

@�ʌ̄ Jͯj�Qq�dcZ�znɞ5C56ŔĲ!2�ɞȮMʌ̄!.�IͰ#2L*ͯͨğȰ̅Ŧ

øəˬ˅3FIƣ̥ǣɄ3ø�.ɄƅïƘƤ5˘�ʆǨ͆5øə3FHͯ͗Ȧɑ3FIøə/6ǂ�I�0

�ĭ͖2 Feʬ̺ŭ͆ÿėɜ5ȼŉ̪ʖMÚǥ3ʌ̄#I�0�/�(Ͱ 

� ǖçąº5Ɋ¼ÿåɥ/ǥʂ2ɞƪłÿMɧ"( Feʬ̺ŭ͆ÿėɜ3͇!.ͯEPMA3FIŚ̹çǽM

˨+(Ͱ̀ǒ!ɞƪ/ʌ̄ J(j�Qq�dcZ�znɞ�F:Ǽɞ5 Fe ʬ̺ŭ͆ÿėɜ2G:3

30min5Ɋ¼ÿåɥMǞ!(́ǚ/ʌ̄ J(Ǽɞ5 Feʬ̺ŭ͆ÿėɜ3,�. 1ͯ0É$,çǽ!(͑5

ƀĳËM˩ 2.5.1 3ʐ#Ͱ̀ǒ!ɞƪ/ʌ̄ J(j�Qq�dcZ�znɞ�F:Ǽɞ5 Feʬ̺ŭ͆ÿ

ėɜ/6ͯAl̹�ǬCń�ͯȞ�/ MgͯSiͯFe5͜/�Hͯ� Feʬ̺ŭ͆ÿėɜ5ʴƮ3ǥʂ2Źɱ6

ʌ̄ J2�+(Ͱ�ǝ Ɋͯ¼ÿåɥM 30minśǞ!(́ǚ3ʌ̄ J(Ǽɞ5 Feʬ̺ŭ͆ÿėɜ6  ͯ Mg

Mě?2� Al-Fe-Siʬ5̺ŭ͆ÿėɜ/�I�0�ʌ̄ J(Ͱ̦̀ɨO��qR�ė̺3Ǫæ#I Feʬ

̺ŭ͆ÿėɜ3͇!.6ȭŰ5ĹĞ��I 14)�16)Ͱ&5�/CͯAC4CH ė̺C!�6ęʡ5ʴƮMǭ#I

A356 ė̺3Ǫæ#I Fe ʬ̺ŭ͆ÿėɜ3͇!.ͯɘ¤G 17)6�UX�cnǵ�F:cZQdX�cnǵ

3j�Qq�dcZ�znɞ5 α-AlFeSi(Al8Fe2Si)0ʩŅǼɞ5�-AlFeSi (Al5FeSi)�˵š JI0!.�

IͰ&5«3CͯMgMěA�-AlFeMgSi (Al8FeMg3Si618),19)C!�6 Al9FeMg3Si520),21)ͯ®͉ͯ�ɽ0˼#)

�ĹĞ J.�IͰ�ɽ5ƌɞ6Ȗ�/ jͯ�Qq�dcZ�znɞ 22),23)�F:̻ɞ 24)�ĹĞ J.�IͰ

®�5ĹĞMČɗ#I0ͯǳẤǵ5̀ǒ!ɞƪ3ŔĲ#Ij�Qq�dcZ�znɞ�F:Ǽɞ5 Fe ʬ

̺ŭ͆ÿėɜ6�ɽ0ǅɅ JIͰ2�ͯ˩ 2.5.1 36ͯClosset G 18)�F: GustafssonG 19)�ĹĞ#I

�ɽ(Al8FeMg3Si6)5ʴƮC¿˼!.�IͰ�JGMȥ̝#I0ͯǳẤǵ/ʌ̄ JI Feʬ̺ŭ͆ÿėɜ

5Ś̹çǽʶȀ6ǠĹ5�ɽ5ʴƮ0˜ſɱ2IͰ�J6 Feʬ̺ŭ͆ÿėɜ�ƛʲ/�I�03̓ī!.ͯ

EPMA5çǽǨ5͗Œw��� Feʬ̺ŭ͆ÿėɜ®Ń3Cɗť J.ͯğĮ5ÖʰƧĹ�ȾÛ!((B0

ˇ�.�IͰ0�K/ Cͯlosset G 18)6 Fe0 Mg5ȿø̹�ȥ̝ɷŨ2�́ǚ (0.16%Fe-0.45%Mg)/6ͯ

Ɋ¼ÿåɥ�3�ɽ6ŘÜ3ȼŉ#I0ĹĞ!.�IͰ G3ͯ�ɽ6Ɋ¼ÿåɥ3FH MgMě?2��

-AlFeSi 3ɞƪłÿMɧ"I05ĹĞC�I 22),23)Ͱ�JG5ĹĞ6ͯǳẤǵ/ʌ̄ J( Fe ʬ̺ŭ͆ÿ
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ėɜ5Ɋ¼ÿåɥ�5ƿü0ė˔#IͰ®�5ȑ˻�GͯǳẤǵ5̀ǒ!ɞƪ/ʌ̄ JI Mg MěA 2

ʗ͡5 Feʬ̺ŭ͆ÿėɜ6ͯ�ɽ3ɽƋ#I0ˇ�.�IͰ G3 3ͯmin®�5Ɋ¼ÿåɥ3FH Mg5

ūĲÿ�˷ȼ JIɞȮ(į 2.5.3)Dͯ30min 5Ɋ¼ÿåɥMǞ!(́ǚ3ŔĲ#I Fe ʬ̺ŭ͆ÿėɜ�

MgMěǭ!2�ɞȮ(˩ 2.5.1)�Gͯ�ɽ6 3min5®�5Ɋ¼ÿåɥ3FH�-AlFeSi3ɞƪłÿMɧ"

(0ˇ�.�IͰ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.5.1� ̀ǒ!ɞƪ3��IÙŖ͠ƛ̓ɬÔ0 EPMA 5�kx�[ɬÔ  
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į 2.5.2� ̀ǒ!ɞƪ3��IÙŖ͠ƛ̓ɬÔ0 EPMA 5�kx�[ɬÔͰ (a) Al-Fe-Mg-Si ʬ5

̺ŭ͆ÿėɜ  (j�Qq�dcZ�znɞ )ͯ (b) Al-Fe-Mg-Si ʬ5̺ŭ͆ÿėɜ (Ǽɞ )�F:

(c)Mg2Si ɽ  
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į 2.5.3� Ɋ¼ÿåɥǵ3��IÙŖ͠ƛ̓ɬÔ0 EPMA 5�kx�[ɬÔ  

 

 

į 2.5.4� Ɋ¼ÿåɥ�̺ŭ͆ÿėɜ5ŔĲɞƪ3č>#Ə͚  
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˩ 2.5.1� ̺ŭ͆ÿėɜ5ÿŖʴƮ (mass%) 

 

 

 

 

 

 

 

 
2.5.1.2� êǪ α -Al ɽ�5 Mg �F: Si ɐƅ  

� ñ̡5ȑ˻�Gͯ̀ǒ!ɞƪ3��.�ɽD Mg2Siɽ3ě?JI Mg6ͯ3min0��ʆ�Ɋ¼ÿåɥ3

C��LG$ȼŉ#I�0�ǥG�02+(Ͱ,?H̺ͯŭ͆ÿėɜ�5 Mg 6ͯêǪ�F:ÞǪ α-Al ɽ

à3ƼǕ!İɊ!(C50ǅɅ JIͰ&�/ͯɊ¼ÿåɥ3µ�êǪ α-Alɽ�5 Mg̹M EPMA5Ś̹

çǽMɨ�.ɅŚ!(Ͱ?(ͯŚ̹çǽ3͑!.6ͯǳė̺ʬ5İɊǽæƿüM̋̊#I�/̷˲02I

Si3͇!.CęǨ3ɅŚ!(Ͱ��/6 įͯ 2.5.5 3șƇɷ3ʐ#F�3 ƀͯĳɷ2Ņ� Mǭ#IêǪ α-Al

ɽ(ʆ̛̈́� 20�m�G 30�m)M 2�G 3ÉȚǛ#IF�3 2ͯ�mxkj/ɼʾɞ3Ś̹çǽM˨�ͯÞ

Ǫ̱M͋�(êǪ α-Alɽà̱5 Mg�F: Si̹MɅŚ!(ͰĖǸ°/Ɋ¼ÿåɥMǞ!(́ǚ3ţ!.ͯ

�˼5Ś̹çǽM 3VƱ®�/˨�ͯêǪ α-Alɽà5ƀĳɐƅMɅŚ!(0�Kͯį 2.5.5 3ʐ#ʶȀ�

ƗGJ(Ͱį�5z�kn6ƀĳËM˩!ͯłüž5�͊0�͊6ȘɉÌŹ(�	)Mʐ!.�IͰǬê3 Mg

̹3,�.̡<IͰ̀ ǒ!ɞƪ0Ɋ¼ÿǨ͆� 0min5͆36ǥʂ2Źɱ6ʌ̄ J2�� 0ͯmin�G 3min

;5Ɋ¼ÿǨ͆5Ɔ̈́3µ�ǥʂ3ĿŅ!.ͯ3min ®͉/6=>ͥġ#IÒĚMʐ!(Ͱͥġ!(Ë6

0.37%ʖƅ/�HͯǳÞ́ǵ5 Mgȿø̹3=>�˔#I�0�GͯŅ̱ç5 Mg�êǪ α-Alɽà3İɊ!

.�I0ˇ�GJIͰ�ǝ Si̹6ͯɊ¼ÿǨ͆� 0min3��.̀ǒ!ɞƪ3ţ!.»�ƀĳËMʐ#�ͯ

ȘɉÌŹMýȌ#I0ǭƩŹ/2�0ˇ�GJIͰ!�! 3min®͉/6  ͯ Mg0͡¸5Ɋ¼ÿǨ͆ÃŔƤ

�̄BGJ(Ͱ2�ͯSi ̹5ͥġ!(Ë6 1.50%ʖƅ/�HͯAl-Si 2 Öʬė̺3��IǬŅİɊƅ

1.65%(577
)25)0ȥ̝!.DD»��ͯ�J6Ɋ¼ÿɄƅ� 560
/�+((B0ˇ�GJIͰ 

� ®�3̡<(ͯɊ¼ÿåɥ3µ�êǪ α-Alɽ�5 Mg�F: Si̹5ĿŅ3͇!.ͯĖÖʰ5ÂʷɈ5ç

żɞƪ2G:3ƼǕ�İɊ5˵ɓ�Gȑ˻!(ͰŎB3ͯ560
3��I Al �5 Mg �F: Si 5ƼǕ͕̕

x[m]MȔʣ!(Ͱ˺ʣ36®�5ƇMɨ�( 26)Ͱ 

Intermetallic compound Al Fe Mg Si Reference 
Chinese script-like 72 1 17 10 

 Present work Plate-like 65 2 20 13 
Plate-like 

(Solution treated for 30 min) 89 3 0 8 

�-Al8FeMg3Si6�
52 10 13 28  B.Closset18)�
��� 8 to 9 13 to 16 25 to 28  G.Gustafsson19)�
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� ���(2.1) 

���(2.2) 

��/ͯD [m2/s]6ƼǕÅǖͯt [s]6Ǩ͆ͯD0 [m2/s]6͞ƅīŒͯQ [kJ/mol]6ƼǕ5ȶƤÿTr�Y�ͯR

6Ȧ¼Śǖ(8.3145[J�mol-1�K-1])ͯT [K]6ʹţɄƅ/�IͰMg�F: Si5͞ƅīŒ D0M&J'J 1.24

�10-4�F: 3.5�10-5ͯƼǕ5ȶƤÿTr�Y�QM 131�F: 1240!. 27)ͯêǪ α-Alɽ�5 Mg�F

: Si ̹�ͥġ!( 3min 5Ɋ¼ÿǨ͆3��I Mg �F: Si 5ƼǕ͕̕ x Mʣæ!(Ͱ&5ʶȀͯMg �

F: Si5ƼǕ͕̕6&J'J 11.4�m�F: 10.2�mʖƅ/�+(Ͱ?$ͯMg3͇!.ȑ˻#IͰɊ¼

ÿåɥ3͑!. Mg5ÂʷɈ02I�ɽ5çżɞƪMȞ5F�3̀Ä!(Ͱ102µm×136µm5_Qd/ǌƏ

!(�Z�ʴ˄ɬÔ3ţ!.ͯɬÔåɥMǞ!ͯɬÔ�3ŔĲ#IÜ.5�ɽ5̷Ɲº˅MȩB(ͰĖ�5

�ɽ5̷Ɲº˅M�Ɲ0#IáMǆ� 1ͯ02µm×136µm5ɬÔMĵBũ�#�0�/�IǬŧ5á5ăƑM

ȩB(Ͱ�5ăƑ6ͯMg �ƼǕ!ĳ�3İɊ#I(B3ƞ˲02IǬŧ5ƼǕ͕̕3ɽƋ#I0ˇ�GJ

IͰ2�ͯ�5Ʋȯ/6�Z�ʴ˄ɬÔMǌƏ#Iº˅3̓ī!.ͯ�̡5͕̕3łü�ɧ"I0ˇ�GJ

IͰ!�!ͯį 2.5.1 3ʐ J(͙çǽɬÔMČɗ#I0ͯ�ɽ5çżɞƪ3ˡ!�ɲŠ6ʌ̄ J$ȥ̝

ɷĳ�/�I�0�Gͯłü6ŧ �C50ëǛ!.�IͰ±Ʃ5º˅/ǌƏ!( 5ǿ5�Z�ʴ˄ɬÔ3

ţ!.ͯ�̡5ƼǕ͕̕Mʣæ!(͑5ƀĳË6 66µm ʖƅ/�+(Ͱñ̡5̤Hͯ3min 5Ɋ¼ÿǨ͆3

��IMg5ƼǕ͕̕Mʣæ!(ʶȀ6ʭ11.4µm/�H Mͯg5ĳ�İɊ3ƞ˲02IƼǕ͕̕5ƀĳË(ʭ

66µm)3ţ!. 17%ʖƅ/�IͰ,?H �ͯɽ�G Mg�ǒťɞ3ƼǕ�İɊ#I0ąʮ3ˇ�(ĺė 3ͯmin

5Ɋ¼ÿǨ͆/6ͯ�ɽ̠Ï5êǪ�-Alɽ�5 Mg̹6ĿŅ#IC55ͯ�ɽ�G͕J(º˅/6İɊ�

Ăç3̨Ŭ!2�ɞȮ�ʐĤ JIͰ!�!ͯį 2.5.5 3ʐ J(F�3ͯȘɉÌŹMˇƫ!.CͯɊ¼ÿ

Ǩ͆� 3min 3��IêǪ �-Alɽ�5 Mg ̹6̀ǒ!ɞƪ3ţ!.ǭƩ3ĿŅ!.�IͰ�ˈ5ƼǕ͕̕

�ɽ̬!(�2ɥɪ0!.6ͯÞǪ̱�G5 Mg5ƼǕ�ˇ�GJIͰƔ̡5F�3ͯ̀ǒ!ɞƪ/6äİ

Ìǽ3̓ī!.êǪ �-Al ɽFHCÞǪ̱5 Mg ɐƅ�ͨ�ɞȮ�ˇ�GJͯɊ¼ÿåɥ3µ�êǪ �-Al

ɽ;5 Mg5ƼǕ�İɊ36ÞǪ̱3��I Mgɐƅ�̷˲2ƐöMȀ(#0ǅš JIͰɝ3ÞǪ̱36

ÞǪ SiʨŒ0ÞǪ�-Alɽ05ɭ͙�ń̹3ŔĲ#I(B êͯǪ �-Alɽà̱0ȥ̝!. Mg5ƼǕ̥ƅ6

̥�0ˇ�GJI 28)Ͱ�JG5ɞȮM̘?�.ͯ�ɽMÂʷɈ0!ͯÞǪ̱M©!.êǪ�-Alɽà̱;˓

I Mg5ƼǕƿüMį 2.5.6 5F�3Ǘɥ!(Ͱ̀ǒ!ɞƪ(į 2.5.6 (a))/6ͯMg6�ɽ3ͨɐƅ/ͯÞ

Ǫ̱36êǪ�-Alɽà̱FHCͨ�ɐƅ/ŔĲ!.�IͰɊ¼ÿåɥ5êǯȣ͎(į 2.5.6 (b)ͯǳśͧ/

6ǣɄɼƔ�GɊ¼ÿǨ͆� 3minǱɇ5ʥĮ)/6 �ͯɽ3ŔĲ!(ͨɐƅ5 Mg6ÞǪ̱;ÕØɷ3ƼǕ

! ÞͯǪ̱3ŔĲ!( Mg6êǪ�-Alɽ5�Ɲ̱;Ě��F�3ƼǕ#IͰɊ¼ÿǨ͆�Ɔ̈́ JI0(į

2.5.6 (c)ͯǳśͧ/6Ɋ¼ÿǨ͆� 3min®�)ͯj�Qq�dcZ�znɞ5�ɽ6ȼɋ!ͯǼɞ5�ɽ6

�-AlFeSi ;0ɞƪłÿ#I̪ʖ/ Mg �ǒæ JI00C3ͯêǪ�F:ÞǪ �-Al ɽ�5 Mg ɐƅ5ĳ

x = Dt

€ 

D = D0 exp(−
Q
RT
)
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�ÿ�̨Ŭ#IͰ�5F�3ˇ�J7ͯʆ̛̈́� 20�mʖƅ5êǪ�-Alɽà5 Mg̹6ͯ3min5Ɋ¼ÿ

Ǩ͆3��.Ăç3Ŀø!ƗI0ˇ�GJIͰ�ǝͯSi6�ɽ�G5ƼǕ�İɊCˇ�GJI�ͯÞǪ̱3

ń̹�,rkn��Zɞ3çż!.�IÞǪ Si ʨŒ5ǝ�ÂʷɈ0!.ǐ̲ɷ/�I0ˇ�.�IͰ®�

5ȑ˻�Gͯį 2.5.5 /ʐ J(êǪ �-Al ɽà̱5 Mg �F: Si ̹5łÿ6ͯĖÖʰ5ÂʷɈ5çżɞ

ƪ2G:3ƼǕ͕̕5˵ɓ�Ġǥ�Ēˊ/�I0ƢLJIͰ2� ǳͯẤǵ/6 Mg2Siɽ6�ɽ0ȥ̝!

.Ǫæ̹�ȓB.Ũ̹/�+((Bͯ¨Ī6ȑ˻5ţ̍Ń0!(�ͯMg2Siɽ�GCŨ2�G$ Mg2G:

3 SiMêǪ�-Alɽ;0Âʷ!.�I0ˇ�.�IͰ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.5.5� Ɋ¼ÿåɥ�êǪ α -Al ɽ�5 Mg �F: Si ɐƅ3č>#Ə͚  
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į 2.5.6� Ɋ¼ÿåɥ3µ� Mg 5ƼǕƿüMʐ!(ȔɯįͰ(a)̀ǒ!ɞƪͯ(b)Ɋ¼ÿåɥ5êǯ

ȣ͎�F: (c)Ǭʳȣ͎  

 

 

2.5.1.3� ̺ŭ͆ÿėɜ5Ņ� �ȼŉ�F:ɞƪłÿ3č>#Ə͚  

� ñ̡5F�3ͯɊ¼ÿåɥ3µ�êǪ �-Al ɽà̱5 Mg ̹5ĿŅ6ͯ�ɽ5ȼŉ�I�6�-AlFeSi ;

5ɞƪłÿ0ŠǄ2͇ÅMǭ#IͰ&5(Bͯ�ɽ5Ņ� �&5ȼŉDɞƪłÿ G36 Mg5İɊɞƪ

3č>#Ə͚6̷Ņ2͇Ɲ¡02IͰ&�/ �ͯ5ɓ3͇#Iɥ˷MȽBI(B3Ȟ5F�2śͧM˨+(Ͱ

ß¼ɷ36ͯãĈ̥ƅ�ŧ ��ɽ5ʩŅÿ�ǯƒ JIQ�^kn�ȣ�GǃĐ!(́ͧɚ(į 2.2.7 5

́ͧɚ a.b)Mɨ�.ͯɊ¼ÿåɥ3µ��ɽ5ȼŉ�I�6�-AlFeSi ;5ɞƪłÿ5ɞȮM̉<(ͰQ�

^kn5�ȣ�F:�ȣ�GǃĐ!(́ͧɚ(®͉ͯQ�^kn�ȣ�F:�ȣ5́ͧɚM&J'J́ͧɚ

a,b�F:́ͧɚ c,d0ʔ#)3��I�Z�ʴ˄�F:ĖȕƮɽ5ȥ̝Mį 2.5.7 �F:˩ 2.5.2 3ʐ#Ͱ

́ͧɚ c,d 3��I�ɽ5ƀĳǛ͙ʘMĸɉ0#I0ͯ́ͧɚ a,b /6j�Qq�dcZ�znɞ�F:Ǽ

ɞ/ͯ&J'J 3.2Ê�F: 1.8ÊʖƅʩŅ/�+(Ͱ�5ʴ˄5Źɱ6ͯäİǨ5ãĈ̥ƅ5Źɱ3̓ī

#Iɣ̍0ˇ�GJIͰį 2.5.8 3́ͧɚ a,b5̀ǒ!ɞƪ�F:Ɋ¼ÿǨ͆� 1,3,5�F: 7min3��

I�ɽ0&5̠Ï5͙çǽʶȀMʐ#Ͱ̀ǒ!ɞƪ/6ͯ́ͧɚ c,d 0ęȖ3ͯ�ɽ3ͨɐƅ/ Mg�ŔĲ

(a)� (b)�

Primary α-aluminum phase 

Eutectic Si particle 

π-phase(Chinese script-like) 

(c)�

β-AlFeSi(not containing Mg)  

π-phase 
 (Plate-like) 
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#IɞȮ�ʐ J(Ͱ?(ͯØ5˼̡M˭¬�IF�3ͯêǪ �-Al ɽà̱0ȥ̝#I0ÞǪ̱3��.

Mg ɐƅ�ͨ�ɞȮ�ʌ̄ J(ͰɊ¼ÿǨ͆� 1min 5́ǚ/6ͯʩŅ2�ɽ5 Mg ɐƅ�ͨ�ɞȮ�ʺ

ʻ!.˵š JIC55ͯį�5ʃć/ʐ!(F�3 MgMě?2� Feʬ̺ŭ͆ÿėɜ(�-AlFeSi)CŔĲ

#IF�32+(Ͱ3min 5Ɋ¼ÿåɥ/6ͯʩŅ2�ɽ36Ãɕ0!.ͨɐƅ/ Mg �ŔĲ#I�ͯ�ɽ

̠Ï5êǪ�F:ÞǪ α-Alɽ5 Mgɐƅ5Ŀø�ʌ̄ J(ͰɊ¼ÿǨ͆� 5min®�/6 =ͯ0N15�

ɽ�G Mg 6ȼŉ!.ͯêǪ�F:ÞǪ α-Al ɽ5 Mg ɐƅ�ĳ�ÿ#IɞȮ�˵š J(Ͱ�̡5ʶȀ/

6ͯ�ɽ5ƌɞ3͇!.˹č!2�+(�ͯj�Qq�dcZ�znɞ0Ǽɞ5�ɽ5ɞƪłÿ6ͯñ̡5

́ͧɚ c,d /˵š J(ɞȮ0ęȖ/�+(Ͱ#2L*ͯɊ¼ÿǨ͆5Ɔ̈́3µ�ͯj�Qq�dcZ�z

nɞ5�ɽ6ȼɋ!.ͯǼɞ5�ɽ�G6 Mg �ȼŉ!ͯ�-AlFeSi 3ɞƪłÿ!(Ͱ!�!2�Gͯ�5

ȼɋ�I�6ɞƪłÿ�ɧ"IɊ¼ÿǨ͆6́ͧɚ c,d 5ĺė0ɱ2+.�Hͯ&5ɞȮM?0BI0į

2.5.9 5F�/�+(Ͱñ̡5̤Hͯ́ͧɚ c,d /6j�Qq�dcZ�znɞ5�ɽ5ȼɋ2G:3Ǽɞ

5�ɽ�G Mg�ȼŉ#I(B3ƞ˲2Ɋ¼ÿǨ͆6ʭ 3min/�+(Ͱ�ǝͯj�Qq�dcZ�znɞ

�F:Ǽɞ5�ɽ5ƀĳǛ͙ʘ�&J'J 3.2 Ê�F: 1.8 ÊʖƅʩŅ2́ͧɚ a,b 3͇!.6ͯj�Qq

�dcZ�znɞ5�ɽ�ȼŉ#I(B3ƞ˲2Ɋ¼ÿǨ͆6ʭ 7min/�HͯǼɞ5�ɽ�G Mg�ȼŉ

!(56ʭ 5min/�+(Ͱ0�K/ͯį 2.5.8 3ʐ!(F�3ͯ7min5Ɋ¼ÿåɥǵ/6ȓB.Ũ̹/

�IC55 Mg�ȢŔ#IɞȮ�ʌ̄ J(ͰȢṞ́º36 Fe6=0N1ě?J2��ͯSi�ŔĲ#I�

0Mʌ̄!.�HͯMg2Si ɽ/�I0ëǛ!.�IͰǳśͧ/6Ɋ¼ÿåɥɄƅM 560
3˽Ś!(�ͯ

Al-Si-Mg2Si5 3ÖʬÞǪɄƅ� 559
/�IɞȮMýȌ#I0 11)ͯ̀ ̦Ǩ3Ǫæ!( Mg2Siɽ� 560
/

5øə3FH˧˷!ͯ&5Ɣ5ƣã3µ�ȢŔ!(C50ǅɅ!.�IͰ 

 

 

˩ 2.5.2� ́ͧɚ5ǃĐº˅��Z�ʴ˄3č>#Ə͚  

 

 

 

 

 

 

 

 

 

 

Specimen 
c,d a,b 

DAS� (µm) 21.7 33.9 

Mean area  (µm2) 

� - phase  
(Chinese script-like) 26.0 82.4 

� -  phase  
(Plate-like) 16.4 25.6 

Eutectic Si particle 0.9 3.6 
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į 2.5.7� ́ͧɚǃĐº˅5Źɱ��Z�ʴ˄3č>#Ə͚  

 

 



 -64- 

 

į 2.5.8� Ɋ¼ÿåɥ��ɽ3č>#Ə͚Mʐ!( EPMA 5�kx�[ɬÔ0ÙŖ͠ƛ̓ɬÔ  

 

 

 

 

į 2.5.9� Ɋ¼ÿǨ͆�̺ŭ͆ÿėɜ5ŔĲɞƪ3č>#Ə͚  

 

 

 

 

Solution time (min)�
0 3�

As-cast 
1� 5� 7�

Specimen Intermetallic 
compounds �

�-phase 
(Chinese script-like) 

�-phase 
 (Plate-like) 

Mg2Si  

c,d�

exist (containing Mg)�

exist�

exist�

transformation 
(not containing Mg)�

a,b�

c,d�
a,b�

c,d�
a,b�
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2.5.1.4� ÞǪ Si ʨŒ  

� į 2.5.10 3ĖǸ°/Ɋ¼ÿåɥMǞ!(́ǚ5�Z�ʴ˄(́ͧɚ c,d)Mʐ#ͰɊ¼ÿåɥMǞ!(́ǚ

/6 çͯąº5Ɋ¼ÿǨ͆5Ɔ̈́3ţ!.CÞǪ SiʨŒ�ǥʂ3ʩŅÿč:ɤɞÿ#IɞȮ�ʌ̄ J(Ͱ

�Z�ʴ˄ɬÔ3ţ!.ͯɬÔåɥMǞ!ͯÞǪ SiʨŒ5ƀĳǛ͙ʘͯƀĳOc{Znȥ(̛̈́̈́ /ʆ̛̈́

 )č:ƀĳʨŒ͕͆̕M̀Ä!(ʶȀMį 2.5.11 3ʐ#Ͱ2� ƀͯĳʨŒ͕͆̕06±Ʃ5ʨŒ3ţ!.

1�G 5ɰɻ?/3̠Ǆ#IʨŒ5̷Ɲ͕͆̕5ƀĳË0!.Śˆ!(�ͯ&5ȉƻ3,�.6Ȟ͛3��

.̂!�̡<IͰƀĳǛ͙ʘ6Ɋ¼ÿǨ͆� 0min5́ǚ/6̀ǒ!ɞƪ0ȥ̝!.ǥʂ2Źɱ6ʌ̄ J

2�C55ͯ3min ®�/6Ɋ¼ÿǨ͆5Ɔ̈́3µ�ą̉3Ŀø#IÒĚMʐ!(ͰƀĳǛ͙ʘ5łÿ0ę

Ȗ3ƀĳʨŒ͕͆̕CǨ͆ʵ̪3µ�ĿŅ#IÒĚ�ʌ̄ J(Ͱį 2.5.5 3ʐ!(F�3 Ɋͯ¼ÿǨ͆�

3min®�/6Ȥɽ�5 Siɐƅ�=>ͥġ!.�IɞȮMýȌ#I0ͯ�5Ǩ͆ʥĮ/6ͯUcn��oƮ

̈́3ɉ"(ÞǪ Si ʨŒ5ʩŅÿ�̨Ŭ!.�I0ˇ�GJIͰUcn��oƮ̈́3µ�ƛʲʨŒ5ȼɋč

:ʩŅʨŒ5Ʈ̈́�ͯ�̡5ʨŒ͕͆̕5ĿŅMC(G!(0ˇ�GJIͰ�ǝͯƀĳOc{Znȥ3͇!

.6ͯ3min5Ɋ¼ÿǨ͆3��.»�!ͯÞǪ SiʨŒ5ɤɞÿ�ʆǨ͆5à3ƣɏ3̨Ŭ#IɞȮ�·�

IC55ͯ3min®͉6ͥġ#IÒĚMʐ!(Ͱ 

 

 

 

į 2.5.10� Ɋ¼ÿǨ͆��Z�ʴ˄3č>#Ə͚  
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į 2.5.11� Ɋ¼ÿǨ͆�ÞǪ Si ʨŒ5ƀĳǛ͙ʘͯƀĳOc{Znȥ�F:ƀĳʨŒ͕͆̕3č

>#Ə͚  

 

 

 

2.5.2� ȜȎɷƤ̑0�Z�ʴ˄5ɽ£͇Å  
 

� ƣ̥ǣɄMµ�İɽʾɼ�5ͨɄ͝ķ3��Içąº5Èƽ0��ȓB.͊Śɷ2ͨɄʆǨ͆Ɋ¼ÿå

ɥMǞ!(͑5ȜȎɷƤ̑MͯƈƉ́ͧ2G:3ʊ ́ͧ3FH̀Ä!(ͰęǨ3ͯ�Z�ʴ˄łÿ0ȜȎ

ɷƤ̑5ɽ£͇Å3͇!.ˇšMø�(Ͱ 

 

2.5.2.1� ƈƉɝƤ0ʊ  

� ĖǸ°/Ɋ¼ÿåɥMǞ!(́ǚ5 0.2%ˉ÷ ʉͯǛ¶:č:êǪ�-Alɽ5ʊ Mį 2.5.12 3ʐ#Ͱ2

�ͯêǪ�-Alɽ5ʊ 6 1ͯ0ɓɅŚ!(͑5�� 2ɓM͋�( 8ɓ5ƀĳË/�Hͯłüž6ʣæ3ɨ�

( 8 ɓ5�͊0�͊M&J'Jʐ!.�IͰêǪ �-Al ɽ5ʊ 0 0.2%ˉ÷6ͯ̀ǒ!ɞƪ0Ɋ¼ÿǨ͆

� 0min 5́ǚ5͆3ǥʂ2Źɱ6ʌ̄ J2��ͯɊ¼ÿǨ͆� 3min 5́ǚ/6̀ǒ!ɞƪ0ȥ̝!.

ʊ 6 21% 0ͯ.2%ˉ÷6 23%ʖƅĿŅ!(Ͱ3min®͉5Ɋ¼ÿǨ͆/6ʊ ͯˉ÷0C3ͥġÒĚMʐ!
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(Ͱ�ǝͯʉǛ¶:6ͯ3min5Ɋ¼ÿǨ͆/ǭƩ3ĿŅ#Iɓ6ʊ Dˉ÷0ęȖ/�I�ͯ3min®͉5

Ɋ¼ÿǨ͆3��.CˀD�2ĿŅÒĚMʐ#ɓ�ɝƜɷ/�IͰ̂ʲ6Ɣ̡#I�ͯ�5ʉǛ¶:5ĿŅ

6ͯÞǪ SiʨŒ5ʨŒ͕͆̕5ĿŅ3̓ī#I0ˇ�GJIͰ?(ͯ̅Ŧøəˬ˅Mɨ�. 560
/ 3min

5Ɋ¼ÿåɥMǞ!(ĺė36ͯ͗Ȧɑåɥǵ(į�5 EFͯɊ¼ÿɄƅ� 535
ͯɊ¼ÿǨ͆� 480min)3

āǘ#IȜȎɷƤ̑�ƗGJ.�I�0�ʌ̄ J(Ͱ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.5.12� Ɋ¼ÿǨ͆�ˉ÷ͯ¶:�F:ʊ 3č>#Ə͚  
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2.5.2.2� Mg �F: Si ɐƅ�ȜȎɷƤ̑3č>#Ə͚  

� į 2.5.12 3ʐ J(êǪ�-Alɽ5ʊ č: 0.2%ˉ÷215Ɗƅ5łÿ6 Ɋͯ¼ÿåɥ3µ� Mgč:

Si5İɊƊÿ3̓ī#Iɣ̍0ǅɅ JIͰ�5ɓMʌ̄#I(B įͯ 2.5.5 3ʐ!(êǪ�-Alɽà̱5

Mgč: Siɐƅ0 0.2%ˉ÷(ƀĳË)05ţƠ͇ÅM̉<(ͰʶȀMį 2.5.13 3ʐ#Ͱį�GǥG�2F�

3ͯ3min ®�5Ɋ¼ÿåɥMǞ!(́ǚč:͗Ȧɑåɥǵ6ͯêǪ α-Al ɽà̱5 Mg č: Si ɐƅ5ĿŅ

3µ�ˉ÷�Ŀø#IɞȮ�ʐ J(Ͱ,?H Ɋͯ¼ÿǨ͆� 3min3��.5ˉ÷5ĿŅ36 êͯǪ �-Al

ɽà̱5 Mg č: Si ɐƅ5ĿŅ�Ņ��͇�#I0ƢLJI5/ͯ®�/6İɊƊÿ5˵ɓ�Gȑ˻Mø

�IͰ 

� Ǻ 29)6 Cͯottrell30)č: Friedel31)�ǇȌ#Iɥ̊Ƈ3ţ!. ʠͯ�Ċɥ˺ʣ/ƗGJ(�cyPkn9$

@M̭ɨ#I�0/ͯİɊƊÿ̹M˺ʣ#IƲȯMǇĥ!.�IͰ&�/6ͯńʶǪ¼5İɊƊÿ3��I

͉²Ɗƅ5Ŀç Δσ6Ȟ5Ƈ3FH˳ʘCGJIͰ 

 ���(2.3) 

��/ͯ�6~Of�ȥ(O��qR�/6 0.34732))ͯM 6lQ��īŒ(3.0629))ͯ�6òƤɡ(O��qR

�/6 26.5[GPa]32))ͯ�6�cyPkn9$@[%]ͯc6ė̺ɐƅ[at.%]/�IͰ(1)Ƈ5ė̺ɐƅ cMͯ̀ǒ

!ɞƪ0Ɋ¼ÿǨ͆� 3min5͆3��IêǪ�-Alɽà̱5 Mgč: Si̹5Źç(Ŀø̹)0!.ͯ&J'

J5Öʰ5İɊ3µ�͉²Ɗƅ5Ŀç(MgͲΔσMgͯSiͲΔσSi)Mʣæ!(Ͱį 2.5.5 3ʐ!(ͯ̀ǒ!ɞƪ0

Ɋ¼ÿǨ͆� 3min5͆3��IêǪ�-Alɽà̱5Mgč: Siɐƅ5Ŀø̹MĊŒöė3ǈʣ#I0&J

'J 0.20[at.%]č: 0.16[at.%]02IͰ G3ͯAl Ȥɽ3 Mg č: Si ĊŒą¼�İɊ!(͑5�cyPk

n9$@6&J'J 0.96[%]č:-0.6[%]33)0!(Ͱ&5ĺė͉ͯ²Ɗƅ5Ŀç6 ΔͯσMgč: ΔσSi5&J'J

3,�. 12[MPa]č: 5[MPa]ʖƅ02Hͯąʮ3ėʣ#I0ʭ 17[MPa]02IͰį 2.5.12 3ʐ J(F

�3ͯ̀ǒ!ǵ0Ɋ¼ÿǨ͆� 3min 5͆3��I 0.2%ˉ÷5ĿŅ̹6 27[MPa]ʖƅ/�Hͯ(1)ƇMɨ�

(˺ʣʶȀ0ȥ̝#I0ƈƉ́ͧ3FHƗGJ(śɅË5ǝ� 60%ʖƅͨ�ËMʐ!(Ͱ�˼5İɊƊÿ̹

5˺ʣ36ͯį 2.5.5 /ʐ!(̀ǒ!ǵ0 3min 5Ɋ¼ÿåɥǵ3��I Mg č: Si ɐƅ5ƀĳËMÀɨ

!(Ͱ�ǝͯMgč: Siɐƅ5łüž(ȘɉÌŹ)Mˇƫ!.ͯİɊƊÿ̹5Źç�ǬŅ/�IɞȮ3͇!.

CęȖ5̀ÄM˨+(�ͯśɅË5ǝ�ͨ�ˉ÷Mʐ#�0Mʌ̄!.�Hͯ˺ʣË0śɅË36ǭƩ2Ź

ɱ�ɧ".�I0ëǛ!.�IͰ2�ͯǺ 29)3FI0�ƇMɨ�.˺ʣ!(İɊƊÿ̹5ɥ̊Ë0śͧË6

˘��˔#I0!.�I�ͯİɊ̹�»ɐƅÎ3��.6ͯɥ̊Ë6̪Ņ̀Ä JIF�3Cǂ�GJIͰ

,?Hͯǳʈʙ/śǞ!(İɊƊÿ̹5˺ʣË6̪Ņ̀Ä J.�IĒˊƤ��IͰ 

� ®��Gͯ3min5Ɋ¼ÿåɥǵ3��IƊƅĿø36ͯêǪ�-Alɽà̱5 Mgč: Siɐƅ5ĿŅ®Ń

5�Z�ʴ˄łÿC͇�#I0ǅš J(Ͱ&5�Z�ʴ˄łÿ0!.6ͯƣãƔ5ŜɄǒ˅Ǩ3��IZ

�ch5ƌƮ�ˇ�GJIͰ�˼5˺ʣ3íɨ!(�cyPkn9$@6 AͯlȤɽ3Ɋ̑ĊŒą¼�İɊ!

Δσ =
33/4

2
1+ν
1−ν
#

$
%

&

'
(
3/2

Mµ ε
3/2 c
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(͑3��IǬ̠Ǆº˅5 Al ɊőĊŒ5ɥƨȊŒº˅�G5$J0!.Śˆ J.�IͰ,?Hͯ(1)Ƈ/

6Ɋ̑ĊŒą¼�İɊƊÿ3č>#Ə͚Mȑ˻!(C50˹�IͰ�ǝͯAl-Mg-Si ʬė̺/6ͯƣãƔͯ

ŜɄ¬̠5Ʉƅ͝ķ3��. Si ̪õZ�ch21�ƌƮ JI�0�˘�ʄGJ.�I 34)Ͱø�.ͯ¹G

35)6ͯę�5 Mg2Si ȿø̹5Ŭ¶ǵ0ȥ̝#I0 Al-7%Si-Mg ė̺̦̀ǵ/6ń̹5 Si �ě?J.�I5

/ͯŜɄǒ˅Ǩ3Z�ch�ƌƮ!D#�ͯ?(Z�chƌƮ6ʊ Dˉ÷MĿø %I0ĹĞ!.�IͰ

ǳśͧ/6ͯƣãƔͯ48 Ǩ͆5ŜɄǒ˅Mʵ(Ɣ3ʊ č:ƈƉ́ͧMśǞ!(Ͱị̀́ǚMɨƩ!.ͯ

Ɋ¼ÿåɥƔ5ŜɄǒ˅Ǩ3��Íǚ5Ŧ͗ɡłÿMǨʬé/ɅŚ!(ʶȀͯƣãɼƔ(ʭ 5min)�Gʭ

3,000min(50 Ǩ͆)3��.Ŧ͗ɡ� 3%ʖƅˀD�3»�#I�0Mʌ̄!.�I(˯̔̐ǚ 2.8 Čɗ)ͰZ

�ch5ƌƮ6͗ȦȥƷƵ5�ǣͯ˹�ǈ�J7Ŧ͗ɡ5»�MC(G# 36)�0�GͯǳẤǵ3��.C

ŜɄǒ˅�3Z�ch5ƌƮ�ɧ"(0ëǛ JIͰ�5Z�chƌƮ��̡5˺ʣʶȀ0ƈƉ́ͧ5śɅ

Ë05͆3ŹɱMɧ"(Ċī0ˇ�.�IͰ2�ͯ̀ǒ!ǵ0Ɋ¼ÿåɥMǞ!(́ǚ0/6ͯêǪ �-Al

ɽ�5 Mg č: SiɐƅDĊŒʚœɐƅ5Źɱ3̓ī!.ͯ˒ɕǨú3µ�Z�ch5ƌƮɞȮ(Ņ� Dǖ

Šƅ)�ɱ2I0ˇ�GJIͰɣǨɓ/6ͯ̀ ǒ!ǵ0Ɋ¼ÿåɥMǞ!(́ǚ3,�.Z�ch5ƌƮɞȮ

MŚ̹̀Ä!.�2��ͯZ�ch5ƌƮɞȮ5ŹɱCˉ÷5śɅË3ţ!.�Iʖƅ͇�!.�I0ˇ�

.�IͰ 

� êǪ α-Alɽà̱5 Mgč: Siɐƅ�̚ºȕ̦3č>#Ə͚M̉<I(BͯƈƉ́ͧ�5øŷʊÿƾǖ(n

Ë)3͇!.ȑ˻!(Ͱį 2.5.14 36ƈƉ́ͧ�3��Iɿ9$@0 nË05͇ÅMʐ!(ͰnËMʣæ!

(ĻƤ9$@5ʥĮ6ͯĖ́ͧɚ5ĳ�łƌ͝ķà/�I�ͯêǯč:ǲǯ3,�.6Ė�ʭ 1%M͋Ń!

.�IͰ̀ǒ!ɞƪ0Ɋ¼ÿǨ͆� 0min 5́ǚ/6ͯ9$@̹3͇LG$ n Ë6=>�Ś5ËMʐ#�ͯ

Ɋ¼ÿǨ͆� 3min®�5́ǚč:͗Ȧɑåɥǵ/6ͯ9$@̹5ĿŅ3µ� nË�ĿŅͯ,?Høŷʊÿ

ˊ�Ě�#IɞȮ�ʌ̄ J(Ͱ9$@̹5ĿŅ3µ� nË5ĿŅ6̚ºŠƅ5ĿŅMƩĠ#I0ˇ�GJ

I 37)Ͱ�˗ɷ3O��qR�6ͯʘŮȝ͌Tr�Y��Ņ��¥Ź#<HMɧ"D#�0 J.�I 38)Ͱ

¥Ź#<H�ɧ"I0̚º�£�3ȼɋ!D#�(B3ͯ9$@5ĿŅ3µ�̚ºŠƅ5ĿŅ6ƴï JI

0ˇ�GJIͰAl-Mg 2Öʬė̺5Ŭ¶ǵ3��.6ͯȤɽ�5 MgİɊɐƅ5Ŀø3FHʘŮȝ͌Tr�

Y��»�!ͯ¥Ź#<H�ĭ͖02I(Bøŷʊÿˊ�Ě�#I05ĹĞC�I 39)ͰɊ¼ÿǨ͆� 3min

®�5́ǚč:͗Ȧɑåɥǵ/6 �ͯ-Alɽ�5 Mgč: Siɐƅ5Ŀø3µ�ʘŮȝ͌Tr�Y�5»�3

̓ī!.ͯ¥Ź#<H�ƴï J̚ºŠƅ5ĿŅ�Æ̨ J((B3ͯøŷʊÿˊ�9$@00C3ĿŅ!

(0ˇ�GJIͰ 

� ®�5ȑ˻�Gͯį 2.5.12 3ʐ J(Ɋ¼ÿåɥ3µ�êǪ �-Alɽ5ʊ Dˉ÷5ĿŅ6ͯMgD Si

ĊŒ5İɊƊÿ�:3˒ɕǨú3µ�Z�chƌƮ3̓ī#I0ˇ�GJIͰ?(ͯMgD SiĊŒ5İɊ6

9$@5Ŀø3µ�̚ºȕ̦5łÿMC(G!øŷʊÿˊMĚ� %I�0�ʐĤ J(Ͱ 
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į 2.5.13� êǪ α -Al ɽ�5 Mg �F: Si ɐƅ�ˉ÷3č>#Ə͚  

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.5.14� Ɋ¼ÿǨ͆�ƈƉ́ͧ�5 n Ë3č>#Ə͚  
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2.5.2.3� ÞǪ Si ʨŒ5ƌƪłÿ�ƆƤ3č>#Ə͚  

� ñ̡5F�3ͯO��qR�ė̺̦̀ǵ5ƆƤ3ţ#IƏ͚īŒ0!.6ͯWcȦœDƈ�Ŷͯ©Ĳɜ2

15̦̀ȝ͌ͯDASͯFeʬ̺ŭ͆ÿėɜͯȤɽ5Ɗƅč: SiʨŒ21�ƿ�GJI 40)ͰǳẤǵ5�Z�

ʴ˄˵š/6ͯƈƉ́ͧɚMǃĐ!(̱º3ʩŅ2ƈ�ŶC!�6Wcɞȝ͌D©Ĳɜ6=0N1ʌ̄ J

2�+(Ͱ?(ͯ̀ǒ!ɞƪ3��.O�X�mcȯMɨ�.́ǚ5˳��ŠƅMɅŚ!(ʶȀ6

2.68[Mg/m3]ʖƅ/�Hͯ�˗ɷ2 AC4CHė̺5Šƅ 41)0�˔!(Ͱ�5�0�GͯǳẤǵ/6�̡5

̦̀ȝ͌�ƆƤ3č>#Ə͚6̜ƛ0ëǛ!(Ͱø�.ͯ˕̺Ĵ̦̀ǵ�GƈƉ́ͧɚMǃĐ#Iº˅Mʸ

�!.�I(BͯĖ́ͧɚ5 DAS5Ņ� 3ˡ!�Źɱ6ɔ�C50ˇ�.�IͰ G3ͯFeěǭ̹�̜

̹(0.12%)/�H Fe ʬ̺ŭ͆ÿėɜ�Ũ̹/�IɞȮ�GͯFe ʬ̺ŭ͆ÿėɜ��˫5ɴɧD´83č>

#Ə͚6ŧ �0ˇ�GJ( 42)Ͱ®�5ɥɪ�GͯɊ¼ÿåɥ3µ�ʉǛ¶:5łÿ6�3ÞǪ Si ʨŒ5

ŔĲɞƪDȤɽ5Ɗƅ3Ÿē JIC50ǅɅ J(Ͱ&�/ͯÞǪ Si ʨŒ5ƌɞDçżč:Ȥɽ5Ɗƅ

3ʁɻ!ͯʉǛ¶:05ɽ£͇ÅMȑ˻!(Ͱ 

� ÞǪ SiʨŒ5ɤɞÿ6łƌ3͑!.Ơ÷͔�5ˀġMC(G#(B 43) 3ͯmin5Ɋ¼ÿǨ͆3˓IʉǛ¶

:5ǥʂ2ĿŅ6ͯÞǪ SiʨŒ5ɤɞÿ3̓ī#I0ǅɅ JIͰ?(ͯɊ¼ÿǨ͆� 3min3��.6Ȥ

ɽ�5 Mg D Si 5İɊ�ĳ�ÿ#IɞȮ�ˇ�GJͯİɊ5ĳ�ÿ3µ�Ȥɽ3��IƠ÷͔�5ˀġC

ʉǛ¶:MĿŅ %I˲ī0ƮHƗI0ǅš JIͰ�ǝͯ3min ®͉5Ɋ¼ÿǨ͆3��.6ʉǛ¶:5

ˀD�2ĿŅ�ʌ̄ J(Ͱ�5Ǩ͆ʥĮ/6Ȥɽ5ƊƅĿø�ͥġ#IɞȮ�GͯʉǛ¶:5Ě�6ÞǪ

SiʨŒ5ƀĳʨŒ͕͆̕5ĿŅ3µ�ͨƆƤMʐ#�-Alɽ5ş�ƅ�ĿŅ#I�03̓ī#I0ˇ�GJ

(Ͱ&�/ͯÞǪ Si ʨŒ5ƀĳʨŒ͕͆̕0ʉǛ¶:05ɽ£͇ÅMȑ˻#I(B3ͯƈƉ́ͧƔ5́ǚ

5ʉǛ͙M SEM /˵š!(0�Kͯį 2.5.15 3ʐ#ʶȀ�ƗGJ(ͰɊ¼ÿǨ͆� 3min ®�5́ǚ0

͗Ȧɑåɥǵ/6ͯƆƤʉŀ3µ�mP�z�5ƌƮ�ʉǛ͙5ƄʥĮ3ʌ̄ J(Ͱ?(ͯɊ¼ÿǨ͆5

Ɔ̈́3µ�mP�z��ʩŅÿ#IÒĚ�ʌ̄ J(ͰO��qR�ė̺̦̀ǵ/6 SͯiʨŒ˒¼5ʉŀ�

I�6Ȥɽ0 Si ʨŒ5ɭ͙3��Iô͕3̓ī!.}Qo5Ȉ�ɧƮ Jͯ&JG5}Qo�Ʈ̈́�ė¼

#I�0/ʉŀ�̨Ŭ#I�0�F�ʄGJ.�I 40)ͰǬ̠/6ͯƈƉ́ͧ5&5ĺ˵šMͨç˷ˊ X ʾ

CT ǌÔ3FH˨��0/ͯǵǚ˰̦Ǩ3ƌƮ J(ȧʰ�Z�~O�Ṉ́̎˞5ĿŅ3µ�Ʈ̈́�ė¼!

.ʉŀ�̨Ŭ#I0��ǜ(2ʄ˳CƗGJ.�I 44),45)Ͱ?(ͯ&JG5ȧʰ�Z�~O5=0N16ͯǵ

ǚà5ʨŒɭ͙3ɧƮ#I�0CǥG�02+.�I 46)Ͱ®��GͯSi ʨŒ5ʉŀDɭ͙/5ô͕3̓ī

#I}QoDȧʰ�Z�~O�Ʈ̈́�ė¼!(ʶȀ�mP�z�MƌƮ#I0ˇ�J7ͯ}QoDȧʰ�Z

�~O5Ȉ02HƗIÞǪ Si ʨŒ5͆͏0mP�z�5Ņ� 05͆36ŠǄ2͇Å�ŔĲ#I0ˇ�G

JIͰ�5ɓMǥG�3#I(B3ͯʉǛ͙3˵š JImP�z�5Ƒ0ÞǪ Si ʨŒ5ʨŒ͕͆̕5ţ

Ơ͇ÅMȑ˻!(ͰŎB3ͯÞǪ Si ʨŒ5ʨŒ͕͆̕5ʣæ3͇!.̇ǥ#IͰ��/6ͯmP�z�5

ƌƮ̪ʖMͯȞ5F�3��,�5Ǹ°M¯Ś!.ʦǦɷ3ˇ�IͰį 2.5.16 3ʐ#F�3ͯ́ͧɚ36
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ƈƉ́ͧñ5ȣ͎/ͯ��G�5ȧʰ�Z�~O�ÞǪ SiʨŒ0Ȥɽ5ɭ͙3ɴɧ!.�I0¯Ś#I(į

2.5.16 (a))Ͱ́ͧɚ3ţ!.ƈƉ˞̷M̎˞!ͯĻƤłƌ͝ķ3̨Ŭ!(Ǩɓ�Gȧʰ�Z�~O�ƕ�3

Ʈ̈́!ŎB(į 2.5.16 (b))  ͯG3łƌ�̨@ ǬͯŅ˞̷¬̠3��.ÞǪ SiʨŒ5ʉŀ3̓ī#I}Qo

�ɧƮ!ŎBI 45)(į 2.5.16 (c))Ͱ2���/6 ÞͯǪ SiʨŒ0Ȥɽ05ɭ͙/5ô͕6ɧ"2�C50¯

Ś#I 24)Ͱ G3̎˞˞̷�ĿŅ#I0 Ʈͯ̈́!(ȧʰ�Z�~O0 SiʨŒ5ʉŀ3FHɧ"(}Qo6ͯ

̠Ǆ#I&JG0ė¼!.ʩŅ2�˫02Hʉŀ3˓I(į 2.5.16 (d))Ͱ�5F�2Ȝȕ/ʉŀ!(́ǚ5

ʉǛ͙M˵š#J7ͯʉǛ͙6mP�z�ɞMĝ#I0ˇ�GJIͰį 2.5.16 /6ƀ͙ɷ3̇ǥ!(�ͯ

ś͑5ʉŀ6 3 ȞÖɷ3ɧ".�IͰ&�/ͯʉǛ͙3ŔĲ#ImP�z�MȱƩȽ�˵š!(0�Kͯ1

,5mP�z�6�F& 5 �G 6 É5mP�z�0Ǆ!.�I�0�ʌ̄ J(Ͱ,?Hͯ±Ʃ5ÞǪ Si

ʨŒ�Gɴɧ!(�Z�~OC!�6}Qo6 &ͯ5Ɣ5Ʈ̪̈́ʖ3��. 5�G 6ɰɻ?/3̠Ǆ#IÞ

Ǫ Si ʨŒ�Gɴɧ!(&JG0ė¼#I�/ʉǛ͙MƌƮ!(0ˇ�GJIͰ®�5ȑ˻�GͯmP�z

�Ƒ0ÞǪ SiʨŒ͆͏05ţƠ͇ÅMȑ˻#I͑5ÞǪ SiʨŒ5ʨŒ͕͆̕M ±ͯƩ5ÞǪ SiʨŒ3ţ!

. 1�G 5ɰɻ?/3̠Ǆ#IʨŒ5̷Ɲ͕͆̕5ƀĳË0!.ʣæ#I�00!(ͰȞ3ͯʶǪʨƑMɅ

Ś#IƲȯ0!.F�ʄGJIèɚȯ 47)Mɨ�.ͯį 2.5.15 3ʐ!(ʉǛ͙5 SEMɬÔMC03mP�

z�ƑMʣæ!(Ͱ˺ʣ36®�5ƇMɨ�(Ͱ 

���(2.4) 

��/ͯD 6ƀĳmP�z�Ƒ[µm]ͯL 6ɬÔ3ƈ�(ɼʾ5̈́ [µm]ͯnL6ɼʾMȚè+(mP�z�

5Éǖ/�IͰ®�5ǝȯ/ʣæ!(ƀĳmP�z�Ƒ0ÞǪ Si ʨŒ5ƀĳʨŒ͕͆̕05͇ÅMį

2.5.17 3ʐ#Ͱį�GǥG�2F�3ͯɊ¼ÿǨ͆5Ɔ̈́3µ�ƀĳmP�z�Ƒ(D)0ÞǪ Si ʨŒ5ƀ

ĳʨŒ͕͆̕6ĿŅ#IÒĚMʐ#�ͯ�ˈMȥ̝#I0ͯƀĳmP�z�Ƒ5ǝ�ŧ �ËMʐ#Ͱèɚ

ȯ/6ͯɼʾ�ƞ$!CɅŚţ̍ɜ(ǳʈʙ/6mP�z�3ɽƋ)5�ƝMȚèG2��03̓ī!.ɅŚ

ţ̍ɜ6̪ŧ̀Ä JI0ˇ�GJ.�Hͯ(2)Ƈ5 D M˯Ƞ!.̀Ä#Iǝȯ�Ǉĥ J.�I 47)ͰÁ�

7ͯHensler G 48)�Ǉĥ#IF�3ɅŚţ̍ɜMɤƌ0¯Ś!(ĺėͯ�̡5˯ȠÅǖ6 1.62 0 J.�

IͰ�5˯ȠÅǖMɨ�.ƀĳmP�z�Ƒ Dc(Dc=1.62D)Mʣæ!(ʶȀCį 2.5.17 3¿˼!(�ͯ˯

Ƞñ(D)0ȥ̝!.˯ȠƔ(Dc)5ǝ�ƀĳʨŒ͕͆̕0ʟė!(Ͱ 

� ®�5ȑ˻�G Ɋͯ¼ÿǨ͆� 3min3˓IʉǛ¶:5͠ˡ2ĿŅ6ÞǪ SiʨŒ5ɤɞÿč:Ȥɽ3��

IİɊ5ĳ�ÿ3µ�Ơ÷͔�5ˀġ3̓ī! 3ͯmin®͉5ˀD�2ĿŅ6ÞǪ SiʨŒ5ʨŒ͕͆̕5Ŀ

Ņ3̓ī#I0ǅɅ JIͰ?(ͯ¨Ī5ȑ˻/6�̡5F�3 3min®͉5ʉǛ¶:5ĿŅ3ţ#IƏ͚

īŒ0!.ÞǪ SiʨŒ5ʨŒ͕͆̕3ʁɻ!.ȑ˻!(�ͯ3min®͉/6į 2.5.11 3ʐ JIF�3Þ

Ǫ Si ʨŒ5ʩŅÿCʌ̄ J.�IͰÞǪ Si ʨŒ5ʩŅÿ6łƌ5͑3ʉŀ5̓ɓ02HD#� 43)(Bͯ

ƆƤ5»�MC(G#0ˇ�GJI�ͯǳśͧ3��.6ͯÞǪ Si ʨŒ�ʩŅÿ#I3C͇LG$ƆƤ5

D =
L
nL
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Ě��ʌ̄ J(Ͱ�5�0�Gͯǳśͧ/6ÞǪ Si ʨŒ5Ņ� FHCʨŒ͕͆̕5ǝ�ƆƤ3ţ#I

ş�ƅ�Ņ��0ëǛ!.�I�ͯ�5ɓ3͇!.6ͯ¨Ɣ̂ʲ3ȑ˻#Iƞ˲��I0ˇ�.�IͰ 

 

į 2.5.15� ĖɊ¼ÿǨ͆3��IƈƉ́ͧƔ5ʉǛ͙5ȖŒ  

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.5.16� ƈƉłƌ3͑#ImP�z�5ƌƮ̪ʖMʐ!(ȔɯįͰ (a)Ͳ˞̷̎˞ñͯ (b)Ͳȧʰ

�Z�~O5Ʈ̈́ȣ͎ͯ (c)ͲÞǪ Si ʨŒ5ǊÑͅŎȣ͎ͯč: (d)ͲmP�z�5ƌƮȣ͎  

Loading       direction�

Loading       direction�

(b)�

(d)�
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į 2.5.17� mP�z�5ƀĳƑ0ÞǪ Si ʨŒ5ƀĳʨŒ͕͆̕5͇Å  

 

 

 

2.6 ǣɄ̥ƅ�ÞǪ Si ʨŒƌƪ3č>#Ə͚  
 

� 2.1.2͛3��.̡<(F�3ƣ̥ǣɄMµ�Ɋ¼ÿåɥMǞ!(ĺė/6ͯÞǪ SiʨŒ��O��qR

�Ȥɽ0ÞǪ Si ʨŒ5ʾːƉɡ5Źɱ3̓ī!(əƠ÷3FHʉŀ�çǛ#I�0ͯ
ǣɄ̥ƅ�̩�ĺ

ė0ȥ̝#I0ͨɄÈƽ̪ʖ5Ǣǯ3ʩŅÿ2G:3ɤɞÿ#IÒĚ��I�021ͯɊ¼ÿåɥ�5ÞǪ

SiʨŒ5ƌƪłÿ3ɝƜɷ2ƿü�ʌ̄ J.�I 10)Ͱ�5F�2ɝƜɷ2ÞǪ SiʨŒ5ƌƪłÿ6ͯƣ

̥ǣɄMµ�ͨɄʆǨ͆Ɋ¼ÿåɥ3͇!.ȑ˻#Iǳʈʙ3��.C̷˲2͇Ɲ¡/�IͰ&5(Bǳʤ

/6ͯͨğȰ̅Ŧøəˬ˅Mɨ�(ƣ̥ǣɄMµ�ͨɄʆǨ͆Ɋ¼ÿåɥ3��IÞǪ Si ʨŒ5ƌƪłÿ

MÙŖ͠ƛ̓D SEM Mɨ�.̂ʲ3˵š!(Ͱø�.ͯɊ¼ÿåɥǨ5ǣɄ̥ƅ�ƈƉɝƤ3č>#Ə͚

M̉<(Ͱ 

 

2.6.1� ÞǪ Si ʨŒ5ƌƪłÿ  
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� ͨğȰ̅Ŧøəˬ˅Mɨ�.ͯ90.0
/s(ƣ̥ǣɄ)0 0.9
/s5 2ʗ͡5ǣɄ̥ƅ/ 560
?/ǣɄ!ͯ&

5Ɣ5 0,3,10�F: 30min5 4Ǹ°/Èƽ!(͑5ÞǪ SiʨŒ5ƌƪłÿM˵š!(ͰŎB3ͯśͧ/Ɨ

GJ(ɄƅůȡMį 2.6.1 �F:į 2.6.2 3ʐ#Ͱ90.0
/s/ǣɄ!(ĺė(į 2.6.1)/6ͯʭ 6s/ŜɄ

�G 560
?/ǣɄ#I�0�Ēˊ/�+(ͰǣɄ�GÈƽ;ʕ˨#I͑36ͯǬŅ/ 7
5U�u�v�

n�ɴɧ!(ͰÈƽ̪ʖ/6ͯ�$J5_�z�3��.CU�u�v�n5ďǷƔ�G�F& 20s?/6

ɻȘ5ÈƽɄƅ(560
)3ţ!. 1
�G 4
ʖƅ»�Ʉƅ/ǅʕ!ͯ20s ®͉/6Ʉƅ��ǣ!.ɻȘ5

560
/Èƽ J(Ͱ�5Èƽ̪ʖ5êǯ3��IɄƅ»�6ͯ40.0
/s /ǣɄ!(ĺė36ʌ̄ J2�

+((į 2.4.7 Čɗ )ɝɱ2ÒĚ/�IͰÈƽ̪ʖ3��Iøə]Q�;5Âʷ͗÷6�ŚË3˽Ś!.�I

�0�Gͯ�5Ʉƅ»�6́ǚ5ʴ˄łƪ3̧͇#Iɣ̍0ˇ�GJIͰñ̡5F�3ͯ40.0
/s/ǣɄ!

(ĺė36ͯʩŅ2 Mg2Si ɽ�ǣɄɼƔ(ÈƽǨ͆Ͳ0min)3ȼɋ#I�0Mʌ̄!.�IͰ�ǝ 90.0
/s

/ǣɄ!(ĺė/6ͯ40.0
/s /ǣɄ!(ĺė0ȥ̝!.ǣɄǨ5ͨɄ3��IɍɮǨ͆�ʆ�(B3ͯ

Mg2Siɽ5ȼɋ�ǣɄɼƔ5Èƽ̪ʖ3ɧ"(0ǅɅ JIͰMg2Siɽ5ȼɋͯ,?HͯMg2Siɽ5Ɋ˷3

µ�ĜəĎƠ�Èƽ̪ʖ5êǯ3��IɄƅ»�MC(G!(0ˇ�.�IͰ0.9
/s /ǣɄ!(ĺė(į

2.6.2)/6ͯŜɄ�G 560
3˓I?/3˲!(Ǩ͆6ʭ 600s /�HͯǣɄ�GÈƽ;ʕ˨#I͑36͠

ˡ2U�u�v�n6ɴɧ!2�+(ͰÈƽCŗŚɷ3śɣ J.�H Ʉͯƅłü6 4
ʖƅ(560
ͮ1
ͯ

�3
)/�+(Ͱ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.6.1� Ʉƅůȡ  (90.0
 /s)  
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į 2.6.2� Ʉƅůȡ  (0.9
 /s)  

 

 

� į 2.6.3 3̀ǒ!ǵ2G:3ĖǣɄ̥ƅ/ 0 3ͯ�F: 30minÈƽ!(́ǚ5�Z�ʴ˄Mʐ#ͰǣɄ̥

ƅ� 90.0
/s /ÈƽǨ͆� 0min 5́ǚ/6ͯ̀ǒ!ɞƪ3��.�:,2ƌɞMǭ!.�(ÞǪ Si ʨŒ

�ƛʲʨɞ3łÿ#IɞȮ�ʌ̄ J(Ͱ3min Èƽǵ/6ͯ0min Èƽǵ0ȥ̝#I0ÞǪ Si ʨŒ�ʩŅ

ÿ!ͯ30minÈƽǵ/6ʩŅÿ�F:ɤɞÿ�ˡ!�̨Ŭ#IȖŒ�ʌ̄ J(Ͱ�ǝ 0.9
/s/ǣɄ!(

ĺė/6ͯ̀ ǒ!ǵ0 0minÈƽǵ5ÞǪ SiʨŒ5ƌƪ3͠ˡ2Źɱ6ʌ̄ J2�� ÈͯƽǨ͆5Ɔ̈́3

µ�ʩŅÿ�F:ɤɞÿ�̨Ŭ#IȖŒ�ʐ J(Ͱ?(ǣɄ̥ƅ/ȥ̝#I0 0ͯminÈƽǵ3��.6ͯ

0.9
/s/ǣɄ!(ĺė0ȥ̝!. 90.0
/s5ÞǪ SiʨŒ6ˡ!�ƛʲʨɞ/�IɞȮ�ʌ̄/�IͰ�ǝ

30min Èƽǵ/6ͯǣɄ̥ƅ3̓ī!(ǥG�2ÞǪ Si ʨŒƌƪ5Źɱ6ʌ̄/�2�ͰÙŖ͠ƛ̓/ǌ

Ə!(ɬÔMC03ɬÔåɥM˨�ͯÞǪ Si ʨŒ5ƀĳǛ͙ʘͯƀĳOc{Znȥ(̛̈́̈́ /ʆ̛̈́ )�

F:ƀĳʨŒ͕͆̕Mʣæ!(ʶȀMį 2.6.4 3ʐ#Ͱ2�ͯƀĳʨŒ͕͆̕6 2.5.1.4 0ęȖ3ͯ1 �G

5 ɰɻ?/3̠Ǆ#IʨŒ5̷Ɲ͕͆̕5ƀĳË0!.Śˆ!(ͰŎB3ͯƀĳǛ͙ʘ3͇!.̡<IͰǣ

Ʉ̥ƅ� 90.0
/s3��I 0minÈƽǵ5ƀĳǛ͙ʘ6ͯ̀ ǒ!ǵ0ȥ̝!.ʭ 60%CɂŨ#IɞȮ�ʐ 

J(Ͱ&5Ɣ6ͯÈƽǨ͆5Ɔ̈́3µ�Ǜ͙ʘ�ą̉3ĿŅ#IÒĚMʐ!ͯ3min Èƽǵ/6̀ǒ!ǵ0

ęʡ5Ņ� ?/ʩŅÿ!ͯ10min Èƽǵ/6̀ǒ!ǵ0ȥ̝#I0 30%ʖƅͯ30min Èƽǵ/6 84%ʖ

0

100

200

300

400

500

600

0 500 1000 1500 2000 2500

Te
m

pe
ra

tu
re

 , 
T 

/ �

time , t / s

530
535
540
545
550
555
560
565
570

590 595 600 605 610

Tf

30min�
10min�
3min�
0min�

Tf (�)�
4�
4�
4�



 -77- 

ƅʩŅÿ#I�0�ʌ̄ J(Ͱ�ǝ 0.9
/s 5 0min Èƽǵ5ƀĳǛ͙ʘ6ͯ90.0
/s /ǣɄ!(ĺė0

ęȖ3̀ǒ!ǵ0ȥ̝!.»�#I�ͯ&5»�̹6 90.0
/s 5ĺėFHCŧ � 14%ʖƅ/�+(Ͱ&

5Ɣ6ͯÈƽǨ͆5Ɔ̈́3µ�Ǜ͙ʘ6ą̉3ĿŅ#IÒĚMʐ!ͯ3min Èƽǵ/6̀ǒ!ǵ0ȥ̝#I

0 13%ʖƅͯ10minÈƽǵ/6 49%ʖƅĿŅ!(Ͱ30minÈƽǵ/6 86%ʖƅʩŅÿ!(Ͱ30minÈƽǵ

5ƀĳǛ͙ʘ6 90.0
/s/ǣɄ!(ĺė0ęʡ/�+(ͰƀĳOc{Znȥ3͇!.6 9ͯ0.0
/s/6Èƽ

Ǩ͆� 10min?/6ɂŨ#IÒĚMʐ#� 1ͯ0min®�5ÈƽǨ͆/6ͥġ#IÒĚMʐ!(Ͱ�ǝ 0ͯ.9


/s/6ÈƽǨ͆� 30min3��.ˀD�3ɂŨ#IÒĚMʐ!ͯ30minÈƽǵ/6 90.0
/s/ǣɄ!(ĺ

ė0ęʖƅ?/ɂŨ!(Ͱ®�5ȑ˻�Gͯƣ̥ǣɄMǞ!(ĺė/6ǣɄ̥ƅ�̩�ĺė0ȥ̝#I0ͯ

ͨɄÈƽ̪ʖ5Ǣǯ��IÞǪ Si ʨŒ5ʩŅÿöė�Ņ���0ͯ2G:3ɤɞÿ5̨Ŭ�̥��0�ʌ

̄ Jͯ�5ƿü6 ChaudhuryG 10)5ĹĞ0Ȕ4ė˔#IͰ90.0
/s3��IƀĳʨŒ͕͆̕6ƀĳǛ͙

ʘ0ęȖ3ͯ0min Èƽǵ3��.�ʝɂŨ!(ƔͯÈƽǨ͆5Ɔ̈́3µ�ą̉3ĿŅ#IÒĚMʐ!(Ͱ

ƀĳǛ͙ʘ0ƀĳʨŒ͕͆̕5̧ü!(ƿü6Ȟ5F�3̇ǥ/�IͰ?$ 0minÈƽǵ3��.6ͯÞǪ

Si ʨŒ�çǛ(�5ɓ3͇!.6Ɣ=1̂!�ˇš#I)!.ͯ&J3µ�ʨŒǖ5ĿŅ�ɧ"(0ˇ�IͰ

ͱ,5ʨŒ�˱ǖÉ5ʨŒ3ç˫!(ĺėͯƀĳǛ͙ʘ5»�MC(G#00C3ʨŒ͕͆̕MɂŨ %I

0ǅɅ JIͰ&5Ɣ6ͯÈƽǨ͆5Ɔ̈́3FHUcn��oƮ̈́3µ�ƛʲʨŒ5ȼɋč:ʩŅʨŒ5Ʈ

̈́�ɧ".ͯʨŒ͕͆̕�ĿŅ!(0ˇ�GJIͰ0.9
/s 5ƀĳʨŒ͕͆̕6ÈƽǨ͆5Ɔ̈́3µ�ą̉

3ĿŅ#IÒĚMʐ!ͯ30minÈƽǵ/6 90.0
/s/ǣɄ!(ĺė0ęʡ5ËMʐ!(Ͱ 

� ®�/6ÞǪ SiʨŒ5Ǜ͙ƌɞM˵š!(� ÞͯǪ SiʨŒ5ƌƪłÿMFĤʲ3˵š#I(B3 SEM

Mɨ�.ÞǪ Si ʨŒƌɞMʛ¼ɷ3˵š!(Ͱ��/6ͯȜȎʈʏ3FH͙̓3ª��(́ͧɚḾˤ�

(HClͲ15mlͯHFͲ10ml�F:ˢɮȧͲ90ml)3 55ç͆ͯ&5Ɣ́ˤ
(HNO3Ͳ25mlͯˢɮȧͲ75ml)3

4ç͆Ȼ!ͯAlȤɽM̮ƶˎͣ!(ɞƪ/ SEM˵šM˨+(Ͱį 2.6.5 3̀ǒ!ǵ2G:3ĖǣɄ̥ƅ/

0ͯ3�F: 30minÈƽ!(́ǚ5˵šʶȀMʐ#ͰŎB3ͯ̀ǒ!ǵ3͇!.̡<IͰAlȤɽM̮ƶˎͣ

!.ÞǪ SiʨŒM˵š!(ĺė/6ͯÞǪ SiʨŒ6ʛ¼ɷ3ʲ̈́�̧ʶ!(ͯ�LEI_�^ɞ5ƌƪM

ǭ!.�I�0�ʌ̄ J(ͰǣɄ̥ƅ� 90.0
/sͯÈƽǨ͆� 0min5́ǚ/6ͯ̀ǒ!ǵ0ȥ̝#I0

ÞǪ SiʨŒ5 2Ȟȁ�ʆ˃ J(F�2ƌɞMʐ!(Ͱ�J6ͯƔ̡#IF�3ÞǪ SiʨŒ5 2Ȟȁ5ç

Ǜ3̓ī#Iɣ̍0ˇ�GJIͰʩŅ2ʨŒ�˱ǖÉ3ç˫#IɞȮM�IǛ͙3��.˵š!(ĺėͯ&

JG5ʨŒ5ƀĳǛ͙ʘ�»�#I�06ǥG�/�IͰ,?HͯÞǪ Si ʨŒ5çǛ�Ǜ͙˵šǨ3��

IƀĳǛ͙ʘ5»�MC(G!(0ˇ�GJIͰǣɄ̥ƅ� 90.0
/sͯÈƽǨ͆� 3min5́ǚ/6ͯÞǪ

SiʨŒ5 1Ȟȁ0 2Ȟȁ5ľɭ��ǥʂ02H Üͯ¼ɷ3ȁ5Ƒ�ĿŅ#IɞȮ�˵š J(Ͱȁ5Ƒ�Ŀ

Ņ!(ĺėͯ&5ȁ5Ǜ͙ʘ�ĿŅ#I�06ǥG�/�Hͯ�J�ÞǪ Si ʨŒ5Ǜ͙ʘĿŅ5˲ī0ˇ

�GJIͰǣɄ̥ƅ� 90.0
/sͯÈƽǨ͆� 30min 5́ǚ/6ͯSi ʨŒ5ʩŅÿ�F:ɤɞÿ�ˡ!�̨

Ŭ!(ȖŒ�˵š J(Ͱ�ǝ ǣͯɄ̥ƅ� 0.9
/s ÈͯƽǨ͆� 0min5́ǚ5ÞǪ SiʨŒƌɞ6 9ͯ0.0
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/s5 3min Èƽǵ0͡¸!.�Hͯ1 Ȟȁ0 2 Ȟȁ5ľɭ��ǥʂ02HͯÜ¼ɷ3ȁ5Ƒ�DDĿŅ#I

ɞȮ�˵š J(ͰǣɄ̥ƅ� 0.9
/sͯÈƽǨ͆� 3min5́ǚ/6ͯ0minÈƽǵ5ƌɞMʼƽ!(??

Ü¼ɷ3ȁ5Ƒ�ĿŅ#IɞȮ�˵š J(ͰǣɄ̥ƅ� 0.9
/sͯÈƽǨ͆� 30min5́ǚ/6ͯSiʨŒ

6ʩŅÿ�F:ɤɞÿ�ˡ!�̨Ŭ!(Ͱ?( 30minÈƽǵ/6ͯÞǪ SiʨŒƌƪ3ǣɄ̥ƅ3̓ī!(

ǥʂ2Źɱ6ʌ̄ J2�+(Ͱ�5�0�GͯǣɄ̥ƅ�ɱ2+.�.CͨɄ3��IÈƽǨ͆��Iʖ

ƅ̈́Ǩ͆/�J7ͯÞǪ Si ʨŒƌƪ(Ņ� Dƌɞ21)6�ŚË3ďǷ#I0ǅɅ JIͰ®�5F�3

SEMMɨ�.ÞǪ SiʨŒMʛ¼ɷ3˵š#I�03FHͯÙŖ͠ƛ̓Mɨ�(Ǜ͙˵š/6ǂ�I�0�

/�2�+(Ɋ¼ÿåɥ3µ�ƌƪłÿMÚǥ3˵š#I�0�/�(Ͱ 

� ®�/6ƣ̥ǣɄ(90.0
/s)MǞ!(ĺė3˵š J(ɝƜɷ2ƿü/�I 0ͯminÈƽǵ3��IÞǪ Si

ʨŒ5ˡ!�Ǜ͙ʘ5ɂŨ2G:3ͯͨɄÈƽ̪ʖ5Ǣǯ3ɧ"IʩŅÿ�F:ɤɞÿ3͇!.ˇš#IͰ

ŎB3ͯ0min Èƽǵ3��IÞǪ Si ʨŒ5͠ˡ2ƛʲÿ3͇!.̡<IͰSEM /˵š!(ĺėͯǣɄ̥

ƅ� 90.0
/sͯ0minÈƽǵ/6ͯ̀ǒ!ǵ0ȥ̝#I0ÞǪ SiʨŒ5 2Ȟȁ�ʆ˃!(F�2ƌɞMʐ!

(Ͱ2 Ȟȁ5ʆ˃6 Chaudhury G 10)�ĹĞ#IF�3ͯAl Ȥɽ0ÞǪ Si ʨŒ5ʾːƉɡ5Źɱ3̓ī!

(əƠ÷3FHÞǪ Si ʨŒ5ʉŀ�çǛ�ɧ"(ʶȀ0ˇ�GJ(Ͱ&�/ͯ�5ɓMʌ̄#I(B3ǣ

Ʉ̪ʖ3��IÞǪ Si ʨŒ5˵šM̤".ͯSi ʨŒ�ʉŀ�çǛ#IɞȮMʌ̄!(Ͱß¼ɷ36ͯ́ǚ

M 90.0
/s /ǣɄ %.ͯ440
�G 560
5ʥĮà/ǣɄM�Ǜ(±Ʃ5Ʉƅ3̫!(ɼƔ3ƣã)!(Ͱ

&50�5ÞǪ SiʨŒMÙŖ͠ƛ̓�F: SEMMɨ�.˵š!.ʉŀ5ɳ̖Mʌ̄!(Ͱ̀ ǒ!ɞƪ2G

:3 90.0
/s 5ǣɄ̥ƅ/ĖɄƅ?/ǣɄ!(́ǚ5�Z�ʴ˄ɬÔMį 2.6.6 3ʐ#Ͱ̀ǒ!ɞƪ3�

�.�:,2ƌɞMǭ!.�(ÞǪ Si ʨŒ6ͯɄƅ5�ǣ3µ�ƛʲʨɞÿ#IÒĚ�ʌ̄ J(Ͱ!�

!2�GͯÙŖ͠ƛ̓ɬÔ�G6ÞǪ Si ʨŒ3ʉŀ�çǛ�ɧ"(ɳ̖Mɴ˳#I�06/�2�+(Ͱ

?(ͯį 2.6.7 36ĖɄƅ?/ǣɄ!(0�5ÞǪ Si ʨŒ5ƀĳǛ͙ʘ�F:ƀĳOc{ZnȥMʐ#Ͱ

500
/6«5Ʉƅ0ȥ̝!.ƀĳǛ͙ʘ6DDŅ��ËMʐ#�ͯ&J®Ń5Ʉƅ/6Ʉƅ5�ǣ3µ�

ƀĳǛ͙ʘ�ɂŨ#IÒĚ�ʌ̄ J(Ͱ�ǝƀĳOc{Znȥ36ͯɄƅ3̓ī!(͠ˡ2Źɱ6ʌ̄ 

J2�+(Ͱį 2.6.8 36ͯ̀ǒ!ɞƪ2G:3ĖɄƅ?/ǣɄ!(́ǚ5ÞǪ Si ʨŒM SEM Mɨ�.

˵š!(ʶȀMʐ#Ͱ̀ ǒ!ɞƪ3��IÞǪ SiʨŒ6 1ͯȞȁ�G 2Ȟȁ�̈́�Ʈ̈́!(F�2ƌɞMǭ

!.�IͰ�ǝͯƣ̥ǣɄǵ5ÞǪ Si ʨŒ6̀ǒ!ǵ0ȥ̝#I0ƌɞ�͠ˡ3łÿ!.�Hͯʲ̈́�˚

˦ɞ5ƌɞMǭ!.�(Ͱɝ3ͯ560
/6 2Ȟȁ� 1Ȟȁ5ȉǳ/rkX�[Mɧ".�IȖŒ�ńǖʌ

̄ J((į 2.6.8(a))Ͱ?(ͯį 2.6.9 36 500
?/ǣɄ!(́ǚ3��.ʌ̄ J(ͯÞǪ SiʨŒ�

ˌƤɷ3ʉŀ!(ȖŒMʐ#Ͱ�5F�3ˌƤɷ3ʉŀ!(ÞǪ Si ʨŒ6�$J5Ʉƅ3��.Cʌ̄ 

J(�ͯ&5ǖŠƅ6ȓB.ŧ �+(Ͱ�5ɞȮ�GͯəƠ÷3̓ī!(ʉŀ3FIçǛ�ÞǪ Si ʨŒ

5 2 Ȟȁ5ʆ˃MC(G!(�2˲ī06ˇ�3��0ëǛ J(Ͱ®�5ɞȮ�GͯÞǪ Si ʨŒ5 2 Ȟ

ȁ5ʆ˃6ͯSiʨŒMƌƮ#I SiĊŒ5ƼǕ3̓ī#Iɣ̍0ˇ�GJIͰÞǪ SiʨŒ5ƌɞłÿ3͇L
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IƼǕ6ͯ�Si ʨŒ0 Al Ȥɽ05ɭ͙3��IƼǕ(ʨɭƼǕ)ͯ
Al Ȥɽ�5 Si ĊŒ5ƼǕ�F:�Si

ʨŒà5 SiĊŒ5ƼǕ5 3,5Ȝȕ�ˇ�GJIͰ�5ʨɭƼǕ3͇!.6ͯƼǕʵ̗(ʨɭ)3��IʶǪ

ȕ̦��J.�I�03̓ī!.
�F:�0ȥ̝!.ƣ̥3ƼǕ�ɧ"I0ǅš JI 49)Ͱ
5 Al Ȥɽ

�5 SiĊŒ5ƼǕ3͇!.6ͯ2.5.1.2/̡<((2.2)ƇMɨ�. 560
3��I AlȤɽ�5 SiĊŒ5ƼǕ

Åǖ D MȩB(ʶȀͯ5.8�10-13 [m2/s] ʖƅ0ʣæ J((2�ͯƼǕÅǖ5ʣæ/6͞ƅīŒ D0M 3.5

�10-5 [m2/s]ͯƼǕ5ȶƤÿTr�Y� QM 124 [kJ/mol]ͯȦ¼Śǖ R M 8.3145 [J�mol-1�K-1]ͯʹţɄ

ƅ TM 833 [K] (560
)0!()Ͱ�ǝͯ�5 SiʨŒà5 SiĊŒ5ƼǕ3͇!.6ͯO��qR�ė̺̦̀

ǵ3Ǫæ#IÞǪ Si ʨŒà5 Si ĊŒ5ƼǕ3͇#Iʄ˳6˳Ƌ(G2�C55ͯBracht G 50)6ŗŚęº

¼/�I 28SiŮà̱3��I SiĊŒ5˒źƼǕ5ɄƅÃŔƤ3͇!.̉<.�IͰ&5ʶȀMČɗ#I0ͯ

855
3��I Si 5˒źƼǕ5ƼǕÅǖ D 6 2�5�10-15[m2/s] ʖƅ0˳ʘCGJIͰ855
FH»Ʉ3�

�I Si5˒źƼǕ5ƼǕÅǖM̉<(Á6ʌ̄/�2�+(� BͯrachtG 50)5ʶȀMąʮ3»ɄÎ?/Ƽ

Ɖ!(ĺė 5ͯ60
3��IƼǕÅǖ D6(0.6�1.0)�10-22[m2/s]0˳ʘCI�0�/�IͰ�5ɞȮMýȌ

#I0ͯę�Ʉƅ3��I�Si ʨŒà5 Si ĊŒ5ƼǕ6
Al Ȥɽ�5 Si ĊŒ5ƼǕ0ȥ̝!.ˡ!�̩

�0ˇ�GJIͰ�JG5ɞȮM̘?�.ǣɄ�3��IÞǪ Si ʨŒ5ƌɞłÿMˇ�I0ͯƣ̥ǣɄ

(90.0
/s)MǞ!(ĺė/6ͯƼǕ̥ƅ�̥�0 JI SiʨŒ0 AlȤɽ05ɭ͙3��IƼǕ(ʨɭƼǕ)�

ÕØɷ3ɧ"I0ˇ�GJIͰʨɭƼǕ3FH Si ʨŒ5 2 Ȟȁ3rkX�[�ɴɧ!.çǛ#I3˓+(

0ǅɅ Jͯ ÞǪ SiʨŒ5ƀĳǛ͙ʘ5ˡ!�»�MC(G!(0ˇ�GJIͰ�ǝͯǣɄ̥ƅ�ŧ �

0.9
/s /6ͯƣ̥ǣɄMǞ!(ĺė0ȥ̝#I0ǣɄǨ5ͨɄ3��IɍɮǨ͆�̈́�(B3ʨɭƼǕ3

̓ī!(rkX�[3FI SiʨŒ5 2Ȟȁ5çǛ0ęǨ3ͯʨɭƼǕ0ȥ̝!.ƼǕ̥ƅ�ŧ � SiʨŒ

à5 Si ĊŒ5ƼǕD Al Ȥɽà5 Si ĊŒ5ƼǕͯ,?HUcn��oƮ̈́MÆ#(B3ƞ˲2ƼǕ�ɧ"

(0ǅɅ JIͰ�5F�3 2Ȟȁ5çǛ3̓ī!(ƛʲÿ0Ucn��oƮ̈́3ɉ"(ʩŅÿ�ǣɄ�3

ęǨ�˨ɷ3ɧ"((B3ͯƣ̥ǣɄMǞ!(ĺė0ȥ̝!.ÞǪ Si ʨŒ5ƀĳǛ͙ʘ�Ņ��2+(0

ˇ�GJIͰȞ3ͯƣ̥ǣɄǵ5ͨɄÈƽ̪ʖ5Ǣǯ��IÞǪ Si ʨŒ5ʩŅÿ�F:ɤɞÿ3͇!.̡

<IͰͨɄÈƽ�5ÞǪ Si ʨŒ5ʩŅÿ6Ucn��oƮ̈́3ɉ$IC50ˇ�GJIͰUcn��oƮ

̈́5ͦü÷6ͯɭ͙Tr�Y�MɂŨ %I�0ͯ,?Hͯʨɭ͙ʘMɂG#�0/�IͰƣ̥ǣɄ(90.0


/s)MǞ!(ĺė/6ͯǣɄ̥ƅ�ŧ �ĺė0ȥ̝!.ͯǣɄɼƔ(ÈƽǨ͆Ͳ0min)3��.ÞǪ̱3ƛʲ

2 Si ʨŒ�ͨŠƅ3ŔĲ#IͰ,?Hͯąº¼ʘƋ(H5ʨɭ͙ʘ�Ņ��(B3Ucn��oƮ̈́5ͦ

ü÷6Ņ��0ǅɅ JIͰø�.ͯʨŒ͕͆̕Cŧ ��0�GUcn��oƮ̈́Ǩ5 Si ĊŒ5ƼǕ̕

͕Cʆ�0ˇ�GJIͰ�JG5ɥɪ3FHͯƣ̥ǣɄMǞ!(́ǚ/6ͨɄÈƽ̪ʖ5Ǣǯ3��IʩŅ

ÿöė�Ņ��2+(0ǅɅ JIͰ 

� ®�3̡<(F�2 ǣͯɄ̥ƅ�ÞǪ SiʨŒ5ƌƪłÿ3č>#Ə͚6 įͯ 2.6.10 3șƇɷ3ʐ#F�

3ˇ�I0̇ǥĒˊ0ƢLJIͰ̀ ǒ!ɞƪ3��IÞǪ SiʨŒ6 1ͯȞȁ�G 2Ȟȁ�̈́�Ʈ̈́!(F�
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2_�^ɞ5ƌɞMǭ!.�I� ƣ̥ͯǣɄ(90.0
/s)MǞ!(ĺė/6 ǣͯɄ�3��. SiʨŒ0 AlȤɽ

05ɭ͙3��I SiĊŒ5ƼǕ(ʨɭƼǕ)�ÕØɷ3ɧ"I�0/ͯ2Ȟȁ3rkX�[Mɧ".çǛ#I

0ǅɅ JIͰ�ǝǣɄ̥ƅ� 0.9
/s 5ĺė/6ͯǣɄ�3ʨɭƼǕ3̓ī!( 2 Ȟȁ5çǛ3FIƛʲ

ÿ0 AlȤɽ�5 SiĊŒ5ƼǕ3FIUcn��oƮ̈́�ęǨ�˨ɷ3ɧ"((B3ͯƣ̥ǣɄMǞ!(ĺ

ė0ȥ̝!.ÞǪ Si ʨŒ5ƀĳǛ͙ʘ�Ņ��2+(0ˇ�GJIͰ�$J5ǣɄ̥ƅ/ǣɄ!(ĺė3

��.CÈƽǨ͆5Ɔ̈́3µ�ͯAl Ȥɽ�5 Si ĊŒ5ƼǕ3̓ī#IUcn��oƮ̈́�̨Ŭ#I�ͯƣ

̥ǣɄMǞ!(ĺė/6ǣɄɼƔ3��.ÞǪ Si ʨŒ�ƛʲʨɞ/�I�03̓ī!.ͯͨɄÈƽ̪ʖ5

êǯ3��IUcn��oƮ̈́5ͦü÷�Ņ��2HʩŅÿ�Ǣǯ3̨Ŭ!(0ˇ�GJIͰ G3ÈƽǨ

͆�Ɔ̈́#I0ͯǣɄ̥ƅ3̓ī!(ÞǪ Si ʨŒ5ƌƪ5Źɱ6̜ƛ32Hͯ&5ƌƪ6�Ś3ďǷ#I

0ǅɅ JIͰ 
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į 2.6.3� Ɋ¼ÿåɥǨ5ǣɄ̥ƅ�F:ÈƽǨ͆�ÞǪ Si ʨŒƌƪ3č>#Ə͚ (ÙŖ͠ƛ̓ɬ

Ô )  
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į 2.6.4� Ɋ¼ÿåɥǨ5ǣɄ̥ƅ�F:ÈƽǨ͆�ÞǪ Si ʨŒ5ƀĳǛ͙ʘͯƀĳOc{Znȥ

�F:ƀĳʨŒ͕͆̕3č>#Ə͚  
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į 2.6.5� Ɋ¼ÿåɥǨ5ǣɄ̥ƅ�F:ÈƽǨ͆�ÞǪ Si ʨŒƌƪ3č>#Ə͚ (SEM ɬÔ )  
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į 2.6.6� ǣɄ̪ʖ (90.0
 /s)3��IÞǪ Si ʨŒ5ƌƪłÿ (ÙŖ͠ƛ̓ɬÔ )  

 

 

 

 

 

 



 -85- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.6.7� ǣɄ̪ʖ (90.0
 /s)3��IÞǪ Si ʨŒ5ƀĳǛ͙ʘ�F:ƀĳOc{Znȥ5łÿ  
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į 2.6.8� ǣɄ̪ʖ (90.0
 /s)3��IÞǪ Si ʨŒ5ƌƪłÿ (SEM ɬÔ )  

 

 

 

 

 

 

 

į 2.6.9� ʉŀ!(ÞǪ Si ʨŒͰ (a)Ͳ�Z�ͯ (b)�Z�  (90.0
 /s_500
 )  
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į 2.6.10� ǣɄ̥ƅ�F:ÈƽǨ͆�ÞǪ Si ʨŒ5ƌƪłÿ3č>#Ə͚  
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2.6.2� ǣɄ̥ƅ�ƈƉɝƤ3č>#Ə͚  
 

� ǣɄ̥ƅ�ƈƉɝƤ3č>#Ə͚M̉<I(B3ͯƈƉ́ͧMśǞ!(Ͱį 2.6.11 �F:į 2.6.12 3

ƈƉ́ͧ3FHƗGJ( 0.2%ˉ÷ͯ�F:ʉǛ¶:Mʐ#Ͱ0.2%ˉ÷6ͯ�$J5ǣɄ̥ƅ3��.C

10min 3˓I?/ĿŅ!. 10min ®�/6ͥġ#IÒĚMʐ!(Ͱ10min 3��.5 0.2%ˉ÷5ĿŅ6ͯ

2.5.1 /̡<(F�2̺ŭ͆ÿėɜ5ƌƪłÿ3̓ī!( Al Ȥɽ5Ɋ̑ĊŒ(Mg �F: Si)5ɐƅ5ĿŅͯ

,?H İͯɊƊÿ3̓ī#Iɣ̍0ǅɅ JIͰǣɄ̥ƅ/ȥ̝#I0 ƣ̥ͯǣɄMǞ!(ĺė5ǝ� 0.2%

ˉ÷5ͥġË� 6%ʖƅͨ�ËMʐ!(Ͱ�5 0.2%ˉ÷5Źɱ6ͯİɊ̹5Źɱ3̓ī#I0ˇ�GJ(Ͱ

&�/ ĖͯǸ°/Ɋ¼ÿåɥMǞ!(́ǚ5Ŧ͗ɡMɅŚ#I�03FHİɊ̹MǅŚ!(Ͱį 2.6.13 3ͯ

ĖǸ°/Ɋ¼ÿåɥMǞ!(́ǚ5Ŧ͗ɡMʐ#Ͱį�GǥG�2F�3ͯ�$J5ǣɄ̥ƅ3��.CÈ

ƽǨ͆� 3min3˓I?/ͯŦ͗ɡ6»�!.&5Ɣ6ÈƽǨ͆5Ɔ̈́3µ�ĿŅ#IÒĚMʐ!(Ͱ?(

3min®�/6ͯƣ̥ǣɄ(90.0
/s)MǞ!(́ǚ5ǝ�ǣɄ̥ƅ�ŧ �́ǚ0ȥ̝!.»�Ŧ͗ɡMʐ!

(Ͱ�5�0�Gͯƣ̥ǣɄMǞ!(́ǚ5ǝ�İɊ̹�ń�ɞȮ�ʐĤ JIͰ!�!2�Gͯ0min È

ƽǵ0 30minÈƽǵ5Ŧ͗ɡMȥ̝#I0 9ͯ0.0
/s/6ęʡ 0ͯ.9
/s/6 30minÈƽǵ5ǝ�ͨ�Ŧ͗

ɡMʐ#ɞȮ�ʌ̄ JIͰŦ͗ɡ5łÿ�ąʮ3İɊ̹5Ŀɂ5@M˩$I0ˇ�(ĺė/6 įͯ 2.6.13

3ʐ!(Ŧ͗ɡ5łÿ0į 2.6.11 3ʐ!( 0.2%ˉ÷5ƿü6ţƠ!2�ͰŧǻG 51)6ͯAl-Sì̦ė̺�

5 Si ʨŒƌƪ6͗ȦȥƷƵ3ţ!.Ņ��Ə͚#I0ĹĞ!.�IͰǳʈʙ3��.CͯÈƽǨ͆5Ɔ̈́

3µ�ÞǪ SiʨŒ5ƌƪ�͠ˡ3łÿ!.�I�0�GͯÞǪ SiʨŒ5ƌƪłÿ�Ŧ͗ɡ3ţ!.½G�

5Ə͚Mč>#C50ǅɅ/�IͰ,?H įͯ 2.6.13 3ʐ!(Ŧ͗ɡ5łÿ36İɊ̹5Ŀɂ5@2G$ͯ

ÞǪ SiʨŒ5ƌƪłÿCĎǧ J(C50ˇ�GJIͰŦ͗ɡ5ɅŚ�GİɊ̹MǅŚ!.į 2.6.11 3ʐ

!( 0.2%ˉ÷5ƿüṀǥ!F�0́@(�ͯñ̡!(ɞȮMýȌ#I0&J6ĭ͖/�I0ƢLJ(Ͱ

F+.ͯ�5ɓ6¨Ɣ5̈͟0#IͰ 

� ʉǛ¶:(į 2.6.12)3͇!.6 ƀͯĳËMɨ�.̋̊#I0 �ͯ�$J5ǣɄ̥ƅ3��.CÈƽǨ͆5

Ɔ̈́3µ�ʉǛ¶:6ĿŅ#Iͯ
�$J5ÈƽǨ͆3��.C 90.0
/s 0ȥ̝#I0 0.9
/s 5ǝ�

6%(3min)�G 37%(10min)ʖƅŅ�2ʉǛ¶:Mʐ#ÒĚ6ʌ̄ JIC55 ęͯǸ°5́ǚà/5łü�

Ņ��ͯ¶:5Ë/ 10%®�5łüMʐ#́ǚCŔĲ!(ͰʉǛ¶:5łü5ĊīM̉<I(B3ͯSEM

Mɨ�(ʉǛ͙˵šMśǞ!(ͰʶȀ5�ÁMį 2.6.14 3ʐ#ͰʉǛ͙5Ņă6ͯAlȤɽ�ƆƤɷ3ʉŀ

!(ɳ̖/�ImP�z�ƌɞMǭ!.�I�ͯƈ�Ŷ0ƢLJIʩŅ2ʚ͐D̴ÿˏ0�+(̦̀ȝ͌�

ʉǛ͙�3ʌ̄ J(Ͱ?(ͯʉǛ¶:�ŧ �́ǚ5ʉǛ͙36̦ͯ̀ȝ͌�ń�˵š JIÒĚ�ʌ̄

 J(Ͱ̦̀ȝ͌6łƌ5͑3ʉŀ5̓ɓ02HD#�ͯƆƤ5ˡ!�»�MC(G#�06˘�ʄGJ.

�I 52)�58)Ͱį 2.6.15 36ͯʉǛ͙�3ʌ̄ J(ƈ�ŶD̴ÿˏ215̦̀ȝ͌5͙ʘɡ0ʉǛ¶:0

5ţƠ͇ÅM?0B(Ͱį�GǥG�2F�3̦ͯ̀ȝ͌5͙ʘɡ5ĿŅ3µ�ʉǛ¶:�»�#IÒĚ�
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ʌ̄/�IͰ®�5ȑ˻�Gͯį 2.6.12 3ʐ J(ʉǛ¶:5Ņ�2łü6̦̀ȝ͌3̓ī#Iɣ̍0ˇ

�GJ(Ͱ̦̀ȝ͌3̓ī!(ʉǛ¶:5łü6ŔĲ#IC55ͯ&JG5Ə͚Mȓ÷͋Ń!(ɞȮ�/Þ

Ǫ Si ʨŒ5ƌƪłÿ0ʉǛ¶:5ţƠ͇ÅM̉<I(B3ͯʉǛ͙�5mP�z�M˵š!(Ͱ̀ǒ!ǵ

2G:3ĖǣɄ̥ƅ/ 0ͯ3�F: 30minÈƽ!(́ǚ5mP�z�5ƌƮɞȮMį 2.6.16 3ʐ#Ͱ�$

J5ǣɄ̥ƅ3��.CͯÈƽǨ͆5Ɔ̈́3µ�mP�z��ʩŅÿ#IÒĚ�ʌ̄ J(Ͱį 2.6.17 3

6ͯį 2.6.4 3ʐ!(ƀĳʨŒ͕͆̕0èɚȯ3FHȩB(ƀĳmP�z�Ƒ(̂ʲ6 2.5.2.3 Čɗ)05ţ

Ơ͇ÅMʐ#Ͱ2�ͯį 2.6.17 /6 2.5.2.3 /̡<(F�2mP�z�Ƒ5˯Ƞ6˨+.�2�ͰǣɄ̥

ƅ� 90.0
/s5 0minÈƽǵ3��IƀĳʨŒ͕͆̕6̀ǒ!ǵ0ȥ̝!. 28%ʖƅŧ �ËMʐ#53ţ

!.ͯmP�z�Ƒ6 5%ʖƅ!�ɱ2+.�G$=>ęʡ/�IͰ�5ɣ̍6į 2.6.18 3șƇɷ3ʐ#

F�3ͯ 90.0
/s 5 0min Èƽǵ/6ͯSi ʨŒ5 2 Ȟȁ5çǛ3̓ī!.ʨŒ͕͆̕6»�!(C55ͯ

ȧʰ�Z�~ODʨŒ5ʉŀ3̓ī#I}Qo0�+(mP�z�5ɴɧɈ5͕̕6̀ǒ!ǵ0ęʡ/�

+((B0ˇ�J7̇ǥĒˊ0ƢLJIͰ�ǝͯ3min ®�5ÈƽMǞ!(́ǚ/6ͯƀĳʨŒ͕͆̕0ƀ

ĳmP�z�Ƒ6ÕJ(ţƠ͇ÅMʐ!.�IͰ�5�0�GͯʨŒ͕͆̕5ĿŅ3µ�łƌǨ3ƆƤ5Ņ

�� Al Ȥɽ5ş�ƅ�ĿŅ#I�0�ˇ�GJͯʉǛ¶:5ĿŅ�ʐĤ JIͰ,?H̦ͯ̀ȝ͌5Ə͚

/ʉǛ¶:6Ņ��łü#IC55ͯÈƽǨ͆5Ɔ̈́3µ�ÞǪ Si ʨŒ5ʨŒ͕͆̕5ĿŅ3̓ī!.ʉ

Ǜ¶:6ĿŅ#IC50ǅɅ JIͰ?(ͯ�$J5ÈƽǨ͆3��.C 90.0
/s/ǣɄ!(́ǚ0ȥ̝#

I0 0.9
/s 5ǝ�Ņ�2ʉǛ¶:Mʐ#56ͯį 2.6.11 3ʐ J(F�3Ɗƅ5Źɱ3̓ī#Iɣ̍0

ˇ�.�IͰ,?Hͯ90.0
/s/ǣɄ!(́ǚ5ǝ�Ɗƅ�ͨ�(B3ͯʉǛ¶:�ŧ �2+(0ǅš 

JI�ͯñ̡5F�3 90.0
/s/ǣɄ!(́ǚ5Ɗƅ�ͨ�ɥɪ6ǥG�02+.�G$ͯ¨Ɣ5̈͟0#

IͰ 
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į 2.6.11� ǣɄ̥ƅ�F:ÈƽǨ͆� 0.2%ˉ÷3č>#Ə͚  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.6.12� ǣɄ̥ƅ�F:ÈƽǨ͆�ʉǛ¶:3č>#Ə͚  
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į 2.6.13� ǣɄ̥ƅ�F:ÈƽǨ͆�Ŧ͗ɡ3č>#Ə͚  
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į 2.6.15� ʉǛ͙�3��Ì̦ȝ͌5͙ʘɡ�ʉǛ¶:3č>#Ə͚  
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į 2.6.16� ĖǸ°/Ɋ¼ÿåɥMǞ!(́ǚ5mP�z�5ƌƮɞȮ  
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į 2.6.17� ƀĳmP�z�Ƒ0ƀĳʨŒ͕͆̕5ţƠ͇Å  

 

 

 

 

 

 

 

 

 

 

2.0

2.5

3.0

3.5

4.0

4.5

5.0

2.0 2.5 3.0 3.5 4.0 4.5 5.0

As-cast
90.0�/s
  0.9�/sM

ea
n 

di
am

et
er

 o
f d

im
pl

es
 , 

D
 / 
�

m

Mean interparticle distance between
 eutectic Si particles , d / μm

0min

3min

10min

30min



 -95- 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.6.18� ̀ǒ!ǵ0 90.0
 /s_0min Èƽǵ3��ImP�z�5ƌƮ̪ʖͰ (a)Ͳ˞̷̎˞ñͯ

(b)Ͳȧʰ�Z�~O5Ʈ̈́ȣ͎ͯ(c)ͲÞǪ Si ʨŒ5ǊÑͅŎȣ͎ͯč: (d)ͲmP�z�5ƌƮȣ

͎  

 

 

2.7 ʶ˹  
�  

� FSP Ǩ5ǋǍəMɊ¼ÿåɥ0!.íɨ#I3Ƌ(HͯFSP Ǩ3ɴɧ#I0ƨŚ JIǋǍə5Ʉƅů

ȡ(ƣ̥ǣɄͯİɽʾɼ�5ͨɄͯçąº5ʆǨ͆5Èƽ)MͨğȰ̅Ŧøəˬ˅Mɨ�.șǎ!(ͰͨğȰ

̅Ŧøəˬ˅3FIƣ̥ǣɄMµ�ͨɄʆǨ͆Ɋ¼ÿåɥMǞ!(͑5�Z�ʴ˄DȜȎɷƤ̑5¼ʬɷ

2ʫȄM̤".ͯɊ¼ÿåɥ5úȀ�ƗGJIɄƅůȡMșʱ!(Ͱ&5ʶȀͯ®�5ʶ̊MƗ(Ͱ 

 

1. ͨğȰ̅Ŧøəˬ˅MO��qR�ė̺̦̀ǵ5øə3̭ɨ#I3Ƌ(Hͯ́ͧɚ5øəɞȮM̉<(

2.3 ʤ/6ͯ̈́ƲǝĚč:žǝĚ3��IɄƅçż5ȑ˻ʶȀ�Gͯøə]Q�3ţ!.̭Ƞ2º˅

(L=26mm)3́ͧɚM˽˅#I0ͯȓʝ3Ņ�2ɄƅçżMɧ"2��0�ʌ̄ J(Ͱß¼ɷ36ͯ̈́Ʋ

ǝĚ3��IɄƅçż6ʭ 4
ͯžǝĚ6ǬŅ/Cʭ 4
/�+(Ͱ 

 

2. 2.4ʤ/6ͨğȰ̅Ŧøəˬ˅ɝǭ5«5əåɥˬ˅/6śɣ�ĭ͖/�IŅ�2ǣɄ̥ƅ(40.0
/s)Mµ

�Ɋ¼ÿåɥ�ǵǚɝƤ3č>#Ə͚5Ȕ˲ƳǉMɻɷ0!(Ͱß¼ɷ36ͯƣ̥ǣɄMµ�Ɋ¼ÿåɥ3
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��IɊ¼ÿɄƅDǨ͆ G36ǣɄ̥ƅ��Z�ʴ˄�F:ȜȎɷƤ̑215ǵǚɝƤ3č>#Ə͚M

̉<(Ͱ 

� 40.0
/s 3ɽƋ#Iƣ̥ǣɄ3ø�.ͯɊ¼ÿɄƅ3̫!(ɼƔ3ƣã#IɊ¼ÿåɥ/6ͯÞǪ Si ʨ

Œ5Ņ� Dƌɞ3ǥʂ2łÿ6̄BGJ2�C55ͯɊ¼ÿɄƅ5�ǣ3µ�İɊ̹5ĿŅ3̧͇!.ͯ

ʊ Dˉ÷6ĿŅ#I�0�ǥG�02+(Ͱ 

� Ɋ¼ÿɄƅM 560
3˽Ś!(Ɋ¼ÿåɥ(ǣɄ̥ƅ : 40.0
/s)/6 çͯąº5Ǩ͆͆͏3��.C ÞͯǪ

SiʨŒ5ƌɞDȜȎɷƤ̑5łÿMǥʂ3ǂ�I�0�/�(Ͱß¼ɷ36ͯ3min5Ɋ¼ÿǨ͆/ÞǪ Si

ʨŒ5Oc{Znȥ6»�ͯʊ Dˉ÷6ĿŅ#I�ͯ&5Ɣ6�$J5ËCͥġ#I�0Mʌ̄!(Ͱ�

ǝͯÞǪ SiʨŒ5Ǜ͙ʘ6ͯɊ¼ÿǨ͆5Ɔ̈́3µ�ą̉3ĿŅ#I�0Mʌ̄!(Ͱ 

� ǣɄ̥ƅ6ÞǪ Si ʨŒ5Ņ� 3ţ!.ˡ!�Ə͚#I�0�ʌ̄ J(Ͱß¼ɷ36ͯǣɄ̥ƅ�

40.0
/s 3��.ǬŧË(ʭ 1.5µm2)Mʐ#53ţ!.ͯ4.0
/s /6ʭ 168%ͯ0.4
/s /6ʭ 149%5ʩŅ

ÿÒĚ�ʌ̄ J(Ͱ�ǝ Ŧͯ͗ɡ ʊͯ č:ˉ÷3ţ#IǣɄ̥ƅ5Ə͚6ŧ ��0�ǥG�02+(Ͱ 

 

3. 2.5ʤ/6ͯƣ̥ǣɄ(40
/s)Mµ�İɽʾɼ�5ͨɄ(560
)3��Içąº5Èƽ 0min�G 30min)0

��ȓB.͊Śɷ2ͨɄʆǨ͆Ɋ¼ÿåɥMǞ!(͑5�Z�ʴ˄ͯɝ3 MgD Si5ŔĲɞƪDÞǪ Siʨ

Œ5ƌƪłÿ0ȜȎɷƤ̑ͯɝ3ƈƉɝƤ05ɽ£͇Å5ʫȄM̤".ͯɊ¼ÿåɥ5úȀ�ƗGJIɄƅ

ůȡMșʱ!(Ͱ 

� ̀ǒ!ɞƪ/6 jͯ�Qq�dcZ�znɞč:Ǽɞ5�ɽD Mg2Siɽ0!. Mg6ŔĲ!.�(� ƣͯ

̥ǣɄMµ�ʆǨ͆5Ɋ¼ÿåɥMǞ!(ĺėͯMg2Siɽ6 560
?/ǣɄ!(ɼƔ3ȼŉ!(Ͱ«ǝͯj

�Qq�dcZ�znɞ5�ɽ6 3min 0��ȓB.ʆ�Ɋ¼ÿǨ͆3��.ȼŉ#I�ͯǼɞ5�ɽ6

Mg Mě?2��-AlFeSi 3ɞƪłÿMɧ"I�0�ǥG�02+(Ͱ�5�ɽ5ɞƪłÿ3µ� Mg 6Þ

Ǫ̱;Âʷ JͯÞǪ̱M©!( Mg5ƼǕ�êǪ�ɽà̱3��I Mg5ĿŅMƓ̥#I0ˇ�J7ͯê

Ǫ�ɽà̱5 Mgɐƅ5ĿŅÒĚ� 3min5Ɋ¼ÿǨ͆/ͥġ#IɞȮ�̇ǥĒˊ0ƢLJ(Ͱ�ɽ5ʩŅ

ÿ3µ�ͯ�ɽ5ȼŉ�I�6�-AlFeSi ;5ɞƪłÿ3ƞ˲2Ɋ¼ÿǨ͆6̈́Ǩ͆02I�0�ʌ̄/�

(Ͱ 

� 40.0
/s5ǣɄ̥ƅ/ 560
?/øə!(Ɣ 3ͯmin5Ɋ¼ÿåɥMǞ!(́ǚ/6 êͯǪ �-Alɽ5ʊ 

č: 0.2%ˉ÷�̀ǒ!ɞƪ0ȥ̝!.&J'J 21%č: 23%ʖƅĿŅ!(Ͱ3min®͉/6ʊ č: 0.2%

ˉ÷6ͥġÒĚMʐ!ͯͥ ġ!(Ë6͗Ȧɑåɥǵ(535
-480min)0ęʡ/�+(Ͱ�ǝ ʉͯǛ¶:6 3min

5Ɋ¼ÿǨ͆3��.͠ˡ3ĿŅ!ͯ&5ƔCˀD�3ĿŅ#IÒĚMʐ!(Ͱ30min5Ɋ¼ÿåɥMǞ!

(́ǚ/6͗Ȧɑåɥǵ0ęʡ5ʉǛ¶:Mʐ!(Ͱ3min 5Ɋ¼ÿǨ͆3˓IêǪ �-Al ɽà̱5 Mg č

: Siɐƅ5Ŀø0ʊ č: 0.2%ˉ÷5ĿŅ36˘ŋ2ţƠ͇Å�@GJI�0�GͯƊƅĚ�5�ī6İ

ɊƊÿ/�I0ˇ�GJ(�ͯ˒ɕǨú3µ�Z�ch5ƌƮCŨ2�G$͇�#I0ǅɅ J(Ͱ?(ͯ
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�-Alɽ3ţ#I MgD SiĊŒ5İɊ69$@Ŀø3µ�̚ºȕ̦5ƌƮ3łÿMC(G! øͯŷʊÿˊM

Ě� %I�0�ʐĤ J(ͰÞǪ SiʨŒDʉǛ͙3��ImP�z�5çǕɞƪM̉<(0�Kͯ3min

®͉5Ɋ¼ÿǨ͆3��IˀD�2ʉǛ¶:5ĿŅ6ÞǪ Si ʨŒ5ʨŒ͕͆̕5ĿŅ3̓ī#Iɣ̍0ˇ

�GJ(Ͱ 

� ®�5ȑ˻�Gͯ40
/s5ǣɄ̥ƅ/ 560
?/ǣɄ!(ƔͯęɄƅ/ 3minʖƅÈƽ#I�0/ͯ�˗

ɷ2Ǹ°(535
-480min)/Ɋ¼ÿåɥMǞ!(ĺė0ęʡ5ȜȎɷƤ̑�ƗGJI�0�ʌ̄/�(Ͱ,?

HͯFSPǨ3ɴɧ#IǋǍə5ɄƅůȡM 560
-3min3ïƘĒˊ/�J7ͯɊ¼ÿåɥ0!.5úȀ�Ɨ

GJI�0�ʐĤ J(Ͱ 

 

4. 2.6ʤ/6 ñͯʤ?/FHŅ�2ǣɄ̥ƅ5ƣ̥ǣɄMµ�ͨɄʆǨ͆Ɋ¼ÿåɥ3��IÞǪ SiʨŒ5

ƌƪłÿMÙŖ͠ƛ̓D SEM Mɨ�.̂ʲ3˵š!(Ͱø�.ͯɊ¼ÿåɥǨ5ǣɄ̥ƅ�ƈƉɝƤ3č

>#Ə͚M̉<(Ͱ 

� 90.0
/s5ǣɄ̥ƅ/ŜɄ�G 560
?/ƣ̥ǣɄMǞ!(́ǚ/6ͯǣɄɼƔ(ÈƽǨ͆Ͳ0min)3��

.̀ǒ!ǵ0ȥ̝!.ÞǪ Si ʨŒ5ƀĳǛ͙ʘ�ˡ!�»�!(ͰSEM Mɨ�(˵š3FHͯÞǪ Si ʨ

Œ5ƀĳǛ͙ʘ5»�6 2 Ȟȁ5çǛ3̓ī#Iɣ̍0ˇ�GJ(Ͱ560
3��IÈƽǨ͆5Ɔ̈́3µ�

ÞǪ Si ʨŒ5ƀĳǛ͙ʘ6ą̉3ĿŅ!(ͰǣɄ̥ƅ� 0.9
/s 5ĺė/6ͯ560
?/ǣɄ!(ɼƔ3̀

ǒ!ǵ0ȥ̝!.ÞǪ Si ʨŒ5ƀĳǛ͙ʘ5»��ʌ̄ J(�ͯ&5»�öė6ƣ̥ǣɄMǞ!(ĺė

0ȥ̝!.ŧ �+(Ͱ�ǝÈƽǨ͆� 30min5́ǚ/6ͯǣɄ̥ƅ3̓ī!(ÞǪ SiʨŒ5ƌƪ(ƀĳǛ

͙ʘͯƀĳOc{Znȥ�F:ƀĳʨŒ͕͆̕)5ǥʂ2Źɱ6ʌ̄ J2�+(Ͱ?(ͯǣɄ̥ƅ5Źɱ3

̓ī!(ÞǪ SiʨŒ5ƌƪłÿ5ƿü6 SiĊŒ5ƼǕȜȕ5˵ɓ�ĠǥĒˊ0ƢLJ(Ͱ 

� ƈƉ́ͧMɨ�.ɅŚ!(ˉ÷6ͯ�$J5ǣɄ̥ƅ3��.C 10min 5ÈƽǨ͆3˓I?/ĿŅ!.

10min®�/6ͥġ#IÒĚMʐ!(� ƣ̥ͯǣɄ(90.0
/s)MǞ!(ĺė5ǝ�ˉ÷5ͥġË� 6%ʖƅͨ

�ËMʐ!(ͰǣɄ̥ƅ3̓ī!(ˉ÷5ŹɱMȑ˻#I(B3ͯŦ͗ɡɅŚ3FHİɊ̹5ǅŚḾ@(

�Ŧ͗ɡ6ÞǪ Si ʨŒ5ƌƪłÿCĎǧ#IɞȮ�ʐĤ J((Bͯąʮ3İɊ̹5@5˵ɓ�G5ȑ˻

6ĭ͖/�+(Ͱ�5ɓ6ͯ¨Ɣ5̈͟/�IͰʉǛ¶:6ͯƀĳËMɨ�.̋̊#I0ͯ��$J5ǣɄ

̥ƅ3��.CÈƽǨ͆5Ɔ̈́3µ�ʉǛ¶:6ĿŅ#I 
ͯ�$J5ÈƽǨ͆3��.C 90.0
/s0ȥ̝

#I0 0.9
/s 5ǝ�Ņ�2ʉǛ¶:Mʐ#ÒĚ6ʌ̄ JIC55ͯęǸ°5́ǚà/5łü�Ņ��ͯ

¶:5Ë/ 10%®�5łüMʐ#́ǚCŔĲ!(ͰʉǛ͙5 SEM˵š�GͯʉǛ¶:5łü6̦̀ȝ͌3

̓ī#Iɣ̍0ëǛ J(ͰʉǛ͙�5mP�z�M˵š!(ʶȀͯ�$J5ǣɄ̥ƅ3��.CÈƽǨ͆

5Ɔ̈́3µ�ƀĳmP�z�Ƒ�ĿŅ#IÒĚ�ʌ̄ Jͯ&5Ņ� 6ƀĳʨŒ͕͆̕0˘ŋ2ţƠ͇Å

Mʐ!(Ͱ�5�0�GͯʨŒ͕͆̕5ĿŅ3µ�łƌǨ3ƆƤ5Ņ�� Al Ȥɽ5ş�ƅ�ĿŅ#I�0

�ˇ�GJͯʉǛ¶:5ĿŅ�ʐĤ J(Ͱ 
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2.8 ˯̔  
 

˯̔ 1 Ɋ¼ÿåɥƔ5ŜɄǒ˅Ǩ3��IŦ͗ɡłÿ  
 

� ͗ȦɑMɨ�.Ʉƅ� 560
 Ǩͯ͆� 30min5Ɋ¼ÿåɥMǞ!(́ǚ3,�. ŜͯɄǒ˅�5Ŧ͗ɡM

ƣãɼƔ�G 10000min5ʥĮà/ɅŚ!(ʶȀMį 2.8.1 3ʐ#Ͱ��/6 2ͯ,5́ǚ3,�.Ŧ͗ɡ

5ɅŚMśǞ!(Ͱ̀ǒ!ǵ3��.6�́ǚ0Cęʡ5Ŧ͗ɡMʐ#ɞȮ�ʌ̄ J(�ͯƣãɼƔ/6

No.15́ǚ0ȥ̝!. No.25́ǚ5ǝ� 0.8 IACS%ʖƅͨ�Ŧ͗ɡMʐ!(Ͱ�J6ͯ́ ǚǃĐº˅3̓

ī#Iɣ̍0ˇ�.�IͰ�́ǚ0C3į 2.2.1 3ʐ!( c, d5º˅�ǴͧɚMǃĐ!(� äͯİʿǽ5

ʖƅ�ɱ2+.�HͯNo.2 5́ǚ5ǝ�äİǨ3Ɋ̑Öʰ̹�Ũ2�+(0ˇ�GJIͰɊ̑Öʰ̹�Ũ

2�+((B3ͯøəƔ5İɊ̹�Ũ2�Ŧ͗ɡ5»�öė�ŧ �+(0ǅɅ JIͰ�ǝͯ�$J5́

ǚ3��.Cƣã5ɼƔ�Gʭ 3000min3��.Ŧ͗ɡ6 3%ʖƅˀD�3»�!ͯ&5Ɣ6ͥġ!(Ͱ�

5Ŧ͗ɡ5»�6ͯAl Ȥɽ�3��IZ�ch5ɧƮ3̓ī#Iɣ̍0ˇ�GJ 36)ͯƣãɼƔ�Gʭ

3000min3��.6ŜɄǒ˅�3��.CƛŌ2�Z�ʴ˄łÿ�ɧ"IɞȮ�ʐĤ J(Ͱ&5(B ǳͯ

ʈʙ3��.6Ɋ¼ÿåɥƔ5ŜɄǒ˅5Ǩ͆M 2880min(48h)3İŚ!.ͯƣãƔ5�Z�ʴ˄łÿ�=

>ďǷ!(ɞƪ/�Z�ʴ˄˵šDȜȎɷƤ̑5̀ÄM˨+(Ͱ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

į 2.8.1� Ɋ¼ÿåɥƔ5ŜɄǒ˅Ǩ3��IŦ͗ɡłÿ  
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ƽ 3 Ƽ� ¦œ Si ǃñ-°ņƔĩ�řŊƓĥ,È4�Ěȳ  
 

 

3.1  Ǐǵ  
 

3.1.1 ƭƹƤƢ  

 

� Řƭƹ(.ȾFSPŒ-ĿŁ,;>ƂđăűAƸŧƢ,·Ğ�Ɔ�À®Ɨ)�'¶ƙ�>�)(Ⱦłĳ,�

�åĥŽ¿,ȄØ�"ǋǓ·Ğ)ĿŁƐ,;>Ɔ�À®Ɨ-ǬÎ¾Ş,;=ŭŤƢĥȃ-ȺȉƢ+ÐrA

ƤĶ�"ȿ�-qȕ-ƭƹ,��'ŘƼ(.ȾǋǓ·Ğ-¾ŞAťǸ�>ĶūAũǁ�>"8,Ⱦ¦œ Si

ǃñ-°ņƔĩ)ŭŤƢĥȃȾƓ,ĕĖƓĥ)-Ʀ|ȥ�Aǻǉ,ťǶ�>�)AƤƢ)�"ȿ 

� ƽ 1Ƽ(Ȑ2";�,ȾAC4CHÎȞ,û�' ECAP: ARB+*-ė0�6½ĆAȘƙ�"äÎȾĈì

+0�6-ü¤,;=ƆǴo­Ü,ȄØ�"ȠȔǋǓ-ńǟȾ§�Ƣ,.�ĕ�ą+*-ƺȫ-ńÖȾ�³

œ �-AlƦ:¦œ Siǃñ-ğǉÀ�;1
¦œ Siǃñ-ßq°ņ�ȗĬ�?Ⱦ�?<-Ʀy¾Ş,;=ŭ

ŤƢĥȃȾƓ,ĕĖƓĥ�ńÖ�?>�)�ő<�)+$'�>ȿ���+�<Ⱦ¦œ Si ǃñ-°ņƔĩ

AôȝƢ,ǹ��"r(ĕĖƓĥ)-Ʀ|ȥ�Aǿ2"ãÒ.3)B*ƍ�Ⱦ¦œ Si ǃñ-°ņƔĩ�ĕ

ĖƓĥ,È4�Ěȳ,ȥ�'.tőƩ(�>ȿ -"8Ⱦ¦œ Si ǃñ-°ņƔĩ)ĕĖƓĥ-Ʀ|ȥ�A

ǆŠ�>�).ȾåĥŽ¿,ȄØ�"ȠȔǋǓ-ǋǓ·Ğ,ȥ�'Ȝǭ+ƫǮAu�>9-)Ļù�?>ȿ 

� ŘƼ(.ð8,Ⱦ¦œ Si ǃñ-°ņƔĩ-ôȝǹ�AǺ6"ȿ§�Ƣ,.ȾECAP ½ĆAƙ�'¦œ Si

ǃñ-°ņƔĩAêÀ��"ǺŊA�ǫ�ȾȲƸţñAƙ�"°ņƔĩ-ôȝÀAǥ$"ȿ -ĜĕĖǺȼ

AõŎ�'Ⱦôȝǹ��"¦œ Siǃñ-°ņƔĩ)ĕĖƓĥ)-Ʀ|ȥ�,ȥ�'ťǶA½�"ȿ 

 

3.2  õȼǺŊ�;1ōź  
 

! õȼǺŊ  

� õȼǺŊ.ȾAC4CH ÎȞ(JIS ǞȞáȠȔř)A�ƙ�"ȿȠȔ,¡ƻ#ȾAr IP,;>ǚIP®Ɨ�Ŏ

�?"ȿÏŒ, Sr ƀ½,;=¦œ Si ǃñ-ńǟ®Ɨ�Ŏ�?"ȿ -ÀóǋĬ-°ŜǍŞ(čß�)Aǧ

3.2.1 ,Ʋ�ȿÛ 3.2.1 ,Ʋ�;�,ȾEnLTW�< 15mm�40mm�5mm-śƔǺȼƑAĹÉ�'Ⱦ

ECAP½ĆAŎ�"ȿ 
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ǧ 3.2.1� AC4CH ÎȞ-ÀóǋĬ  (mass%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.2.1� ǺȼƑĹÉ-ŨƜÛ  

 

 

 

 

! Ɛ®Ɨ  

� Ɛ®ƗĆƶ-ŨƜÛAÛ 3.2.2 ,Ʋ�ȿECAP ½ĆĥAÐr��>"8,ȾECAP ½Ć,¡ƻ#ȱŴƊ

Aƙ�'Ƃđ� 550
Ⱦ�ĵŒȤ� 2ŒȤ( -ĜȾƊ¬)-Ś�s(Ɛ®ƗAŎ�" 1) ȿ�ȦȾ�-Ɛ®Ɨ

AŎ�"ǺŊAPSpWř)ƴ�ȿECAP½Ć(.�BŌêę,��Ĉì+0�6-ü¤,ȄØ�'ŲƦ-

½ĆƯÀ�Ƙ�>�ȾŘƭƹ(.¦œ Si ǃñ-°ņƔĩ)ĕĖƓĥ-Ʀ|ȥ�,ƨƤ�'�>"8ȾŲƦ

-ėđ. ECAP½Ć\PŇ,ȥ@<�qô(�>�)�Ŗ5��ȿ �(½ĆƯÀ-ĚȳA¸Ȩ�>"8,Ⱦ

ECAP ½ĆĜ,Ƃđ� 350
ȾŒȤ� 30min -Ǝȟ®ƗAŎ�"ȿƎȟ®ƗĜ,ĕĖǺȼ�;1ǋǓǲù

AõŎ�"ȿ 

 

�� Si Fe Cu Mn Mg Zn Ti Sr(ppm) Al 

Sample 7.4� 0.11 <0.01 0.01 0.34� <0.01 0.12 107 bal. 

8m
m
�

Ingot�

190mm�22mm�

40mm�

15
m
m
�

5mm�
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Û 3.2.2� Ɛ®ƗĆƶ-ŨƜÛ  

 

 

 

 

! ECAP ½Ć  

� Řƭƹ(.ȾECAP ½Ć,���BŌêęA¶ƙ�'¦œ Si ǃñ-°ņƔĩAŪ�,êÀ��"ǺȼƑ

A�Ĭ�"ȿECAP½Ć,ƙ�"Ȟá-ŨƜÛAÛ 3.2.3 ,Ʋ�ȿŘõȼ(.ȾǺȼƑAȒ�ƅ-ŌȲúź

� 5mm�15mmȾƅ-}ĉǳ�� 120�Ⱦƅ-}ĉƋȏ�-ÿȲȚ-ǳđ��Ǉ 16�-ȞáAƙ�"ȿECAP

½Ć.öƂ,'õŎ�"ȿ̀ kPĆƶ.ȾȞá,û�'ǺȼƑA×Ȋ��+� Route A 2)AĹƙ�"ȿECAP

½ĆĥAÐr��>"8,ȾƉƈº)�' MoS2ÑŕKiPAǺȼƑ)Ȟá-ƅ,æĊ�"ȿ½Ć\PŇ.Ⱦ

2Ⱦ4ȾɁ�;1 8 \P- 4 Ś�)�"ȿÍ\PŇ( ECAP ½ĆAŎ�"śƔǺȼƑA 2 Řƙħ�ȾqōA

cJlǋǓǲù,Ⱦ�ōAĕĖǺȼ,ƙ�"ȿ#+6,ȾECAP½Ć,;=ü¤�?>�BŌ0�6-ƦĘ

0�6ȝ�N.ů-Ĕ�<ǮƸ9<?> 3)ȿ 

 

εN =
N
3
2cot φ

2
+
ψ
2

!

"
#

$

%
&+ψ cosec

φ
2
+
ψ
2

!

"
#

$

%
&

'
(
)

*
+
,
ooo(3.1) 

 

��(ȾN . ECAP ½Ć-\PŇȾ�.ƅ-}ĉǳȾ�.ƅ-}ĉƋȏ�-ÿȲȚ-ǳđ(�>ȿŘƭƹ

(õŎ�" ECAP½Ć\PŇ)ƦĘ0�6ȝ-ȥ�Aǧ 3.2.2 ,Ʋ�ȿ 

�  

 

550��2h�

350�-30min�
Te

m
p.
�

time�

ECAP� 
2,4,6 and 

8pass 

•  Tensile test�
•  Microstructure observation 
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Û 3.2.3� ECAP Ȟá-ŨƜÛ  

 

 

 

ǧ 3.2.2� ECAP ½Ć\PŇ)ƦĘ0�6ȝ-ȥ�  

 

 

 

 

 

 

 

! cJlǋǓǲù  

� ECAP½Ć,��¦œ Siǃñ-ĥƔ(°ņƔĩȾì���;1ęƔ)Aǹ��>"8,Ⱦ¢óȸğȢAƙ�

"ǋǓǲùAǥ$"ȿǲùƛ�.Ⱦ¢óȸğȢ-ĺƧknQȚ°,Ƿǔ�"bpNnšĔ�Ƴǫ- USB H

eh(L-830),'ŀĚ�"ȿǋǓƛ�,û�'ƛ�ǴŜR_W(Scion Image)Aƙ�'ƛ�®ƗAŎ�Ⱦ¦œ

Siǃñ-ƛ�r,��>Ȝġ�ǔ:Í�-ǃñ-ŌȲƸ�;1ȣȋȾƬȋȣ�Aƃô�"ȿĕĖǺȼĜ-Ǻ

ȼƑ-ƮŌȲA SEM(ŐƻZEUJǫɂS-4500)Aƙ�'ǲù�Ⱦ¦œ Siǃñ-°ņƔĩ)ƮŌ�1-Ʀ|

ȥ�,ȥ�'ťǶA½�"ȿ 

 

Φ = 120° 
Channel 
(Section size : 
5mm×15mm)�

ECAP die�

ψ = 16° 

Specimen�

Route A�

Number of ECAP 
Pass �N �

2� 4� 6� 8 

Equivalent plastic 
strain �εN �

1.28� 2.56� 3.84� 5.12�
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! ĕĖǺȼ  

� ¦œ Si ǃñ-°ņƔĩ�ĕĖƓĥ,È4�ĚȳAǿ2>"8,ĕĖǺȼAõŎ�"ȿǩǔ.Ążǫ�ĭ

-GpWKh_ AG50kNG Aƙ�"ȿĕĖǺȼƑ-ĹÉ�ǔ�;1ęƔAÛ 3.2.4 ,Ʋ�ȿECAP ½ĆĜ

,Ǝȟ®ƗAŎ�"śƔǺȼƑ�<ȾmEgpŅȱ½Ć,;=ƥě� 10mmȾȽ�� 5mm-ªşA 2�Ĺ

É�"ȿ -ªş�<ưƔ-ğýĕĖǺȼƑ(ūƋȤ-Å��;1ċ� 1mmȾūƋȤȆȯ� 4mm)Aǫ��

"ȿ+�Ⱦ0)%-ªş�< 4�-ğýĕĖǺȼƑAĹÉ�"�Ⱦªş-rȲ�;1sȲ�<ĹÉ�"Ǻȼ

ƑAȨ�" 2�AĕĖǺȼ,ƙ�"ȿğýĕĖǺȼƑ-ĹÉ,ȥ�'.ȾECAP½ĆŒ-Ĳ¯ōÐ)ĕĖǺ

ȼŒ-ĕĖōÐ�qǝ�>;�țī�"ȿ³ŗ0�6ȓđA 2.1�10-3s-1,Ƿô�'öƂ(ĕĖǺȼAõŎ

�Ⱦ0.2%ǘ¼ȾĕĖė�ȾƮŌ�1Ⱦßq�1�;1ÿȚ�1Aƿ¯�"ȿ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.2.4� ĕĖǺȼƑĹÉ,ȥ�>ŨƜÛ  

 

 

 

 

12mm�

23mm�

40mm�

7.
5m

m
�

15
m

m
�

5mm�

�
10

m
m
�

5mm�

4mm�1m
m
�

1mm�

Tensile specimen�

Tensile direction�

 Extrusion direction�
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3.3  õȼǍŞ�;1ǖù  
 

3.3.1� ECAP ½Ć,��cJlǋǓêÀ  

 

� PSpWř�;1 ECAP ½ĆAÍ\PŇõŎ�"ǺȼƑ-cJlǋǓAÛ 3.3.1 ,Ʋ�ȿ+�ȾcJl

ǋǓ.ǺȼƑ-ÍȲ,%�'ǲùAǥ�ȾÛw,ŬĔƢ,Ʋ�;�,úź� 5mm�15mm-ȲAXȲȾ5mm

�40mm -ȲA YȲ�;1 15mm�40mm -ȲA ZȲ)ôǕ�"ȿPSpWř(. XȾY�;1 ZȲ-�

�?-Ȳ,��'9ȾVnXhEWƔ-³œ�-Al Ʀ) -ȤȫAYTWmpJƔ,É=Ú7¦œȚ�òÞ

�'�=Ⱦ¨áƢ+ȠȔǋǓ�ƱǼ�?"ȿECAP½ĆA 2\PŎ�"ǺȼƑ(.ȾXȲ. ZȲ,û�'č

ǥōÐ,Ⱦ Y Ȳ(. Z Ȳ,û�'�ħ-ǳđAĵ%;�,�ȣ�>Ūñ�ƱǼ�?Ⱦ�- 2 %-Ȳ(.³

œ�-AlƦ-VnXhEWęƔ.ží�"ȿqōȾZȲ. ECAP½Ć,ȄØ�"ȸǣ+êÀ.ƱǼ�?�Ⱦ

PSpWř)ȹ�-ȠȔǋǓ�ƱǼ�?"ȿXȲ(. 2\P�Ȧ,ȸǣ+ǋǓêÀ.ƱǼ�?+��ȾYȲ

. ECAP½Ć\PŇ-ç½,���ȣ�ȖĀ�'¦œ Siǃñ� ZȲ,û�'�ħ-ǳđAĵ%;�,ƥǐ

Ƣ,ț²�>ƔŹ�ƱǼ�?"ȿ�ōȾZ Ȳ. ECAP ½Ć\P-çì,ȄØ�"ȸǣ+êÀ.ƱǼ�?�Ⱦ

qȂ�'PSpWř)ȹ��"ȠȔǋǓ�ƱǼ�?"ȿ 

ECAP½Ć,��>�BŌêę-ü¤ƔŹ.ȾcJlǋǓêÀAťǸ�>r(Ȝǭ+ȥġ{(�=Ⱦǻǉ

,ǿ2<?'�> 2),4)ȿWu < 4).Û 3.3.2 ,ŬĔƢ,Ʋ�;�,ȾƝ+>Ǡ-ǅÝAƸĂ�"ǒŬŪ-Ǻ

ȼƑ,û�' ECAP½Ć(Route A)AŎ�ȾǒŬŪ-êÀ�<�BŌêę-ü¤ƔŹAĻù�"ȿ -ǍŞ

(.ȾǺȼƑ- Y ȲAǲù�"Ȭ, ECAP ½Ć¹.Ĳ¯ōÐ,û�'àƥ(�$"ǒŬŪ�ȾECAP ½Ć

,;=�BŌêę�ü¤�?>�)(ǒŬŪ.Ĳ¯ōÐ,û�'�ŋ�>;�ǲù�?Ⱦ�<, ECAP½Ć

\PŇ-çì,��Ĳ¯ōÐ,û�>ǒŬŪ-�ŋǳ(Ûw-�)�ý��+>ƔŹ�ƱǼ�?'�>ȿÛ

3.3.3 ,.ȾŘƭƹ(õŎ�" ECAP ½Ć,�� Y Ȳ-cJlǋǓêÀAƲ�ȿÛ�<ő<�+;�,Ⱦ

ECAP ½ĆAŎ�"ǺŊ(.¦œ Si ǃñ�Ĳ¯ōÐ,û�'�ħ-ǳđAĵ$'ƥǐƢ,ț²�>ƔŹ�

Ʋ�?"ȿ+�Ûw,.ȾĲ¯ōÐ,û�>¦œ Siǃñ-ț²ōÐ-��(�)AǮƸ9$"ǍŞAƲ�'�

>ȿ6 \P,ǜ>5(. ECAP ½Ć\PŇ-çì,�$'ȾĲ¯ōÐ,û�>¦œ Si ǃñ-ț²-��.

Ɓþ�>�Ⱦ6 \P�Ȧ(.¦œ Si ǃñ-ț²-��.34ȻÓ�>�ÐAƲ�"ȿǧ 3.3.1 ,.ȾŘƭ

ƹ,��> ECAP ½Ć,��Ĳ¯ōÐ,û�>¦œ Siǃñ-ț²-��-êÀ)Ⱦ¹Ȑ�" Wu < 4)�ã

Ò�>ǒŬŪ-��-êÀAƲ�"�Ⱦ6\P5(.vǗ.ǟ�qǝ�>�)�ƱǼ(�>ȿ�-�)�<Ⱦ

Y Ȳ,��'¦œ Si ǃñ�Ĳ¯ōÐ,û�'�ħ-ǳđAĵ%;�,ƥǐƢ,ț²�>Ɩȁ.Ⱦ�BŌê

ę,ȄØ�>)Ļù�?>ȿ�<, Furukawa < 2).ȾŪ�+Ĳ¯Ćƶ,;= ECAP ½ĆAŎ�"Ȭ-�

BŌêę-ü¤ƔŹ) ?,��ǺȼƑ(ŰƱ,. Furukawa < 2).ǺȼƑAÂ�ƻō�-Ǎœǃ)Ǯ+�

'�>)-ęƔêÀAĎ�óƢ+ǲƋ�<ǖù�'�=Ⱦŕƣ+ƫǮ�u�<?'�>ȿFurukawa< 2)-ã
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ÒAÇƏ�>)ȾRoute A,' ECAP½Ć�Ŏ�?"äÎ(.ȾECAP½Ć\PŇ-çì,�� XȲ(. Z

Ȳ,û�'čǥōÐ,�ȣ�ȾY Ȳ(. Wu < 4)-ãÒ)ÏŪ,Ĳ¯ōÐ,�>ǳđAĵ#+�<�ȣ�Ⱦ

 -�ŋǳ. ECAP\PŇ-çì,��Ĳ¯ōÐ)čǥ,+>;�,ĻƵ�>ȿqōȾZȲ.ȸǣ+êÀA

Ʋ�+�ȿ�r,Ȑ2" Furukawa< 2)�ļÕ�>ǺȼƑÍȲ-ęƔêÀ.ȾŘƭƹ,��>cJlǋǓê

À(Û 3.3.1 ÇƏ ))34Îǝ�>ȿ�?<-ƔŹ�<ȾÛ 3.3.1 ,Ʋ�?" ECAP½Ć,��cJlǋǓ

êÀ.Ⱦ�BŌêę,ȄØ�>Ɩȁ(�>�)�ő<�)+$"ȿ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.1� ECAP ½Ć,��cJlǋǓêÀȿ(a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ2 \PȾ(c)ɂ

4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.3.2� Wu < 4)�õŎ�" ECAP ½ĆŒ-�BŌêę-ü¤ƔŹ-ťǶAǽő�>ŬĔÛ  

 

 

 

 

 

 

 

ECAP die�

Channel 

Specimen�

Shear  
plane ��
Shear 
directions�

E
xt

ru
si

on
 d

ir
ec

ti
on
�

E
xt

ru
si

on
 d

ir
ec

ti
on
�

θ�
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Û 3.3.3� ECAP ½Ć,�� Y ŌȲ-cJlǋǓêÀȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ

2 \PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  

 

 

ǧ 3.3.1� ECAP ½Ć\PŇ) Y Ȳ,��>ǺȼƑ-�ŋǳ-ȥ�  

 

 

 

 

Number of ECAP Pass �N � 0� 1� 2� 3� 4� 5� 6� 7� 8�

Inclination 
angle �θ (deg.) �

Present works� 25� 14� 9� 10�

Y.Wu et al.4)� 90� 40� 24� 16� 13� 10� 8� 7� 6�
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3.3.2 ¦œ Si ǃñ-°ĊƔĩ-ôȝǹ�  
 

� ��(.ȾÛ 3.3.1 ,Ʋ�?";�+cJlǋǓ,ȥ�'Ⱦ¦œ Siǃñ-°ņƔĩAôȝƢ,ǹ��>

�)AǺ6"ȿ 

� řŊ©Ț,òÞ�>ƽ 2Ʀǃñ-°ņƔĩAǹ��>ōź)�'.ȾčßǛƚȆȯ:ŔȏĺǃñȤȆȯ+

*�ǟ�ƫ<?'�> 5)ȿčßǛƚȆȯ f .ǋǓw,�ħ-ǐ°Aĕ�")�Ⱦ -ǐ°r(ȭĺ�>ɀ%

-ǃñȤ-čßȆȯ)�'ôǕ�?ȾsĔ;=ǮƸ9<?>ȿ 

f = 1−VV
NL

ooo(3.2) 

��(ȾVV.ƽ 2Ʀǃñ-�Ƹ»ÎȾNL.Â�ȣ�-ǐ°)}@>ƽ 2Ʀǃñ-�Ň(�>ȿ�<,Ⱦƽ

2Ʀǃñ�¥'qô-Áě rAŕ�>äÎ,.Ⱦ 

r = 3VV
4NL

ooo(3.3) 

�Ĭ=ƻ%�)�<ȾčßǛƚȆȯ f.(3.2)Ĕ,(3.3)ĔA�¤�'Ⱦ 

f = 4r(1−VV )
3VV

ooo(3.4) 

)+>ȿ5"ȾŔȏĺǃñȤȆȯ�.ů-Ĕ;=ôǕ�?>ȿ 

δ =
2
3
rm

π
VV

!

"
#

$

%
&

1/2

− 2
(
)
*

+*

,
-
*

.*
ooo(3.5) 

��(Ⱦrm.ƽ 2Ʀǃñ-čßÁě(�>ȿ�r,Ȑ2"ȾĪƙ�?>ƽ 2Ʀǃñ-°ņƔĩAǹ��>č

ßǛƚȆȯ:ŔȏĺǃñȤȆȯ+*-Ɠĥ�.Ⱦƽ 2Ʀǃñ-ǃñÁě�;1�Ƹ»Î,;$'ŷô�?>ȿ

 -"8Ⱦ�-ōź.ƽ 2Ʀǃñ-ũĬ ǈ-ƀ½ȝAêÀ��Ⱦ -ǃñÁě:�Ƹ»Î�őƩ,êÀ�

"äÎ+*,ŕ¾(�>)Ļù�?>ȿqōȾŘƭƹ-;�,åĥêę,��¦œ Si ǃñ-°ņƔĩ-ê

ÀAǹ��>äÎȾåĥêę-ü¤(.¦œ Si ǃñ-�Ƹ»Î,ǣ��êÀ.Ƙ�+�)Ļù�?Ⱦčß

ǛƚȆȯ:ŔȏĺǃñȤȆȯ+*-Ɠĥ�.őƩ+êÀAƲ�+�)ǖ�<?>ȿ%5=ȾVnXhEWƔ

,œ¯�"³œ�-AlƦ-Ȥȫ,¦œ Siǃñ�ÿĭƢ,òÞ�>;�+¨áƢ+ȠȔǋǓ�<Ⱦåĥêę,

;=¦œ Si ǃñ�ǋǓw,ßq,°ņ�>;�+ƔĩêÀAȾĪƙ�?>čßǛƚȆȯ:ŔȏĺǃñȤȆ

ȯAƙ�'ǹ��>�).ÙȰ(�>)ǖ�<?>ȿ 

�  �(ȾŘƭƹ(.rȐ-;�+¦œ Si ǃñ-°ņƔĩ-êÀAȘ±,ǹ��>Įź)�'ȾȲƸţñ

Aƙ�>ĮźAťǶ�"ȿ -Įź-ŨƜAÛ 3.3.4 ,Ʋ�ȿð8,¢óȸğȢAƙ�'ǋǓƛ�AŀĚ�Ⱦ

 -ƛ�r,�ħ-ì��-ţñA±=(Ûw(. 20�m�20�m -ţñAƲ�'�>)Íţñ©Ț,òÞ
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�>¦œ Siǃñ-ŇAHFnW�"(Û 3.3.4 (.ǽő-ǂƜÀ-"8,ǋǓƛ�r,ţñA±$"ŪñA

Ʋ�"�ȾõȬ,.ŀĚ�"ƛ�,û�'ƛ�®ƗAǥ�Ⱦƛ�r-¦œ Si ǃñ-ȜġĒūAƿ¯�'Ⱦ

Íţñ�Ãŕ�>ĒūǀÚ,Ñ5?>¦œ Si ǃñA´µ�Ⱦ -�ŇAHFnW�")ȿ -ĜȾţñ©,

òÞ�>¦œ Si ǃñŇ) -ţñ-ȶđA]PWKhd,5)8"ȿ�-;�,ňƗ�"äÎȾPSpW

ř,��'ƱǼ�?>;�+¨áƢ+ȠȔǋǓ(.ȾVnXhEWƔ,œ¯�"Ǆì+³œ�-Al Ʀ,ȄØ

�'¦œ Si ǃñAÑ5+�ţñ�ë�òÞ�>)ǖ�<?>ȿ -"8]PWKhd.Ⱦţñ©,òÞ�

>¦œ SiǃñŇ-çì,�� -ţñ-ȶđ�Ɓþ�>;�+Ìs�=-ęƔAƲ�)Ħô�?>ȿqōȾ

¦œ Siǃñ�ǋǓw,ųȍƢßq,°ņ�>äÎ(.Ⱦ]PWKhd.ţñ©,òÞ�>¦œ SiǃñŇ�

�ħ-�(^pJAŕ�>;�+Űǯ°ĊAƲ�)Ļƃ�?>ȿ��(Ⱦ]PWKhd�<ƿǦčß(�ɂţ

ñ©,òÞ�>¦œ SiǃñŇ-čß�)�;1ūƄ�ĉ(	ɂţñ©,òÞ�>¦œ SiǃñŇ-ê¿)Aƿ¯

�'ūƄ�ĉAƿǦčß(Ȩ�"ê¿�Ň(Coefficient of VariationȾ�Ȧ CV�)ƴ�)AŶ8"ȿ�r-

;�,ƿ¯�" CV�A¦œ Siǃñ-°ņƔĩAƲ�Ɠĥ�)�'ôǕ�"ȿCV��ì��äÎ(.Ⱦƿ

Ǧčß,û�'ūƄ�ĉ�ì��(%5=ȾÍţñ©,òÞ�>¦œ Si ǃñŇ-čß�,û�'ţñ©,ò

Þ�>¦œ SiǃñŇ,ê¿�ì��)Ⱦ¦œ Siǃñ-°ņƔĩ�tßq(�>)´Ō�?>ȿȑ, CV��

ý��äÎ.¦œ Siǃñ-°ņƔĩ�ßq(�>)´Ō�?>ȿ 

� �r,Ȑ2";�,¦œ Si ǃñ-°ņƔĩAǹ��>äÎȾŀĚ�>ǋǓƛ�-ì��) -ƛ�r,

Ƿô�>ţñ-ì��-[hnP�Ȝǭ,+>)ǖ�<?>ȿ -"8Ⱦ�-Ƌ,ȥ�'z�ťǶAõŎ�

"ȿŀĚ�>ǋǓƛ�-ì��.Ⱦƛ�®Ɨ-Ȭ,Í�-¦œ Si ǃñ-ȜġĒūAȘ±,ƿ¯�>�)�

ËǙ(�=Ⱦ�%ǋǓAŧ¼ď�ǀÚ(ǲù(�>ƛ�úź)�' 102�m�136�m Așı�"ȿ%&�

'Ⱦ102�m�136�m-úź(ŀĚ�"ƛ��<¦œ Siǃñ-°ņƔĩAȘ±,ǹ��>(%5=ȾPSp

Wř,ƱǼ�?>;�+VnXhEWƔ-³œ�-AlƦ)YTWmpJƔ-¦œȚ)�$"¦œ Siǃñ-°

Ċ-ƞøƔĩ) ECAP ½ĆĜ,��>ųȍƢßq+°ņƔĩA´µ�>)�)�ËǙ+ţñ-ì��AťǶ

�"ȿ��(.ȾPSpWř�;1 ECAP ½ĆA 8 \PŎ�"ǺŊ- X Ȳ,ȥ�'ȾrȐ�"úź(ƛ�

A 10 ŝŀĚ�Ⱦ -ƛ�r, 10�m�10�mȾ20�m�20�mȾ30�m�30�m �;1 40�m�40�m

- 4 Ʒȹ-MEQ-ţñA±$"Ȭ-ţñ©,òÞ�>¦œ Si ǃñŇ) -ţñ-ȶđA]PWKhd,

5)8"ȿǍŞAÛ 3.3.5 ,Ʋ�ȿPSpWř,ȥ�'.ȾţñMEQ� 20�m�20�m �s,��']

PWKhd.ţñ©,òÞ�>¦œ Si ǃñŇ-çì,�� -ţñ-ȶđ�Ɓþ�>ƔŹ�Ʋ�?"ȿ%

5=ȾţñMEQ� 20�m�20�m�s-äÎ(.ȾVnXhEWƔ-³œ�-AlƦ)YTWmpJƔ-¦

œȚ)�$"¦œ Siǃñ-°Ċ-ƞøƔĩ�Ș±,ĸ�<?'�>)´Ō�?>ȿ�ō ECAP½ĆA 8\

PŎ�"ǺŊ(.ȾţñMEQ� 20�m�20�m�r,��']PWKhd.ţñ©,òÞ�>¦œ Siǃ

ñ-�Ň�Ɠô-�,^pJAŕ�>;�+Űǯ°ĊAƲ�'�=Ⱦ¦œ Si ǃñ-°ņƔĩ�ųȍƢßq

(�>)´Ō�?>ȿ�r-ťǶ�<Ⱦ¦œ Si ǃñ-°ņƔĩAȘ±,ǹ��>�)�ËǙ+ţñMEQ
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)�' 20�m�20�mAșı�"ȿ 

� �r,Ȑ2"ĮźAƙ�'ȾPSpWř+<1,Í\PŇ( ECAP ½ĆAŎ�"ǺŊ-¦œ Siǃñ-°

ņƔĩAôȝǹ��"ȿð8,ȾPSpWř�;1 ECAP ½ĆA 2Ⱦ4ȾɁȾ8 \PŎ�"ǺŊ-ÍȲ,�

�>¦œ Siǃñ-°ņƔĩAȾ¢óȸğȢAƙ�'ǲù�"ŪñAÛ 3.3.6 �;1Û 3.3.7 ,Ʋ�(YȲ,

ȥ�'.Û 3.3.3 ÇƏ)ȿXȲ(Û 3.3.6),��'.ȾPSpWř(.³œ�-AlƦ�VnXhEWƔ,òÞ

�>Ūñ�£ő,ǲù�?>�ȾECAP ½ĆA 2 \P�rŎ�"ǺŊ(.³œ�-Al Ʀ-VnXhEWęƔ

.tőƩ)+=¦œ Siǃñ�ǋǓw,ųȍƢßq,°ņ�>ƔŹ�ƱǼ�?"ȿÏŪ, YȲ(Û 3.3.3),�

�'9ȾPSpWř(.³œ�-Al Ʀ�VnXhEWƔ,òÞ�>�ȾECAP ½ĆA 2 \P�rŎ�"ǺŊ

(.³œ�-AlƦ-VnXhEWęƔ.ží�'¦œ Siǃñ�ųȍƢßq,°ņ�>ƔŹ�ƱǼ�?"ȿ5

"ȾECAP½Ć\PŇ-çì,��Ⱦğǉ+¦œ Siǃñ-Ňøđ�çì�>�Ð�ƱǼ�?"(ECAP½Ć

,��¦œ Siǃñ-ì���;1ęƔ-êÀ,ȥ�'.Ǫȅ 1 (ǻȐ�>)ȿqō ZȲ(Û 3.3.7),��'

.ȾECAP ½Ćř-cJlǋǓ,őƩ+êÀ.ƱǼ�?�ȾPSpWř)ÏŪ,¦œ Si ǃñ�ÿĭƢ,ø

Ȯ�>Ūñ�ǲù�?"ȿ�r,Ʋ�"ƛ�r, 20�m�20�m -ţñA±=Ⱦţñ©,òÞ�>¦œ Si

ǃñŇ) -ţñ-ȶđA]PWKhd,5)8"ǍŞAÛ 3.3.8 �<Û 3.3.10 ,Ʋ�ȿ+�Û 3.3.8

�<Û 3.3.10 (.ȾrȐ-ňƗAÍŚ�,û�' 10 ŝ-ǋǓƛ�,%�'õŎ�"ǍŞAƲ�'�>ȿ

ð8, XȲ(Û 3.3.8),ȥ�'Ȑ2>ȿPSpWř(.ţñ©,òÞ�>¦œ SiǃñŇ-çì,�� -ţ

ñ-ȶđ�Ɓþ�'�=Ⱦ]PWKhd.Ìs�=-ęƔAƲ�'�>ȿqō ECAP½ĆAŎ�"ǺŊ(.Ⱦ

]PWKhd.ţñ©,òÞ�>¦œ SiǃñŇ�Ɠô-�,^pJAŕ�>;�+Űǯ°ĊAƲ�'�=Ⱦ

�-�)�<¦œ Siǃñ-°ņƔĩ-ßqÀ�ƲÔ�?>ȿYȲ(Û 3.3.9),��'9 XȲ)ÏŪ-�Ð�

ƱǼ�?>�ȾECAP½Ć\PŇ-çì,��]PWKhd-ęƔ�Ofp`,+>Ūñ�ƱǼ�?>ȿq

ō ZȲ(Û 3.3.10),��'.ȾPSpWř�;1 ECAP ½ĆřAȒ�']PWKhd.Ìs�=-�ÐA

Ʋ�'�=ȾPSpWř) ECAP ½Ćř-Ȥ,¦œ Siǃñ-°ņƔĩ-ĉƝ.ƱǼ(�+�ȿ�r,Ʋ�

"]PWKhd�<ȾƿǦčß(�)�;1ūƄ�ĉ(	)Aƿ¯�ȾūƄ�ĉAƿǦčß(Ȩ�"ê¿�Ň(CV

�)AŶ8"ǍŞAÛ 3.3.11 ,Ʋ�ȿX Ȳ(.PSpWř,û�' ECAP ½ĆA 2 \PŎ�"ǺŊ,��

' CV ��Ǉ 40%�s�Ⱦ -Ĝ.34ȻÓ�>�ÐAƲ�"ȿY Ȳ,��'. ECAP ½Ć\PŇ-çì

,�$' CV�.Âǿ,�s�>�Ð�ƱǼ�?ȾPSpWř)ųȍ�>) 8\P- ECAP½ĆAŎ�"Ǻ

Ŋ(. CV�. 56%ƶđ,5(�s�"ȿqō ZȲ,ȥ�'.Ⱦëþ-ê¿.òÞ�>9--PSpWř)

ECAP ½Ćř,��' CV �.34qô-�AƲ�"ȿ5"ȾÛ 3.3.3ȾÛ 3.3.6 �;1Û 3.3.7 ,Ʋ�

"ǋǓƛ��<ƱǼ(�>¦œ Siǃñ-°ņƔĩ-êÀ)Û 3.3.11 ,Ʋ�" CV�-êÀ.ǟî+ûģȥ

�AƲ�'�>ȿ%5=ȾŘƭƹ(ôǕ�" CV �.ǰǱƢ,ǼȀ�>¦œ Si ǃñ-°ņƔĩAŇ�)�

'ƢƱ,ǧƖ�>9-)´Ō(�>ȿ�-�)�<ȾŘƭƹ(õŎ�"¦œ Si ǃñ-°ņƔĩ-ôȝǹ�

ōź-ŕƙĥ�ƱǼ(�")ǖ�'�>ȿ 
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Û 3.3.4� ¦œ Si ǃñ°ņƔĩ-ôȝǹ�Įź-Ũǭ  
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Û 3.3.5� ¦œ Si ǃñ-°ņƔĩ-ǹ�ǍŞ,È4�ţñúź-Ěȳ  

0

100

200

300

400

500

600

0 2 4 6 8 10

0

10

20

30

40

50

60

0 4 8 12 16 20 24

0

5

10

15

20

25

30

0 10 20 30 40 50

0

5

10

15

0 10 20 30 40 50 60 70 80
Number of eutectic Si
 particles in a grid , N 

0

100

200

300

400

500

600

0 2 4 6 8 10

Fr
eq
ue
nc
y

0

10

20

30

40

50

60

0 4 8 12 16 20 24

Fr
eq
ue
nc
y

0

5

10

15

20

25

30

0 10 20 30 40 50

Fr
eq
ue
nc
y

0

5

10

15

0 10 20 30 40 50 60 70 80

F
re

qu
en

cy

Number of eutectic Si
 particles in a grid , N 

As-start� ECAP _ 8 pass�

10
µm
×1

0µ
m
�

20
µm
×2

0µ
m
�

30
µm
×3

0µ
m
�

40
µm
×4

0µ
m
�

G
ri

d 
si

ze
�



 -116- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.6� ECAP ½Ć,�� X Ȳ-cJlǋǓêÀȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ2

\PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.3.7� ECAP ½Ć,�� Z Ȳ-cJlǋǓêÀȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ2

\PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.3.8� X Ȳ,��>¦œ Si ǃñ-°ņƔĩ-êÀȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ

2 \PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.3.9� Y Ȳ,��>¦œ Si ǃñ-°ņƔĩ-êÀȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ

2 \PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.3.10� Z Ȳ,��>¦œ Si ǃñ-°ņƔĩ-êÀȿ(a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ

2 \PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.3.11� ECAP ½Ć\PŇ�ÍȲ- CV �,È4�Ěȳ  

 

 

3.3.3� ¦œ Si ǃñ-°ņƔĩ�ĕĖƓĥ,È4�Ěȳ  
 

� ¹ȴ(ǹ��"¦œ Siǃñ-°ņƔĩ(CV�))ĕĖƓĥ-Ʀ|ȥ�Aǿ2>"8,ȾĕĖǺȼAõŎ�

"ȿPSpWř+<1,Í\PŇ( ECAP ½ĆAŎ�"ǺŊ- 0.2%ǘ¼�;1ĕĖė�AÛ 3.3.12 ,Ʋ

�ȿECAP½ĆA 6\PŎ�"ǺŊ(. -�-Ś�)ųȍ�'::Ƚ�ǘ¼AƲ�9--ȾPSpWř)

ECAP½Ćř-Ȥ,ǘ¼-ȸǣ+ĉƝ.ƱǼ�?�Ⱦčß�( 78MPaƶđAƲ�"ȿĕĖė�9ǘ¼)Ï

Ū,ȾPSpWř) ECAP ½ĆAÍ\PŇŎ�"ǺŊ-Ȥ,ȸǣ+ĉƝ.ƱǼ�?�Ⱦčß�( 125MPa

ƶđAƲ�"ȿECAP½Ć(.�BŌêę,ȄØ�'Ĉì+½Ć0�6�ü¤�?>"8Ⱦ½ĆƯÀ,;=

ŲƦ-ėđ.çì�>ȿqōŘƭƹ(.Ⱦ�BŌêę,;=ü¤�?"½Ć0�6� ECAP½ĆĜ-Ǝȟ®

Ɨ,;=ȨÆ�?""8,ȾECAP½Ćř)PSpWř�Ïƾ-ėđ(0.2%ǘ¼+<1,ĕĖė�)AƲ�"

)Ļƃ�?>ȿ#+6,ȾECAP½ĆĜ-Ǝȟ®Ɨ¹Ĝ,��>ǺŊ-Ư�-êÀAǿ2"ǍŞAÛ 3.3.13

,Ʋ�ȿ+�Ư�ƃô.ȾĲȎ6ǢȜ� 1.96N (200gf)Ⱦ�ĵŒȤ� 15s-Ś�s(õŎ�'�=¦œȚA

Ñ8"ȵâ-Ư�Aƃô�"ȿECAP½ĆA 2\PŎ�"ǺŊ(.PSpWř)ųȍ�'Ư�� 84%ƶđç
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ì�'�=Ⱦ -Ĝ9\PŇ-çì,��Ư��çì�>�ÐAƲ�"ȿ6 \P�Ȧ,��'.PSpWř

- 2 ��r-Ư�AƲ�"ȿ350
,��' 30min -Ǝȟ®ƗAŎ�"Ĝ(. ECAP ½Ćř-Ư�.ǣ�

��s�'Ⱦ��?-\PŇ,��'9PSpWř)Ïƾ-Ư�AƲ�"ȿ�-ǍŞ�<ȾƎȟ®Ɨ,;=

ECAP½Ć,��½Ć0�6�ȨÆ�?ȾECAP½Ć-ŕƍ�<,.\PŇ,�<�ǺŊ-ėđ�34qô

,+>�)�ƱǼ�?"ȿ+� ECAP ½ĆĜ,Ǝȟ®ƗAŎ�"Ɨƚ.ȾŘƭƹ(.¦œ Siǃñ-°ņƔ

ĩ�ĕĖƓĥ,È4�ĚȳAťǶ�>"8,ȾECAP½ĆĜ-ŲƦ-ėđAqô,ǿň�>Ģǭ��>)ǖ

�""8(�>ȿÛ 3.3.14 ,.ȾPSpWř+<1,Í\P( ECAP½ĆAŎ�"ǺŊ-ßq�1ȾÿȚ

�1�;1ƮŌ�1AƲ�"ȿÛ�<ő<�+;�,ȾECAP\PŇ-çì,��ßq�1ȾÿȚ�1�;

1ƮŌ�1-��?9çì�>�Ð�ƱǼ�?Ⱦ8\P,��'.PSpWř,û�' ?!? 49%Ⱦ64%

�;1 54%ƶđçì�"ȿ+�Ⱦ6 \P,��'ßq�1�;1ƮŌ�1�ǡČ���AƲ�ƔŹ.ȾÛ

3.3.12 ,Ʋ�?";�,ǘ¼��-Ś�)ųȍ�'::Ƚ�$"�),ȥȕ�>Ɩȁ)ǖ�'�>ȿÛ

3.3.15 ,.ĕĖǺȼĜ-ǺȼƑ-ƮŌȲAǲù�"ǍŞAƲ�'�>ȿƮŌȲ-3)B*-ȵâ,.Ⱦē

ĥƮè-Ɵȇ(�>VDn`j�ƱǼ�?"�Ⱦ -VDn`j-ì��,. ECAP½Ć\PŇ,ȄØ�"

őƩ+ĉƝ.ƱǼ�?+�$"ȿ5"Û 3.3.16 ,Ʋ�;�,Ⱦ��%�-VDn`j-ĐȚ,.Ʈè�"

¦œ Siǃñ<��ƒ��ƱǼ�?"ȿ�-�)�<ȾĕĖêę,Ȭ�'¦œ Siǃñ�Ʈè-ȄƋ)�'�

ƙ�"ƔŹ�Ļù�?Ⱦ¦œ Siǃñ-°ņƔĩ)ĕĖƓĥ)-Ȥ,øĺ+ȥ�AƘ�>ŢĴ���>ȿ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.12� ECAP ½Ć\PŇ� 0.2%ǘ¼�;1ĕĖė�,È4�Ěȳ  
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Û 3.3.13� Ǝȟ®Ɨ¹Ĝ,��>Ư�-êÀ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.14� ECAP ½Ć\PŇ�ƮŌ�1Ⱦßq�1�;1ÿȚ�1,È4�Ěȳ  
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Û 3.3.15� ĕĖǺȼĜ-ƮŌȲ-Ūñȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ2 \PȾ (c)ɂ4

\PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.3.16� VDn`j-ĐȚ,ƱǼ�?>Ʈè�"¦œ Si ǃñ-Ūñ (ECAP ½Ć 8 \Př )  

 

 

� �s(.ȾĕĖƓĥ)¦œ Siǃñ-°ņƔĩ-Ʀ|ȥ�AťǶ�"ȿÛ 3.3.17 �<Û 3.3.19 ,.ȾP

SpWř+<1,Í\PŇ( ECAP½ĆAŎ�"ǺŊ,��>ÍȲ- CV�)ĕĖƓĥ(čß�)-Ʀ|ȥ�

A5)8"ȿð8, X Ȳ(Û 3.3.17),ȥ�'Ȑ2>ȿŘõȼ(.ȾECAP ½ĆŒ-Ĳ¯ōÐ)ĕĖǺȼŒ

-ĕĖōÐ�qǝ�>Ś�s(ĕĖǺȼAõŎ�'�=Ⱦ�-Ś�s(. XȲ�ƮŌȲAęĬ�>"8ȾX

Ȳ,��>¦œ Si ǃñ-°ņƔĩ�ĕĖƓĥAŃț�>)ǖ�<?"ȿ���+�<ȾPSpWř)ųȍ

�>) ECAP ½Ćř- CV �.ǣ���s(%5=Ⱦ¦œ Si ǃñ-°ņƔĩ�ßqÀ)�>9--ȾECAP

½Ć\PŇ,ȄØ�" CV �-êÀ.ý��34qô-�AƲ�'�=ȾCV �)ĕĖƓĥ)-Ȥ,őƩ+

Ʀȥĥ.Ǯ¯�+�$"ȿ�ō YȲ(Û 3.3.18)(.ȾPSpWř,û�' ECAP½Ćř- CV�.ȸǣ,

�s�ȾCV�-�s,�$'ƮŌ�1Ⱦßq�1�;1ÿȚ�1+*-ēĥ�çì�>�Ð�ƱǼ�?"ȿ

�-ƔŹ�<ȾvǗ,.ė�Ʀȥĥ�òÞ�>)´Ō�?>ȿqōȾǘ¼:ĕĖė�+*-ėđ-êÀ.

CV �-êÀ,û�'ȟĨ(�=ȾCV �,;<�34qô-�AƲ�"ȿZ Ȳ(Û 3.3.19)(.ȾPSpW

ř�;1 ECAP½ĆřAȒ�' CV�-êÀȝ.ý��ȾCV�)ĕĖƓĥ)-Ȥ,őƩ+Ʀȥĥ.Ǯ¯�

+�$"ȿ�r,Ȑ2";�,ȾŘõȼ(.ĕĖǺȼ-Ȭ,ƮŌȲAęĬ�> X Ȳ,��>¦œ Si ǃñ-

°ņƔĩ�ĕĖƓĥAŃț�>)ǖ�<?"�ȾõȼǍŞ�<.ĕĖōÐ)čǥ(�> Y Ȳ,��>¦œ

Siǃñ-°ņƔĩ)ĕĖƓĥȾƓ,�1)-Ȥ,ǟî+Ʀȥĥ�ƱǼ�?"ȿ�-Ƌ,ȥ�>ǮǴAſ8>

"8,ȾĕĖǺȼŒ-ǺȼƑ-ƮèǌȈ,ƨƤ�"ȿÛ 3.3.20 ,.ĕĖǺȼĜ-ǺȼƑAĕĖōÐ,û�

'àƥōÐ(YȲ�;1 ZȲ)�<ǲù�"ŪñA�Ʋ�'�>ȿÛ�<ő<�+;�,Ⱦ�Ǩ. YȲ�;1
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ZȲ,��'ƥǐƢ,ęĬ�?>-(.+�Ⱦì��Ǥǥ�'ęĬ�?>Ūñ�ƱǼ�?"ȿ�-ƔŹ�<Ⱦ

ĕĖǺȼŒ-Ʈè. 3 ů Ƣ,ȖĀ�>�)�ƲÔ�?>ȿ%5=ȾĕĖƓĥ,È4�¦œ Si ǃñ-°ņ

Ɣĩ-ĚȳAǖ�>äÎ,.Ⱦ�>Ɠô-ŌȲ,��>°ņƔĩ(.+�ȾǺŊÍȲ,��>°ņƔĩȾǵ

�Ľ�?/ȾƺȤƢ+°ņƔĩAǖī�>�)�Ȝǭ(�>)ǖ�<?>ȿÛ 3.3.21 ,.ȾPSpWř+

<1,Í\PŇ(ECAP½ĆAŎ�"ǺŊ-ÍȲ,��>CV�-čß�((CVX+CVY+CVZ)/3))ĕĖƓĥ-

Ʀ|ȥ�AƲ�"ȿƮŌ�1ȾÿȚ�1�;1ßq�1-êÀ)ǺŊÍȲ,��> CV�-čß�-êÀ)

-Ȥ,.ǟî+Ʀȥĥ�Ʋ�?ȾCV�-čß�-�sȾ%5=Ⱦ¦œ Siǃñ-ƺȤƢ+°ņƔĩ-ßqÀ

,��Ⱦ�1�çì�>�Ð�ƱǼ�?"ȿ�?.Ⱦ¦œ Si ǃñ-ƞøƔĩ�Ǵž�?ȾĕĖêęŒ-ģ

¼Ȯw�ǑÓ�?"�),ȄØ�>Ɩȁ)ǖ�<?>ȿqōȾǘ¼�;1ĕĖė�,. CV�-êÀ,ȄØ

�>ȸǣ+ĉƝ.ƱǼ�?+�$"ȿ�r-ǍŞ�<Ⱦ¦œ Si ǃñ-°ņƔĩ.ēĥ,û�'ŃțƢ(�

=Ⱦǘ¼:ĕĖė�+*-ėđ.¦œ Siǃñ-°ņƔĩ,ì��ćÌ�?+�9-)ǖ�<?>ȿ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.17� X Ȳ,��> CV �)ĕĖƓĥ-ȥ�  
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Û 3.3.18� Y Ȳ,��> CV �)ĕĖƓĥ-ȥ�  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.19� Z Ȳ,��> CV �)ĕĖƓĥ-ȥ�  
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Û 3.3.20� ĕĖǺȼƑ-�Ǩ-ȖĀƔŹ (ECAP ½Ć 2 \Př )  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.21� ÍȲ,��> CV �-čß�)ĕĖƓĥ-ȥ�  
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�  

� ¹Ȑ�";�,ȾrȐ-õȼ(. ECAP½ĆŒ-Ĳ¯ōÐ)ĕĖǺȼŒ-ĕĖōÐ�qǝ�>Ś�s(ĕ

ĖǺȼAõŎ�'�=Ⱦ�-Ś�s(. X Ȳ,��>¦œ Si ǃñ-°ņƔĩ�ĕĖƓĥAŃț�>)ǖ�

<?"�ȾrȐ-ǍŞ�<ĕĖƓĥ,È4�¦œ Si ǃñ-°ņƔĩAǹ��>"8,.ȾǺŊÍȲ,��

>°ņƔĩ�Ȝǭ(�>)ƲÔ�?"ȿ�-;�+ǖù-ïĘĥAťǸ�>"8,ȾĕĖōÐAê�'ĕĖ

ǺȼAõŎ�Ⱦ -Ȭ-¦œ Siǃñ-°ņƔĩ(CV�))ĕĖƓĥ)-Ʀ|ȥ�AťǶ�"ȿ��(.ȾÛ

3.3.22 ,Ʋ�;�, ECAP ½ĆŒ-Ĳ¯ōÐ)ĕĖǺȼŒ-ĕĖōÐ�àƥ)+>(ƮŌȲ� Y Ȳ)čǥ

�>)Ś�s(ĕĖǺȼAõŎ�"(�ȦȾõȼ 2 )ƴ�)ȿPSpWř+<1,Í\PŇ( ECAP ½ĆAŎ

�"ǺŊ,ȥ�'ȾcJlǋǓǲùAǥ�ÍȲ,��> CV�Aƿ¯�"ǍŞAÛ 3.3.23 ,Ʋ�ȿ+�Ⱦ

�×õŎ�" ECAP½Ć.Ŕì( 6\P(�>ȿXȲ(. 4\P5( CV�.�s�Ⱦ4\P�Ȧ(.34

ȻÓ�"ȿȻÓ�" CV�. 0.48ƶđ(�=Ⱦ¹Ȑ�"õȼ(ECAP½ĆŒ-Ĳ¯ōÐ)ĕĖǺȼŒ-ĕĖ

ōÐ�qǝ�>Ś�s(ǥ$"õȼȿ�ȦȾõȼ 1)ƴ�)-äÎ)34qǝ�"ȿYȲ,��'.ȾECAP

½Ć� 2\PƤ,��'CV�.ǣ���s�Ⱦ -Ĝ9ECAP½Ć\PŇ-çì,��Ǒ:�,�s�"ȿ

qō Z Ȳ,��'.ȾPSpWř)Í\PŇ- ECAP ½ĆAŎ�"ǺŊ-Ȥ,ȸǣ+ĉƝ.ƱǼ�?+�

$"ȿ�r,Ȑ2";�,Ⱦ�×ǥ$" ECAP½Ć,��>ÍȲ- CV�-êÀAõȼ 1(Û 3.3.11 ÇƏ )

)ųȍ�>)ȾCV �-ǎû�,.@��+ĉƝ�òÞ�>9--ȾX Ȳ(.�>\PŇ5( CV �.�s

�' -ĜȻÓ�>ȾYȲ(. ECAP½Ć\PŇ-çì,�� CV���s�>ȾZȲ(.PSpWř)Í

\PŇ- ECAP½ĆAŎ�"ǺŊ-Ȥ, CV�-ȸǣ+ĉƝ.ƱǼ�?+�)��ÍȲ,��> CV�-ê

Àķ¿.34qǝ�"ȿů,ȾPSpWř+<1,Í\PŇ( ECAP½ĆŎ�"ǺŊ-ĕĖƓĥAÛ 3.3.24

�;1,Û 3.3.25 ,Ʋ�ȿ+�ȾÛw,.õȼ 1 -ǍŞ(Ûw(.ơİ�-`lTW)9Î@�'Ʋ�'�

>ȿð8,Ⱦǘ¼�;1ĕĖė�(Û 3.3.24),ȥ�'Ȑ2>ȿPSpWř-ǘ¼�;1ĕĖė�.ȾECAP

½Ćř�;1õȼ 1,��>PSpWř)ųȍ�>)::���AƲ�"ȿ�-Ƌ,ȥ�'.Ⱦõȼ 2-P

SpWř)õȼ 1-PSpWř.Ïq-Ś�(Ɛ®ƗAŎ�'�>"8Ⱦǘ¼�;1ĕĖė�-ĉƝ.Ǻȼ

ƑAĹÉ�"EnLTW: -ĹÉ�ǔ,ȄØ�"��ĉ+*,ȄØ�>Ɩȁ)´Ō�'�>ȿqōȾECAP

½Ćř(.\PŇ,ȄØ�"ȸǣ+ĉƝ.ƱǼ�?�Ⱦõȼ 1 )34Ïƾ-ǘ¼�;1ĕĖė�AƲ�"ȿ

�1,ȥ�'.(Û 3.3.25)ȾECAP \PŇ-çì,��ßq�1ȾÿȚ�1�;1ƮŌ�1-��?9ç

ì�>�ÐAƲ�"ȿ5"ȾPSpWř+<1,Í\PŇ( ECAP½ĆAŎ�"ǺŊ,��>�1.Ⱦõȼ

1)34Ïƾ-�AƲ�"ȿÛ 3.3.26 �<Û 3.3.28 ,.ȾPSpWř+<1,Í\PŇ( ECAP½ĆA

Ŏ�"ǺŊ,��>ÍȲ- CV�)ĕĖƓĥ(čß�)-Ʀ|ȥ�A5)8"ȿXȲ�;1 YȲ,ȥ�'.Ⱦ

CV�-�s,���1(ƮŌȾßq�;1ÿȚ�1)�çì�Ⱦėđ(ǘ¼�;1ĕĖė�),. CV�-êÀ

,ȄØ�"őƩ+ĉƝ.ƱǼ�?+�$"ȿqō Z Ȳ(.ȾPSpWř)Í\PŇ( ECAP ½ĆAŎ�"

ǺŊ,��' CV�-êÀ.ý��ȾCV�)ĕĖƓĥ)-Ȥ,őƩ+Ʀȥĥ.Ǯ¯�+�$"ȿÛ 3.3.29
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,.ȾPSpWř+<1,Í\PŇ( ECAP½ĆAŎ�"ǺŊ-ÍȲ,��> CV�-čß�)ĕĖƓĥ)

-Ʀ|ȥ�AƲ�"ȿõȼ 1 )ÏŪ,ȾƮŌ�1ȾÿȚ�1�;1ßq�1-êÀ.ǺŊÍȲ,��> CV

�-čß�)ǟ�ûģ�'�=ȾCV�-čß�-�sȾ%5=Ⱦ¦œ Siǃñ-ƺȤƢ+°ņƔĩ-ßqÀ

,��Ⱦ�1�çì�>�Ð�ƱǼ�?"ȿqōȾǘ¼�;1ĕĖė�,. CV�-êÀ,ȄØ�>ȸǣ+

ĉƝ.ƱǼ�?+�$"ȿÛ 3.3.30 ,.õȼ 1�;1õȼ 2�<ĝ<?"ȾÍȲ,��> CV�-čß�

)ĕĖƓĥ(�1))-Ʀ|ȥ�A5)8"ȿÛ�<ő<�+;�,ȾĕĖōÐ-ĉƝ(õȼ 1ɂECAP½ĆŒ

-Ĳ¯ōÐ)ĕĖǺȼŒ-ĕĖōÐ�čǥȾõȼ 2ɂECAP½ĆŒ-Ĳ¯ōÐ)ĕĖǺȼŒ-ĕĖōÐ�à

ƥ),ȥ@<� CV�-čß�-�s,��ƮŌ�1Ⱦßq�1�;1ÿȚ�1.çì�>�ÐAƲ�Ⱦ -

`lTW.34qƥǐr,°Ċ�>ƔŹ�Ʋ�?"ȿ%5=ȾCV �-čß�(¦œ Si ǃñ-ƺȤƢ+°ņ

Ɣĩ).ƮŌ�1Ⱦßq�1�;1ÿȚ�1)øĺ,ȥ��>9-)´Ō�?>ȿ 

� �r-ťǶ�<ȾĕĖƓĥ,È4�¦œ Si ǃñ-°ņƔĩ-ĚȳAǖ�>äÎ,.ȾǺŊÍȲ,��>

°ņƔĩȾ%5=ȾƺȤƢ+°ņƔĩAǖī�>�)�Ȝǭ(�>)ǖ�<?ȾƓ,Ⱦēĥ(ßq�1ȾÿȚ

�1�;1ƮŌ�1))¦œ Siǃñ-°ņƔĩ,øĺ+ûģȥ��ƱǼ�?"ȿ§�Ƣ,.Ⱦ¦œ Siǃñ-

ƺȤƢ+°ņƔĩ-ßqÀ(ÍȲ,��> CV�-čß�-�s),��Ⱦēĥ�Ðr�>ƔŹ�ƱǼ(�"ȿ

�?.Ⱦ¦œ Si ǃñ-°ņƔĩ-ßqÀ,��ȾĕĖêęŒ-ģ¼Ȯw�ǑÓ�?"�),ȄØ�>Ɩȁ

)ǖ�<?>ȿqōȾǘ¼:ĕĖė�+*-ėđ,û�>¦œ Si ǃñ-°ņƔĩ-Ěȳ.ý��)ǖ�<

?"ȿ5"Ⱦ�×-ťǶ(.¦œ Si ǃñ-°ņƔĩ-6,ƨƤ�'ĕĖƓĥ)-Ʀ|ȥ�AťǶ�"�Ⱦ

ECAP ½Ć,���BŌêę.ĕ�ą:IPŮȩ+*ƺȫ-žƇ:¦œ Si ǃñ-ì���;1ęƔ-êÀ

(Ǫȅ 1 ÇƏ )A9"<�)Ļù�?>ȿƺȫ:¦œ Si ǃñ-ì���;1ęƔ.ĕĖƓĥAćÌ�>Ěȳ

Øñ)ǖ�<?>"8Ⱦ�?<)¦œ Si ǃñ-°ņƔĩ-ĕĖƓĥ,û�>÷uđ-ťǸ��Ĝ-Ǿȷ)

ǵ�>ȿ 
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Û 3.3.22� õȼ 2 ,��>ĕĖǺȼƑĹÉ,ȥ�>ŨƜÛ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.23� ECAP ½Ć\PŇ�ÍȲ- CV �,È4�Ěȳ (õȼ 2) 
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Û 3.3.24� ECAP ½Ć\PŇ� 0.2%ǘ¼�;1ĕĖė�,È4�Ěȳ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.25� ECAP ½Ć\PŇ�ƮŌ�1Ⱦßq�1�;1ÿȚ�1,È4�Ěȳ  
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Û 3.3.26� X Ȳ,��> CV �)ĕĖƓĥ-ȥ� (õȼ 2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.27� Y Ȳ,��> CV �)ĕĖƓĥ-ȥ� (õȼ 2) 
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Û 3.3.28� Z Ȳ,��> CV �)ĕĖƓĥ-ȥ� (õȼ 2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Û 3.3.29� ÍȲ,��> CV �-čß�)ĕĖƓĥ-ȥ� (õȼ 2) 
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Û 3.3.30� õȼ 1 �;1õȼ 2 ,��>ÍȲ- CV �-čß�)ßq�1ȾÿȚ�1�;1ƮŌ�

1-ȥ�  

 

 

 

3.4  Ǎǵ  
 

� ŘƼ(.ȾFSP Œ-ǋǓ·Ğ-¾ŞAťǸ�>ĶūAũǁ�>"8,Ⱦ¦œ Si ǃñ-°ņƔĩ)ŭŤƢ

ĥȃȾƓ,ĕĖƓĥ)-Ʀ|ȥ�Aǻǉ,ťǶ�>�)AƤƢ)�"ȿð8,Ⱦ¦œ Si ǃñ-°ņƔĩ-

ôȝǹ�ōźAƱƻ�>"8,ȾECAP½ĆAƙ�'Ū�+¦œ Siǃñ-°ņƔĩAŕ�>ǺŊA�ǫ�Ⱦ

ȲƸţñAƙ�"°ņƔĩ-ôȝǹ�AǺ6"ȿ -ĜȾôȝÀ�"¦œ Si ǃñ-°ņƔĩ)ĕĖƓĥ)

-Ʀ|ȥ�,ȥ�'ťǶA½�"ȿǍŞA�s,Ʋ�ȿ 
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ǋǓ��ȣ�>Ūñ�ƱǼ�?Ⱦ�- 2 %-Ȳ(.³œ�-Al Ʀ-VnXhEWęƔ.ží�"ȿ�ōȾZ

Ȳ,.ȸǣ+êÀ.ƱǼ�?�ȾPSpWř)ÏŪ-ȠȔǋǓ�ƱǼ�?"ȿ�?<-ǋǓêÀ.ȾECAP

½Ć,���BŌêę-ü¤ƔŹ)ǺȼƑ-ęƔêÀAťǶ�"ŏã)34qǝ�>�)�<ȾECAP½Ć

Œ-�BŌêę,ȄØ�>Ɩȁ)ǖ�<?"ȿ  

 

2. Řƭƹ(.ȾǋǓƛ�r,ţñA±=Ⱦţñ-w,òÞ�>¦œ Si ǃñ-�Ň) -ţñ-ȶđA]P

WKhd,5)8"Ȭ- CV �A¦œ Si ǃñ-°ņƔĩAƲ�Ɠĥ�)�'ôǕ�"ȿPSpWř+<1

, ECAP ½Ćř,��>ǺȼƑÍȲ- CV �-êÀ.ȾǋǓƛ��<ƱǼ(�>¦œ Siǃñ-°ņƔĩ-

êÀ)ǟî+ûģȥ�AƲ�"ȿ�-�)�<ȾŘƭƹ(ôǕ�" CV �.ǰǱƢ,ǼȀ�>¦œ Si ǃñ

-°ņƔĩAŇ�)�'ƢƱ,ǧƖ�>9-)´Ō�?Ⱦŕƙ+¦œ Si ǃñ-°ņƔĩ-ôȝǹ�ōźA

Ʊƻ�")ǖ�'�>ȿ 

 

3. ¦œ Si ǃñ-°ņƔĩAƲ�Ɠĥ�(�> CV �)ĕĖƓĥ-Ʀ|ȥ�Aǿ2"ȿ -ǍŞȾ¦œ Si

ǃñ-ƺȤƢ+°ņƔĩ-ßqÀ(ǺȼƑÍȲ,��> CV�-čß�-�s),��Ⱦēĥ(ßq�1ȾÿȚ

�1�;1ƮŌ�1)�Ðr�>�)�Ʊ�8<?"ȿ�?.Ⱦ¦œ Si ǃñ-ƞøƔĩ�Ǵž�?ȾĕĖê

ęŒ-ģ¼Ȯw�ǑÓ�?"�),ȄØ�>Ɩȁ)ǖ�<?"ȿqōȾCV�-êÀ,û�>ėđ(0.2%ǘ¼

�;1ĕĖė�)-őƩ+ĉƝ.ƱǼ�?+��)�<Ⱦ¦œ Si ǃñ-°ņƔĩ�ėđ,È4�Ěȳ.ý�

�)ǖ�<?"ȿ5"Ⱦ�×-ťǶ(.¦œ Si ǃñ-°ņƔĩ-6,ƨƤ�'ĕĖƓĥ)-Ʀ|ȥ�Ať

Ƕ�"�ȾECAP ½Ć,��ĕ�ą:IPŮȩ+*ƺȫ-žƇ:¦œ Si ǃñ-ì���;1ęƔ-êÀ9

ĕĖƓĥAćÌ�>ĚȳØñ)ǖ�<?>"8Ⱦ�?<)¦œ Si ǃñ-°ņƔĩ-ĕĖƓĥ,û�>÷u

đAťǸ�>�)��Ĝ-Ǿȷ)ǖ�<?"ȿ 

 

 

3.5  Ǫȅ  
 
Ǫȅ 1 ECAP ½Ć�¦œ Si ǃñęĩ,È4�Ěȳ  
 

� 3.3.2 ȴ(Ȑ2";�,ȾECAP ½Ć(.¦œ Siǃñ-°ņƔĩ-6+<�Ⱦǃñ-ęĩ(ì��:ęƔ)

,û�'9ĚȳAÈ4�ƔŹ�ƱǼ�?"ȿ�-ƋAƱǼ�>"8,ȾŘȴ(. ECAP ½Ć,��¦œ Si

ǃñ-ì��:ęƔ-êÀAǿ2"ȿ 

� PSpWř+<1,Í\PŇ( ECAP ½ĆAŎ�"ǺŊ-ÍȲ,��>¦œ Siǃñ-čßŌȲƸ�;1

čßCPaJWųAÛ 3.5.1 ,Ʋ�ȿǺȼƑ-��?-Ȳ,��'9ȾPSpWř+<1,Í\PŇ(
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ECAP½ĆAŎ�"ǺŊ-čßCPaJWų.Ïƾ(�=ȾECAP½Ć,ȄØ�"ȸǣ+ĉƝ.ƱǼ�?+

�$"ȿqōčßŌȲƸ.ȾǺȼƑ-��?-Ȳ,��'9ȾECAP½Ć\PŇ-çì,��Ɓþ�>�Ð

�Ʋ�?"ȿPSpWř)ųȍ�>) 8 \P- ECAP ½Ćř,��> XȾY �;1 Z Ȳ-čßŌȲƸ. 

?!? 11%Ⱦ33%�;1 17%ƶđƁþ�'�=ȾY Ȳ,��>ŌȲƸ-�s�Ŕ9ì��$"ȿ¦œ Si ǃ

ñ-ŌȲƸêÀA;=ǻǉ,ťǶ�>"8,ȾPSpWř+<1,Í\PŇ( ECAP½ĆAŎ�"ǺŊ-¦

œ Siǃñ-ŌȲƸ°ĊAǿ2"ȿǍŞAÛ 3.5.2 �<Û 3.5.4 ,Ʋ�ȿð8, XȲ(Û 3.5.2),ȥ�'Ȑ

2>ȿPSpWř(. 1�m2�s-ǃñŇ�Ŕ9ë�ƔŹ(�$"�ȾECAP½ĆA 2\PŎ�"ǺŊ,�

�' 1�m2�s-ǃñŇ�Ɓþ�Ⱦ -Ĝ. ECAP½Ć\PŇ,ȄØ�>ȸǣ+ĉƝ.ƱǼ�?+�$"ȿ

qō Y Ȳ(Û 3.5.3),��'.ȾPSpWř�< 4 \P- ECAP ½Ćř,��'. 1�m2;=ì�� 2�

m2�s-ǃñŇ�Ŕ9ë��Ⱦ6 \P�r(.\PŇ-çì,�� 1�m2�s+<1, 1�m2;=ì��

2�m2�s-ǃñŇ�ȸǣ,çì�>ƔŹ�Ʋ�?"ȿ 8 \P- ECAP ½Ćř,��> 1�m2�s�;1

1�m2;=ì�� 2�m2�s-ǃñŇ.PSpWř)ųȍ�>) ?!? 225%�;1 33%ƶđçì�"ȿ

�r-;�+ 2�m2�s-ǃñŇ-ǣ��çì�Ⱦ¹Ȑ�"čßŌȲƸ-ƁþA9"<�"ǭØ)ǖ�<?

>ȿ5"ȾECAP ½Ć� 8 \P,��> Y Ȳ-ǃñŇ.ȸǣ,çì�'�=ȾPSpWř)ųȍ�>)Ǉ

1.3 �(�$"ȿ Z Ȳ(Û 3.5.4)(.ŌȲƸ°Ċ-êÀ.Ȍğ(�=ȾECAP ½Ć,ȄØ�"őƩ+ĉƝ.

Ʋ�?+�$"ȿ�r-ǍŞ�<ȾECAP ½Ć\PŇ-çì,��ǺȼƑÍȲ,��>¦œ Si ǃñ-čß

ŌȲƸ.�s�>ƔŹ�ő<�)+$"�ȾŌȲƸ°Ċ-êÀ-ķ¿.ǲùȲ-Ȥ,ĉƝ�Ƙ�'�=ȾƓ

, Y Ȳ(. 6 \P�Ȧ,��' 2�m2�s-ǃñŇ�ǣ��çì�Ⱦ½�' 8 \PƤ(.ǲù�?>ǃñ

Ň�ȸǣ,çì�>ƔŹ�ƓĠƢ(�$"ȿqōȾ¦œ Si ǃñ-CPaJWų,ȥ�'.ȾǺȼƑ-��

?-Ȳ,��'9 ECAP½Ć,ȄØ�"őƩ+êÀ.ƱǼ�?+�$"ȿ 

� ǺȼƑÍȲ,��'ǲù�?>¦œ Si ǃñ-ŌȲƸêÀ-ķ¿�Ɲ+$"Ɨƚ)�'.ȾECAP ½ĆŒ

-�BŌêę-Ɲōĥ�ǖ�<?>ȿÛ 3.5.5 ,. ECAP½ĆŒ(Route A)-�BŌêę�ǺȼƑw-¦œ

Si ǃñ-ŌȲƸêÀ,È4�ĚȳAŬĔƢ,Ʋ�"ȿ��(.ȾǺȼƑ- Y �;1 Z Ȳ,û�'ȣȋ�č

ǥ�>Ŧª�-¦œ Siǃñ�ǺȼƑw,òÞ�"äÎAĦô�'�>ȿÛ 3.5.5(a),. ECAPȞá-ƅ,

rȐ�"ęƔ-¦œ Si ǃñAÑ7śƔǺȼƑAǷǔ�")�-ŪñAƲ�'�=Ⱦ�-)�-ÍȲ,��

>¦œ Si ǃñ-ŌȲęƔ.ȾX Ȳ(Ûw-Ʈǐ)(.ªęȾY Ȳ(Ûw-õǐ)�;1 Z Ȳ(Ûw-qƋȡǐ)(

.Ŧªę,ǲù�?>ȿ�-ǺȼƑAƅ,Ÿ$'Ĳ�¯�Ⱦǳđ-��"Ț°(ǺȼƑw-¦œ Si ǃñ�

�BŌêęAÊ�>ŪñAƲ�"-�Û 3.5.5(b)�;1(c)(�>ȿŘƭƹ(õŎ�" ECAP½Ć(.ȾÛ

w-ǐ(Ʋ�";�, YȲ)ƥ}�>Ȳ(ƪÄōÐ,�BŌêę�ü¤�?>ȿÛw(.ȾrȐ-�BŌê

ęAÊ�'ǺȼƑw-¦œ Siǃñ�Ʈè�>äÎAƲ�"ȿ�-)�Ʈè�"¦œ Siǃñ-ƮƑ.Ⱦ�B

ŌōÐ,Ÿ$' YȲ,û�'ŵčōÐ,Ƶ¿�>�)(ƮƑÏé,ȤȪ�Ƙ�>)Ħô�?>ȿ5"��(

ŻƤ�"�-.ȾrȐ-�BŌōÐ(.¦œ Siǃñ-ƮƑ. YȲ,û�'àƥōÐ,Ƶ¿�+�Ƌ(�>ȿ
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Û 3.5.5(d)(.Ⱦ1\PAǊ�"ǺȼƑAÛ 3.5.5(a)-�ǔ,«țǔ�")�-ŪñAƲ�"ȿ�-)�

ǺȼƑÍȲ-ŌȲAǲù�>)ȾXȲ(Ûw-Ʈǐ)�;1 ZȲ(Ûw-qƋȡǐ)(.Ʈè�"¦œ Siǃñ-

�ħ-ƮƑ-ŌȲ�ȾY Ȳ(Ûw-õǐ)(.Ʈè�"ƮƑ-¥'-ŌȲ�ǲù�?>ȿǺȼƑAƅ,Ȓ�¹ 

(Û 3.5.5(a)))Ȓ�"Ĝ(Û 3.5.5(d))Aųȍ�>)ȾXȲ(.ȸǣ+ĉƝ.ƱǼ�?+��ȾYȲ(. 1%

-ǃñ�Ʈè�ǬŇ�,°Ō�"�),ȄØ�'¦œ Si ǃñ-ŌȲƸ.Ɓþ�>))9,ǲù�?>ǃñ

Ň�çì�>ƔŹ�Ʋ�?>ȿ5"ȾZȲ(.¦œ Siǃñ-ŌȲƸ-Ɓþ-6�ƱǼ�?>ȿ�r-;�,

ǖ�>�)(ȾÛ 3.5.3 ,Ʋ�?" Y Ȳ,��>ğǉǃñ-ǣ��çì�ǽőËǙ)Ĥ@?>ȿ���+

�<ȾÛ 3.5.5 (.ǺȼƑ- YȲ�;1 ZȲ,û�'ȣȋ�čǥ�>Ŧª�-¦œ Siǃñ��BŌêę,

;=Ʈè�>ƔŹAĦô�"�ȾõȬ.�ǺȼƑw-¦œ SiǃñĥƔ(ì��ȾęƔȾț²)+<1,�Ʈè

-ƠƘ.ƍ�ƌ(�>)ǖ�<?>"8ȾÛ 3.5.5 Aƙ�"ǽő.ŧ8'ȧôƢ+Ś�,-6Șƙ�?>ȿ

ECAP ½ĆŒ-�BŌêę,��¦œ Si ǃñ-ŌȲƸêÀAȘ±,ǽő�>"8,.ȾǺȼƑw-¦œ Si

ǃñĥƔ(ì��ȾęƔȾț²):�BŌêę,;>ǃñ-ƮèŚ�+*A;=ǻǉ,ťǶoįľ�>Ģǭ�

�=Ⱦ�-Ƌ.�Ĝ-Ǿȷ(�>ȿ½�'Ⱦ�×Ʋ�?";�+ ECAP ½Ć,��¦œ Siǃñ-ì��-

êÀ.ĕĖƓĥ,û�'ĚȳAÈ4�)ǖ�<?Ⱦ¹Ȑ�";�,¦œ Si ǃñ-ì��Ⱦ°ņƔĩ�<,

.ĕ�ą)�$"ƺȫ+*-ĚȳØñ�ĕĖƓĥ,È4�÷uđ9ťǶ�>Ģǭ��>)ǖ�<?>ȿ 
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Û 3.5.2� X Ȳ,��>¦œ Si ǃñ-ŌȲƸ°Ċȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ2 \

PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.5.3� Y Ȳ,��>¦œ Si ǃñ-ŌȲƸ°Ċȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ2 \

PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.5.4� Z Ȳ,��>¦œ Si ǃñ-ŌȲƸ°Ċȿ (a)ɂPSpWř�;1 ECAP ½Ćř (b)ɂ2 \

PȾ (c)ɂ4 \PȾ (d)ɂ6 \PȾ (e)ɂ8 \Pȿ  
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Û 3.5.5� ECAP ½ĆŒ-�BŌêę�¦œ Si ǃñ-ŌȲƸêÀ,È4�Ěȳ  
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Ǽ 4Ǻ� ťŦŨřl~XWŸ2ťŦ0ADƳĳħƛ�ƃŮǆŇ
0ã: Ĺʑ  
 

 

4.1  ȓȿ  
 
4.1.1 ǦǶǜǚ  
 

� ƁǦǶ,3ʞFSPŸ0Ǚǎ DťŦ0ADƳĳħƛHǴƐǚ0ÏĿ�+Ƹ¥ÛÆǍ-�+Íǐ D�-,ʞ

Ũř0��ĆŇƬÙ0ɔø�%ȎșÏĿ-ťŦǂ0ADƸ¥ÛÆǍ2ȶëØƈ0ACƖƌǚŇɓ2ʘɗǚ

/î�HǜŜ�%ʟ�2�ɨ2ǦǶ0��+ƁǺ,3ʞFSPŸ0���EDƳĳħƛ�ƃŮǆŇ0ã: Ĺ

ʑHɍ8ʞƳĳħƛHƸ¥ÛÆǍ-�+Íǐ DçȠŇHƍɁ�%ʟ 

� �E;,2ǦǶ0ACʞFSPŸ0Ǚǎ DťŦǂ3ýǞȔǝ�2ʛƳ0;,ɭ�ʞƸɓ»ȋ2Śū�ýƸ

H­ɩ�"DǇƥ�ŷB�-/(+�D 1)ʟ�2�-�BʞFSPŸ2ťŦǂHǴƐǚ0ÏĿ D�-�çȠ

,�E4ʞťŦǂHƸ¥ÛÆǍ-�+Íǐ D�-�çȠ,�D-šƴ�EDʟ�ȧǚ0ěű�ED FSP

,3ʞ÷ə D_�|H©Ɇƃ0ŗ�ķ+/�BǱÙ�"D�-,ıȁû0G%(+ȎșÏĿHüD�ʞ_

�|2ǱÙ0��©Ɇƃ2Ƴĳ3Ÿ�Ð�-ĉÛ Dʟ�ŰʞťŦǂHƸ¥ÛÆǍ-�+Íǐ D�-Hȝ

�%ąëʞ©Ɇƃ0Ġ�+Ƹ¥ÛÆǍ2Øƈ�ľBEDA�/Ƴĳħƛ(2.5Ȁ2ȏƈHâǀ D-ʞŵƳɦ

ĳ� 40�/sʞƳĳ� 560�ʞ®śŸʁ� 3min)HťŦǂ0A(+©Ɇƃ0�� Dłȷ��Dʟ#E-íŸ

0Ũř0ADȎșÏĿ2ØƈHľD%>03ʞƸ¥ÛÆǍ2Øƈ�ľBEDƳĳħƛ2��ļ0ŨřHȱ�

�-�Ż?Øƈǚ,�D-�ŉ�EDʟ��2ǇƥHÚƋ D-ʞƳĳħƛ2��-ŨřHǈǹ�+ÏĿ 

D FSPȴț�łȷ-/Dʟ 

� #�,ʞƁǺ,3ē>0Ƴĳħƛ2��-Ũř0ADȎșÏĿHǈǹ�+ÏĿçȠ/ FSP ȴț2ȵ¦H

ȱ(%ʟȵ¦�% FSP ȴțHǐ�+ʞFSP Hěű�%ʊ2Ƴĳħƛ2��Ǉƥ2ǩɈ�%ʟ×�+ʞFSP

0��rQ~ȎșĉÛ@ƖƌǚŇɓ2ɍƉHɥ�+ʞFSP0��rQ~Ȏș@ƖƌǚŇɓ2ĉÛ0ʂ Dă

ǫa�[Häʋ�%(4.2 Ȁ)ʟ#2ļʞFSP Ÿ2ƳĳħƛHƓ�0ĉÛ�"%ʊ2rQ~Ȏșʞǆ0 Mg @

Si2ĕÿǇŌ@ƖƌǚŇɓ(Ǩ�)Hɍ8D�-,ʞFSPŸ2ƳĳħƛHƸ¥ÛÆǍ-�+Íǐ DçȠŇH

ƍɁ�%(4.3Ȁ)ʟ;%Żļ0ʞƁǦǶHɥ�+ŷB�-/(%Ɍʕ�A6ĥž0ʂ�+ɡ8Dʟ 

 

4.2  FSP ȴț2ȵ¦�A6�¶ƍɁ  
 

� ƁȀ,3ʞē>0Ũř0ADȎșÏĿ-ťŦǂ2��Hǈǹ�+ÏĿçȠ/ FSP ȴț2ȵ¦0)�+ƍ
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Ɂ�%ʟ#2ļʞȵ¦�% FSPȴțHǐ�+ FSPHěű�%ąë0��DťŦǂ0ADɆʚǃ72Ƴĳħ

ƛ2��ǇƥHɍ8%ʟ×�+ʞFSPļ2Ɇʚǃ2rQ~Ȏșȼğ�A6ƖƌǚŇɓ2ɍƉHɥ�+ʞFSP

0��rQ~Ȏș@ƖƌǚŇɓ2ĉÛ0ʂ Dăǫa�[Häʋ�%ʟ;%ʞFSPŸ2ťŦǂHƸ¥ÛÆǍ

-�+Íǐ D%>03ʞʛƳ®śļ2ņÅ�łʓ,�Dʟ#2%>ʞƁǦǶ,3 FSP ļ2ɆʚǃHƠÅ

 D�-,ņÅHěǌ�ʞ#2ʊ2rQ~Ȏș@ƖƌǚŇɓ2ɍƉHɥ�+ʞņÅ2Øƈ0ʂ�+ƍɁH×

�%ʟ 

 

4.2.1  FSP ȴț2ȵ¦  
 

� FSW(FSP)ȴț3ʞǌÿ;,0ċ�2�Ə0ACʀǙ�ěǐ�E+�D 2)ʟ���/�BʞǼ 1 Ǻ,ɡ8

%A�0 FSW(FSP)3ʞ÷ə D_�|HɆʚǃ0ŗ�ķ+/�BŐĚ2ȁûHǱÙ�"D-��¦Ə0A

Cěǌ�ED%>ʞFSW(FSP)HěʚĜ}m|,ěű Dąë3ʞƢǐ2ȗājzJWǛ@qUd�RX�

[��Ƭǐ�ED·î0�D 3), 4)ʟȗājzJWǛ@qUd�RX�[�HƬǐ�%ąëʞ	ĩÁ]v^Q

ɲ0ɆʚǃHŨř D_�|HX^b Dʞ
_�|H÷ə�"%ǇŌ,Ɇʚǃ0ŗ�ķ+Dʞ�ɆʚǃH

ýĚ�%W`�VHǱÙ�"D-��ƞɜǚȃÝ/¦Ə0AC FSP �ěǌçȠ,�Dʟ�ŰƁǦǶ,3ʞ

FSPŸ2ťŦǂHƸ¥ÛÆǍ-�+Íǐ D�-,ʞȎșÏĿ-Ƹ¥ÛÆǍ2ȶëØƈ0ACƖƌǚŇɓ2

ʘɗǚ/î�HǜŜ�+�Dʟ�2ǜƔHɭŏ D%>03ʞFSPŸ0Ǚǎ DťŦǂHŊüǚ0ÏĿ D

łȷ��CʞFSPHěű D�,��2ʒǜ�ȷơ�ED-ȝ�%ʟ 

1. Ƴĳħƛ2�� 

FSPŸ2ťŦǂ0A(+Ƹ¥ÛÆǍ2Øƈ�ľBEDƳĳħƛHɆʚǃ0�� Dłȷ��CʞÁ¥ǚ0

3Ǽ 3 Ǻ,ŷB�0�% 560�, 3min ®ś D-��Ƴĳħƛ(ƙǩ03ʞŵƳɦĳʢ40.0�/s 2ąë)�

ŜƔ,�DʟÒɡ2A�0ʞ�ȧǚ0ěű�ED FSP ,3ȎșÏĿȁûHŚČ D%>0_�|2ǱÙH

���ʞ_�|2ǱÙ3Ɇʚǃ2Ƴĳ0Ġ�+ʖȬ0Ĺʑ�ʞťŦǂ2Ǚǎɲ¢,�D_�|-Ɇʚǃ2Š

Ⱦɲ�B2ɖʍ�ćČ D�-0��#2¢ț2Ƴĳ3ŷǢ0£� D 5)ʟ);CʞFSPŸ0ɆʚǃH�Ŋ

2Ƴĳ,®ś D%>03ʞ_�|3Ɇʚǃ0Ġ�+ǱÙ�"/�Ǉƥ�ž;��-ȿ�Dʟ×�+ʞƸ¥

ÛÆǍ2ØƈHľD%>03ʛƳ®śǝļ2ņÅ�łʓ,�DǇƥHÚƋ�+?ʞ_�|3ǱÙ�"!ɆŮ

�ʛƳ,�DǇŌ,ņÅ DŰ�ž;��ʟ 

2. Ũř-Ƴĳħƛ2��2ǈǹÏĿ 

ȎșÏĿ�ěǌ�ED FSP Ÿʁ(_�|-Ɇʚǃ�ŠȾ�+�DŸʁ)-Ƹ¥ÛÆǍ2Øƈ�ľBED

FSPŸʁ3ʞ�ȥ�/�-�ŉ�EDʟ#2Ǎǒ-�+3ʞA356ëɸ0Ġ D FSP0ʂ D MaB 6)2Ą

ñ,3_�|÷əɦĳ� 900rpmʞ_�|ǱÙɦĳ� 102�203mm/min2Ƅ��,FSPHű�%ąë,?ʞ

_�|�ɥɬ�%ǾŐ3ÜÈ/ȎșÏĿ�ěǌ�E+�D20Ġ�+ʞƸ¥ÛÆǍ2ØƈHľD%>03
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560�-3min2Ƴĳħƛ�łȷ-�ŉ�EDʟ);CʞȎșÏĿ0ȷ D FSPűĩŸʁ3Ŭǯ,�D�-0

Ġ�+ʞƸ¥ÛÆǍ3ŬÈǲĳHȷ D-Ƚɵ�EDʟ560�-3min2ƳĳħƛH��D FSP (Á¥ǚ03ʞ

ťŦǂ0ACɆʚǃH 560�;,×ǂ�ʞíƳĳ, 3minʁ®ś�EDA�0ŨřHȑȒ D)Hű�%ąëʞ

ŨřÊſ0ĆŇƬÙ0ACŀȌÛ�%�-AlǞ@ÀŹ SiȄĔ3ʛƳ0��DƺǔŸʁ2ćČ0��ȅČÛ�ʞ

ȎșÏĿ2Øƈ�ȮEDǇƥ�Ŏń�EDʟȎșÏĿ-Ƹ¥ÛÆǍ2ØƈHíŸ�ȱǚ0åľ D%>03ʞ

ǜƔƳĳħƛ2��ļ0ŨřHȱ��-�Ż?Øƈǚ,�D-�ŉ�EʞƳĳħƛ2��-ŨřHǈǹ�+

ȱ�ƖƒH¶�% FSPȴț�łȷ-/Dʟ 

� ��0ɡ8%ȷơʞǆ0 2.Ũř-ťŦǂ2��2ǈǹÏĿHƵ% %>03ʞȗājzJWǛHƬǐ D

�-3úʎ,�D-Ëů�ʞƁǦǶ,3 FSP ȴț2ȣ¦HƍɁ�%ʟȴțȵ¦0ʂ�+3ʞ	_�|2Ǳ

ÙƖƒ3Ƀ�/�ʞ
�0ŨřHȱ�l~�k�_�|�BÇ¾C DƖƒH¶�%ȴț2ěǌHǜŜ�%ʟ

_�|2ǱÙH�G/� FSP ,3ȎșÏĿʔĂ�ǉ�ȁû0ʄĚ�ED�ʞɺǅ21�ɲ@�ɲó-2ȏ

ëɲ/.ĤŐǚ0Ķĳ�łȷ/ǾŐ0Ġ�+3ʞƁ FSP 2ɮǐ�żØ,�D-ȝ�BEDʟƁǦǶ,3ʞ

�ɡ2A�/ǾŐ0Ġ DĤŐǚ/ũɓHķʐ2ǜƔ-�+ɃĚ�%ʟ 

 

4.2.2  FSP ȴț2ƒŏ�A6�Ɠ  
 
� ü 4.2.1 0ȵ¦�% FSPȴț2ƒŏ2Ƒȷʞȳ 4.2.1 0êƖö2�ƓHǬ ʟƁ FSPȴț3ʞ_�|

��Ħ�%tJ�UvjbH÷ə�"Du�[ʞu�[2÷əŬHÏĿ DJ�f�[ʞFSP�2Ɇʚǃ0

ɒȫ�EDȫɶHƴĚ D~�cX|ʞ~�cX|�B2ÇÖHćĮ�"DÙ5!<ɀ�A6 FSP �2Ɇ

ʚǃ0Ġ Dɒȫȫɶ/B60ɆʚǃƳĳHɂɼ Da�[~O��Bƒŏ�EDʟü 4.2.2 0 FSP ȴț

Ɓ¥HǬ ʟFSP ȴțƁ¥03u�[�Ƀț�E+�Cʞu�[2÷əH V m|b-l�{�Hǐ�+_

�|��Ħ�%tJ�Uvjb0�ɭ Dʟ_�|2ǝ�03ʞɆʚǃHýĚ DVR�Ƀț�E+�D(ü

4.2.2(a))ʟVR0ACýĚ�E%Ɇʚǃ3ʞɆʚǃŵʃxd^b�ɲ21�He�c|0ACőÙ,÷ə

�"D�-,��Ù D(ü 4.2.2(b))ʟƁ FSP ȴț,3ʞ_�|H÷ə�"%ǇŌ,Ɇʚǃŵʃxd^b

H�ŵ�"+ʞɆʚǃH_�|0ŗ�ķ+DŰĵ, FSP Hěű�%ʟFSP �2ɆʚǃƳĳ3ǂʏĠHǐ�

+ƴĚ�+�CʞƴĚ�%Ƴĳ3a�[~O�,{I|[JsȳǬ�A6ɂɼHȱ(%ʟɆʚǃ2�03~

�cX|HɃț�+�Cʞ~�cX|�B2ʏƟ¯éHÙ5!<ɀ0ACćĮ�%ļ0a�[~O�0ɂɼ

�%ʟa�[~O�0ɂɼ�%ʏƟ¯é3 PC0ŘÇ�%ļ0ȫɶ0ĉŢ�%ʟ/�ʞa�[~O�2T�

l{�Rʁʉ3 0.2s0ɃĚ�%ʟ 

ü 4.2.3 03_�|Âɲ2ůʐ2ƓĔHƕĵǚ0Ǭ�%ʟ_�|-l~�k3ǈǹ�%ɲó,�D�ʞ÷

ə�íſ Dƒɧ-/(+�Dʟl~�k�ɲ03TkUvjb��Ħ�+�CʞTkUvjb3mI{�

RH��+÷əHɯů�+�Dʟ;%TkUvjb3ʞtJ�UvjbÂɲHɥ(+�C(tJ�Uvjb3
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�Ƿɚ)ʞȴț�ɲ0ýĚ�E+�Dʟȴț�ɲ´2TkUvjb2ǻɲ03}f��Ƀț�E+�C(ü

4.2.2 âǀ)ʞ�2}f�H÷ə�"D�-,TkUvjb3��Ù�ʞ#E0ɨÙ�+l~�k?��Ù 

D(ü 4.2.2(a)âǀ)ʟ�2Ɩƒ0ACʞ÷ə D_�|�Bl~�kHÇ¾C�"D�-�çȠ,�Dʟ;

%ʞ_�|ƃ@_�|�A6l~�kĸǇ3Ɠ�/ɮǐ¨�Ąñ�E+�D� 7)ʞƁǦǶ,3 Al ëɸ0Ġ

 Dɮǐ¨�ċ� SKD61H_�|ƃ-�+şǐ�ʞ_�|Uy|\�ĺ3 15mm0ɃĚ�%ʟ;%ʞl~

�k03 M621�HÉ(% SKD61Hǐ�%ʟ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.1� FSP ȴț2ƒŏ2Ƒȷ  

 

 

ȳ 4.2.1� FSP ȴț2�Ɠ  

 

 

 

 

 

 

 

 

Electric 
switchboard�

Main unit of FSP apparatus  �

1. Motor� Main 
shaft�

Tool�

Specimen�

3. Load cell�

2. Inverter�

5. Date logger�

4. Dynamic strain-
meter�

Temperature�

Load�

No.� &!� ��	� / "(�

1 ���� #)'%&!����($) / #)����(2.2kW)� 

2 ������ #)'%&!����($) / VF-S15 

3 ���
�� ($)��������� / CMX-500L�

4 ����*� � +%($) / DPM-600�

5 ����
�� ($)��� / CR2010�
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ü 4.2.2� FSP ȴțƁ¥  
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ü 4.2.3� _�|2Âɲƒɧ  

 

 

 

 

 

 

 

 

 

 

 

 

Turn lever�

Φ15mm�

Probe(M6)�

Tool�

Sub shaft�

Main shaft�

Bearing�
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4.2.3  Ƴĳħƛ��Ǉƥ2ɍƉ  

 

Ɓʒ,3ʞȵ¦�%ȴțHǐ�+ FSP Hěű�%ʊ2ťŦ0ADɆʚǃ72Ƴĳħƛ2��ǇƥHɍ8

%ʟ×�+ʞFSP ļ2Ɇʚǃ2rQ~Ȏșȼğ�A6ƖƌǚŇɓ2ɍƉHɥ�+ʞFSP 0��rQ~Ȏș

@ƖƌǚŇɓ2ĉÛ0ʂ Dăǫa�[Häʋ�%ʟ 

 

4.2.3.1  ěʚɆŮ�A6ŰƦ  

ěʚɆŮ3ʞAC4CH ëɸ(JIS Ȧɸāɺɧƃ)H§ǐ�%ʟɺɧ0¼ǹ'ʞAr OW0ADȡOWÆǍ�ű

�E%ʟíŸ0 Sr Ʊ×0ACÀŹ Si ȄĔ2ũȨÆǍ�ű�E%ʟ#2ÛĖȎŏ2ÈƇȏƈ(İĀ²)Hȳ

4.2.2 0Ǭ ʟü 4.2.4 0Ǭ A�0ʞJ�S^b�B 20mm�20mm�3mm2ƆǇɆʚǃHƖƌÉÑ�

A6�Jw�Ūʏ×ĩ0ACşå�ʞ20mm�3mm2ʐ2�Ď0ǂʏĠHŞ¾ D%>2ǵ(ǝĺ� 0.6mmʞ

ư�� 5mm)HɃ�%ʟ 

� ü 4.2.5 0ɆʚǃHɆʚǃýĚVR0Ƀț�%ƓĔHǬ ʟɆʚǃ2ůǂHüD%>0ʞɆʚǃ2´ʐ3

SUS304ȵ2VR0ACýĚ�ʞĲʐ03ůǂU�bHɃț�%ʟFSP3ʞ_�|÷əɦĳH 2280rpm0

ɃĚ�+ʞl~�k3_�|0äȉ�%ǇŌ(_�|2ɆʚǃŠȾʐ-l~�k2¼ǻʐ�9:í�2ʛ�)

,ěű�%ʟɆʚǃ2 20mm�3mm 2ʐ2�Ď0ǂʏĠ(K-typeʞU�Wĺʢ0.5mm)Hư� 5mm 2¢ț

;,Ş¾�ʞFSP�2ɆʚǃƳĳHƴĚ�%ʟɆʚǃ�ɲ0Ƀț�%~�cX|0ACʞɆʚǃH_�|0

ŗ���Dȫɶ(�ʃʞŗ�ȫɶ-ǰ )HƴĚ�+ʞFSP �2ɆʚǃƳĳ-ŗ�ȫɶ2ĠŃʂ¬Hɍ8%ʟ

;%Ɓʒ,3Ɇʚǃ0�� DǜƔƳĳħƛ-�+ʞ	ŵƳɦĳ� 40�/s ǲĳ(Ǽ 2 Ǻ2ɉġ×ǂHǐ�%

ƕŧɆʚ0��DŵƳɦĳ)ʞ
500���0ŵƳʞ�500���2Ƴĳ, 20sǲĳ2®ś2 3Ƅ�HɃĚ�

%ʟ/�ʞƁȴțHǐ�% FSP ,3ʞa�[~O�0{I|[JsȳǬ�EDǂʏĠ2Ƴĳ(ɆʚǃƳĳ)

HǩɈ�/�Bʞŗ�ȫɶHɣƘɍȀ D�-,ʞɆʚǃ2ŵƳ/B60ʛƳ®śHȱ(%ʟ;%ʞʛƳ®

ś0ʊ�+3ȴț2ė¿Ň(Á¥ǚ03ʞƁȴț,3ŻČŗ�ȫɶH 100kgf 0ɃĚ�+ɃɀHȱ(%%>ʞ

ŗ�ȫɶ� 100kgfHɕ�/�A�)0ɴō�))ʞ®ś�2ƳĳHçȠ/ʄC�ŵ�"D�-HŊɏ�+ŗ

�ȫɶHɒȫ�%ʟ 

� ü 4.2.6 0ěʚĩǲ2ƑǕHǬ ʟɆŮ2ýƸ�ƇÇǇŌHšĚ D%>0ʞFSPļ0ĜƳ, 48ŸʁŪ

ț�%ļ0ġʏǋƴĚHȱ(%ʟġʏǋƴĚ03ʞųƁo^P�RƊĵ�ǭȵ2aV[|ġʏǋɀ

AutoSigma2000Hǐ�+ʞ
12002Lt{�Ȋ,ǦǪ�%ɆʚǃĲʐ2�A#�ŁɲHƴĚ�%ʟġʏǋ

2ƴĚļ3ü2A�0ɆʚǃHÈÕ�ʞ#2ůʐ0)�+½ĖʖŀɾHǐ�%rQ~Ȏșȼğ�A6Ǩ�Ɇ

ʚHěű�%ʟǨ�Ɇʚ03ʞƊĵ�ǭŷǥȵ¦Ő2qJQ~h^N�WʛĳɀH§ǐ�+ʞŗɞ<ȫɶ�

0.98N (100gf)ʞ®śŸʁ� 15s2Ƅ��,ěű�%ʟ 
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ȳ 4.2.2� AC4CH ëɸ2ÛĖȎŏ  (mass%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.4� Ɇʚǃşå2ƑǕü  

 

 

 

 

 

 

 

 

�� Si Fe Cu Mn Mg Zn Ti Sr(ppm) Al 

Sample 7.4� 0.11 <0.01 0.01 0.34� <0.01 0.12 104 bal. 

22mm�

32
m
m
�

190mm�

Ingot�

10
m
m
�

20
m
m
�

5mm�
20mm�

1.5mm�
3mm�

φ0.6mm�
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ü 4.2.5� ɆʚǃɃț2ƓĔ  

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.6� ěʚĩǲ2ƑǕü  

 

 

Φ0.6×5mm�

Time�

Te
m

p.
�

R.T. - 48h�

FSP� � Electrical 
conductivity  

� Hardness test 
� Microstructure 

observation 
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4.2.3.2  ěʚȏƈ�A6ȝğ  

! Ƴĳħƛ  

FSP Ÿ2ɆʚǃƳĳ/B60ŗ�ȫɶ2ħƛHü 4.2.7 0Ǭ ʟɆʚǃH_�|0ŗ��D-íŸ0Ɇ

ʚǃƳĳ3�ŵ�ʞŗ�ȫɶ2ćČ0��ɆʚǃƳĳ��ŵ DǇƥ�ǩɈ�E%ʟ50��B 500�0ȤD

;,2ʁ2ŵƳɦĳHǿÇ�%ȏƈʞ�A# 39�/s,�CǜƔ2 40�/s0Ɛ>+ɟ�ŵƳɦĳ�ľBE%ʟ

ɆʚǃƳĳ� 500�0Îɭ�%Ÿƾ�BʞƳĳ��Ě/DA�0ŗ�ȫɶ2ɒȫHɍȀ�%ȏƈʞʖȬ/Ƴ

ĳĉÙ3ǩɈ�E!ƞɜǚėĚ�%ʛƳ®ś�ěǌ�E%ʟ�2-�2ɒȫȫɶ3�A# 70�80kgf,�(

%ʟŗ�ȫɶ2ʅȫļ3ʞɆʚǃ�ǷÅ�ED�-0ɔø�+Ƴĳ�ŜŬʂŬǚ0£��%ʟ;%ʞʅȫļ

2ȫɶ�ɒ2²HǬ�+�D�ʞ�E3~�cX|2Ƴĳ�ŵ0ɔø�%ǌɑ-Ëů�+�DʟFSPŸ2Ƴ

ĳħƛ2ÄǌŇHǩɈ D%>0ʞíƓ2ěʚH 6÷ěű�%ʊ2Ɇʚǃ2ƳĳħƛHü 4.2.8 0Ǭ ʟ/

�ʞü,3ɆʚǃƳĳ� 50�0ɭ�%ŸƾH X ɚ2àƾ(0s)- DA�0êa�[H X ɚ0Ġ�+MjX

^bȳǬ�+�DʟŵƳɬǲ0ƨǜ D-ʞ6 ÷2ěʚHɥ�+ŵƳɦĳ2īǖ�ʖȬ0Ǭ�Eʞêa�[

2 50��B 500�2ʁ2ŵƳɦĳHǿÇ�%ȏƈʞ27�47�/s ǲĳ-ĉÙ�Č��Ǉƥ�ǩɈ�E%ʟü

4.2.8 ,Ǭ�%Ƴĳħƛ2ŵƳɬǲHŚČ�%üHü 4.2.9 0Ǭ ʟNo.2�A6 No.6,3ʞɆʚǃƳĳ�

50�0ɭ�%ļ 5s�Â0 400���;,�ŵ D20Ġ�+ʞNo.1�A6 No.5,3 5s2Ÿƾ,ɆʚǃƳ

ĳ3 200���,�(%ʟêa�[2ŵƳźȔ2İĀ²HǿÇ�ʞ#2İĀ²-êa�[2īÈHơ>%ȏ

ƈHü 4.2.10 0Ǭ ʟ5s0ȤD;,3ʞİĀ²-êa�[2Ƴĳī�ʝ´-�´0ŚČ�ʞ5s�ʃ,3Ƴ

ĳī�ȘĢ D·î�ǩɈ�E%ʟ;%ʞ6÷2ěʚ2ŻČƳĳī3ʞ4.8s2Ÿƾ,Ȉ 272�,�(%ʟ�

�0Ǭ�E%ŵƳɬǲ0��DʖȬ/Ƴĳī3ŗ�ȫɶ0ʂɨ Dǌɑ-ȝ�BE%ʟü 4.2.11 03ʞŵ

Ƴɬǲ0��Dŗ�ȫɶ2ħƛHǬ�%ʟɆʚǃƳĳ�Ŵſ0ņ�ŵ D No.2�A6 No.6,3ʞŵƳɬǲ

2Ŵſ0��+ŗ�ȫɶ�ǸǙǚ0ņ�ŵ DǇƥ�ǩɈ�E%ʟ;%ʞü 4.2.12 03ŵƳɬǲ0��D

ŗ�ȫɶ-ɆʚǃƳĳ2ŸʁŀÈ²2ĉÛHǬ�%ʟü�BŷB�/A�0ʞŗ�ȫɶ2ĉÙ-ɆʚǃƳĳ

2ĉÙ3ĠŃ�+�Cʞņƻ/ȫɶĉÙ2ǝļ0Ƴĳ�ŵ�ǎ�DƓĔ�ǩɈ�E%ʟ��2ƍɁ�Bʞŵ

Ƴɬǲ0��DɆʚǃƳĳ-ŗ�ȫɶ2ʁ03ĞŠ/ĠŃʂ¬�ĕÿ D�-�ǩ�>BEʞȫɶ2ņƻ/

ćČ0ɨÙ�+ɆʚǃƳĳ��ŵ DǇƥ�ŷB�-/(%ʟ;%ü 4.2.12 �BǍȽ,�DA�0ʞņƻ

/ȫɶĉÙ2Ⱥƕ@Ǚǎ D[Jr�R3ěʚ�-0ǖ/(+�Cʞ#2ÄǌŇ3£�-ȿ�Dʟ�2ƾ0

ʂ�+ƍɁ D%>0ʞņƻ/ȫɶĉÙ2àøHšğ�%ʟü 4.2.13 03ʞFSPļ2Ɇʚǃ�A6_�|

2ȳʐǇŌHǬ�%ʟɆʚǃȳʐ03ʞ÷ə D_�|�ŗ��BE%�-0A(+ǎŏ�%Ãĸ2ťȟǘ

�ȼğ�E%ʟ;%ʞ_�|ȳʐ03Ɇʚǃ2ȋƃ�ƸǠ�%ƓĔ�ȼğ�E%ʟ�EB2ƓĔ�BʞFSP

�,3Ɇʚǃȋƃ�_�|0ƸǠ�ʞ#2ƸǠǅ�_�|�BÔʍ D-��ĩǲHȚCɠ Ǉƥ�šƴ�

EDʟƸǠǅ�Ôʍ�%ʊ03ʞ_�|-Ɇʚǃ2ʁ0�<ɞ=Ǉƥ�Ǚǎ D-ȝ�BEʞ#2ąëʞŗ

�ȫɶ2ņƻ/ćČH?%B -ȝ�BEDʟíŸ0ʞƸǠǅ2�<ɞ<3Ɇʚǃ0Ġ�+ǡʁǚ0ĪČ/
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ĆŇĉĸH��DǇƥ�Ǭô�EʞĆŇĉĸ Dɲ¢,3ņƻ/Ƴĳ�ŵ�ǎ�D-šƴ�EDʟ��2A

�0ȝ�E4ʞņƻ/ȫɶ2ćČ-ɆʚǃƳĳ2�ŵ-2ĠŃʂ¬�ɋŷçȠ-ŅGEDʟ;%ʞ_�|Ƹ

Ǡǅ2Ôʍ�ǎ�D[Jr�R3Ɇʚǃ@_�|2ȳʐǇŌ0ªĕ D-ȝ�BEʞ�EB2ȳʐǇŌ�ě

ʚ2ɳĳǖ/D%>ʞņƻ/ȫɶĉÙ2Ǚǎ[Jr�R0ÄǌŇ�ľBE/�-šƴ�EDʟěʚHȱ��

,3ŵƳɬǲ2ÄǌŇ3ǩ®�EDǇƥ�ž;���ʞ�ɂ2àø,ǎ�Dņƻ/ȫɶćČ3ŔÏ?��3

ÏĿ D�-�úʎ,�D-Ëů�%ʟƘ0ʞ®śɬǲ0ʂ�+ɡ8Dʟü 4.2.8 0Ǭ�%Ƴĳħƛ2®ś

ɬǲHŚČ�%ƓĔHü 4.2.14 0Ǭ ʟêěʚ0��D®ś�2Ɇʚǃ2ŻČÎɭƳĳ3 518ʣ530�,

�(%ʟ�÷2ěʚ,3ʞ®ś�2ɆʚǃƳĳHçȠ/ʄC�ŵ�"D�-HŊɏ�+ŗ�ȫɶHɒȫ�%

�ʞɆʚǃH 530���0ŵƳ�"D�-3úʎ,�(%ʟ#2Ǎǒ-�+3ʞƘ2�-�ȝ�BEDʟü

4.2.13 0Ǭ�%A�0ʞɆʚǃȋƃ2_�|72ƸǠ�Ǚǎ D-���-3ʞťŦǂ2Ǚǎɲɟµ,3

ɆʚǃƳĳ3ýǞȔƳĳ(Ɓ©Ɇƃ2ąëʞȈ 570�)ǲĳ0;,ŵƳ�+�D-ȝ�BEDʟ���/�Bʞ

ýǞȔƳĳǲĳ;,ŵƳ�%ǾŐ3Ȭ��ɘÛ D%>ʞ_�|0A(+ÑCåBED-šƴ�EDʟ);

CʞɆʚǃ-_�|2ŠȾʐ,3ʞǙǂ-íŸ0ǂƶ�ďGEDA�/Ǉƥ-/Dʟ#2%>ʞɆʚǃƳĳ

3�D�Ě2Ƴĳ(�÷2ěʚ,3 530�)��0ŵƳ�"D�-�úʎ&(%-ȝ�BEDʟǼ 2 Ǻ0��

+ŷB�0�%A�0ʞŬÈǲĳ2ǤŸʁ2®ś,Ƹ¥ÛÆǍ2ØƈHľD%>03ʞɆʚǃƳĳ� 560�

,®ś Dłȷ��Cʞ�2Ƴĳ� FSP 0��DŜƔ,�(%�ʞǂʏĠHŞ¾�%¢ț2Ƴĳ3ŻČ,

530�ǲĳ-ŜƔ-ƞɜ�+ 30�ǲĳ£�(%ʟ���/�Bʞ�ɡ2A�0ťŦǂ2Ǚǎɲɟµ,3ýǞ

ȔƳĳǲĳ2Ƴĳ�ľBE+�D-ȝ�BEʞ#2ʔĂ0��+3Ƹ¥ÛÆǍ2Øƈ�ſĻ�EDʟ;%ʞ

ü 4.2.15 03ʞ®śɬǲ(ɆʚǃƳĳ� 500���2ȁû)0��DɆʚǃƳĳ-ŗ�ȫɶ2ŸʁǴÈ²2

ʂ¬HǬ�%ʟü�BŷB�/A�0ʞɆʚǃƳĳ-ŗ�ȫɶ2ŸʁǴÈ²2ʁ03ƞɜǚȨĐ/Ǟʂʂ¬

�Ɉ>BE%ʟ);CʞČ�/ȫɶHɿŸʁɒȫ D9.Ɇʚǃ3ʛƳ,®ś�EDǇƥ�Ǭô�EDʟ 

��2ƍɁHɥ�+ʞȵ¦�% FSPȴțHǐ�+ FSPHěű�%ʊ2Ɇʚǃ0���EDƳĳħƛ�ŷ

B�-/CʞÁ¥ǚ03ʞ	ŵƳɦĳ3 27ʣ47�/sǲĳʞ
500���,Ƴĳ®ś�çȠʞ�ŻČÎɭƳĳ

3 518ʣ530�ǲĳ,�(%ʟŗ�ȫɶ-ɆʚǃƳĳ2ĠŃʂ¬Hɍ8%ȏƈʞ�Ȟ2ʁ03ĞŠ/ʂ¬�

�CʞŵƳɬǲ,3ʞņƻ/ŗ�ȫɶ2ćČ0��ɆʚǃƳĳ�Ȭ���ŵ D·î�ǩɈ�E%ʟ�E3ʞ

Ôʍ�%_�|ƸǠǅ2�<ɞ<0ɔø Dǌɑ-šƴ�E%ʟÔʍ�%_�|ƸǠǅ2�<ɞ<3ʞǙǎ

2Ⱥƕ@[Jr�R�ěʚ2ɳĳǖ/D%>0ʞŵƳɬǲ2ÄǌŇ�ľBE/�-Ëů�E%ʟ®śɬǲ0

��+3ʞɆʚǃƳĳ2ŸʁǴÈ²-ŗ�ȫɶ2ŸʁǴÈ²2ʁ0ɜǚȨĐ/Ǟʂʂ¬�ǩɈ�EʞɆʚǃ

0Ġ�+Č�/ȫɶHɿŸʁɒȫ D9.Č�/Ǚǂɷ�ľBEDǇƥ�Ǭô�E%ʟ 
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ü 4.2.7� FSP Ÿ2ɆʚǃƳĳ�A6ŗ�ȫɶ2ħƛ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.8� FSP Ÿ2Ɇʚǃ2Ƴĳħƛ  
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ü 4.2.9� ŵƳɬǲ2Ƴĳħƛ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.10� ŵƳɬǲ0��DɆʚǃʁ2Ƴĳī  

0

100

200

300

400

500

600

0 5 10 15

No.1
No.2
No.3
No.4
No.5
No.6

T
em

p.
, T

 / 
�

Time , t / s

-200

-150

-100

-50

0

50

100

150

200

0 5 10 15

No.1
No.2

No.3
No.4

No.5
No.6

Time , t / s

T
em

p.
 d

if
fe

re
nc

e(
N

o.
X

-A
ve

.),
 Δ

T
 / �
�



 -157- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.11� ŵƳɬǲ0��Dŗ�ȫɶ2ħƛ  
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ü 4.2.12� ŵƳɬǲ0��Dŗ�ȫɶ-ɆʚǃƳĳ2ŀÈ²ʟ(a)ʢNo.1ʞ(b)ʢNo.2ʞ(c)ʢNo.3ʞ

(d)ʢNo.4ʞ (e)ʢNo.5 �A6 ( f )ʢNo.6ʟ  
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ü 4.2.13� Ɇʚǃ�A6_�|2ȳʐǇŌ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.14� ®śɬǲ0��DƳĳħƛ  
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ü 4.2.15� ®śɬǲ0��DɆʚǃƳĳ-ŗ�ȫɶ2ŸʁǴÈ²2ʂ¬  

 

 

! FSP �rQ~Ȏș�A6ƖƌǚŇɓ0ã: Ĺʑ  

� ��,3ʞFSP0ADŨř@Ƴĳħƛ�rQ~Ȏș�A6ƖƌǚŇɓ0ã: ĹʑHɍ8%ʟÁ¥ǚ03ʞ

ŨřȎș2ȼğʞġʏǋƴĚʞǨ�ɆʚHɥ�+ FSP 0��rQ~Ȏș�A6ƖƌǚŇɓ2ĉÛ0ʂ D

ăǫa�[2äľHȱ(%ʟ/�ʞrQ~Ȏșȼğ@ƖƌǚŇɓ2Ʌ«3ʞăƁǚ03ü 4.2.8 0Ǭ�%Ƴ

ĳħƛ�ľBE%Ɇʚǃ0)�+ěű�%(�ɲ0ǖ/DɆʚǃ2a�[?âȝ-�+Ǭ �ʞɇȌ3#2ɳ

ĳɋŷ D)ʟ 

� 3�>0ʞrQ~Ȏș0ʂ�+ɡ8Dʟü 4.2.16 03 FSPļ2Ɇʚǃ(No.1)2ůʐȎșHǬ�%ʟĪȻ

ǚ0ȹD-ʞ_�|-2ŠȾɲ3¸�0ʆƣ�+�CʞɆʚǃ�ťȟ�%Ǉƥ�ǩɈ�EDʟ;%ʞ_�|

Ċòɲ,3f{�Ǚǎ�+�%ʟŀȻǚ0ȼğ D-ʞü�0Ǭ�%A�0 FSP ļ2Ɇʚǃ2rQ~Ȏș

3 4 )2ʔĂ0ČÌ�EʞƁǦǶ,3#E$E	Ũřɲ(SZ)ʞ
ǂ×ĩĹʑɲ(TMAZ)ʞ�ǂĹʑɲ(HAZ)

�A6�ʜȩɲ(Dark ZoneʢDZ)-ĚȜ�%(	ʣ�3Ǽ 1Ǻ,ɡ8%�ȧǚ/ĚȜ0Ľ(%)ʟ	2Ũřɲ

,3Ũř0��ĆŇƬÙ0ɔø�+ÊŹ�-AlǞ2a�czJbĸǇ3Ę¿0Ưƹ�ʞÀŹ SiȄĔ�Ȏș�

0Ā�0Èū DǇƥ�ǩɈ�E%ʟ;%ʞŨřɲ3Ɇʚǃ2ƆßŰî0Ġ�+òſǚ0ƧŒ)A�0ĕÿ

�+�Cʞ_�|Âɲ0äȉ�+�%l~�k2ǝ�0��+?ĆŇƬÙ2Ĺʑ�ǩɈ�E%ʟ
2ǂ×ĩ
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 DǇƥ�ȼğ�E%ʟ;%ǂ×ĩĹʑɲ3ʞŨřɲ-ɨÙ DA�0Ɇʚǃ2ƆßŰî0Ġ�+òſǚ0

ƧŒ)A�0ĕÿ�%ʟ�2ǂĹʑɲ,3ʞÊŹ�-AlǞ3a�czJbĸǇHǬ�+�CʞÀŹ SiȄĔ2

Č���A6ĸǇ?ɺŪ�ƃ-íǽ,�(%ʟ�2ʜȩɲ3ʞ_�|Ċòɲ2<0ĕÿ�+�CÊŹ�-Al

Ǟ2a�czJbĸǇ3Ę¿0Ưƹ�ʞȬ��ŀȌ/ȄĔ�ʛĞĳ0ĕÿ DǇƥ�ǩɈ�E%ʟ;%ʞ�

�0ɡ8% FSP 0��rQ~ȎșĉÛ3ʞȂǑB 8)2Ąñ DI|rdKsëɸɺǅ(AC2B)0Ġ�+l~

�kH�Ħ�/�_�|,ěű�% FTMP(Friction Thermomechanical ProcessʞFSP0ʗ¡�%ȳʐũɓ

ŰƦ)0��DrQ~ȎșĉÛ-Ȩ�ëȥ�+�%ʟ;%ʞFSP 0ACľBE%rQ~Ȏșêɲ0ʂ�+ʞ

Ǔ¹ÆǍHǐ�+ÀŹ Si ȄĔ2Č��@ĸǇ2ĚɷǚɅ«HɆ<%�ʞŨřɲ,3ȄĔ�Ɛ>+ŀȌ,�

D%>0ʞ�E;,ěű�+�%½ĖʖŀɾǓ¹0Ġ DǓ¹ÆǍ,3ȄĔHɮÉ0Ʌ« D�-�,�/

�(%ʟ�2ƾ0ʂ�+3ʞŨřɲ,ǩɈ�EDA�/Ɛ>+ŀȌ/ȄĔ2ŇǇ(Č��ʞĸǇ�A6ÈūǇ

Ō)HĚɷǚɅ« DőƦ2ǩǹ��ļ2Ɍʕ-ȝ�+�Dʟ('/<0ʞSEM(ųƁʏĔʢJSM-6500Fʞ×

ɦʏþʢ15kV)Hǐ�+ÀŹ SiȄĔHȼğ�%ȏƈHü 4.2.17 0Ǭ ʟ/�ȼğ�%ɆŮ3ʞļɡ2 4.3

Ȁ0��D FSP Ƅ�� 520�-3min2ɆŮ,�CʞƖƌǦǪ0ACɾʐ0���%ɆʚǃH HClʢ15mlʞ

HFʢ10ml�A6ȭǔƠʢ90mln2Ɇȯ0 15ÈʁƮ�ʞAlƝǞHɰŖȢʙ�%ǇŌ,ȼğ�%ʟŨř2Ĺ

ʑHæ�+�/�ǂĹʑɲ(�HAZ),3ʞÀŹ SiȄĔ3Ȍɿ�ċʐ¥2ĸǇHż�+�DʟŨř2ĹʑHċ

ģæ�%ǂ×ĩĹʑɲ(
TMAZ),3ʞȄĔ3ċʐ¥ĸǇHż D�ǂĹʑɲ-ƞɜ D-IWnQbƞ�

£�ȄĔ�ċ�Ǉƥ,�(%ʟŨř2ĹʑHʖȬ0æ�%Ũřɲ(	SZ),3ʞǂ×ĩĹʑɲ�A6ǂĹʑɲ

-ƞɜ D-ȄĔ3Ȭ��ŀȌȄǇ,�Cʞ#2ǝĺ3�5�m ǲĳ,�(%ʟ;%ʜȩɲ(�DZ),3ʞŨ

řɲAC?ȄĔ3ŀȌȄǇ(ǝĺ�ʣ3�mǲĳ),�CʞȄĔ2ŬĞĳ�Ɛ>+Č��Ǉƥ,�(%ʟ) 

� ü 4.2.16 ,3ʞFSPļ2Ɇʚǃ2 1)��¨Ǭ�/�(%�ʞ#2�2Ɇʚǃ0ʂ�+?íƓ0rQ~

ȎșȼğHěű�+�CʞɆʚǃ-_�|ŠȾʐ�B2Ũřɲ�A6ǂ×ĩĹʑɲ2Îɭư�3Ɇʚǃ�-

0īǖ�ǎ�DǇƥ�ǩɈ�E%ʟ�E3ŗ�ȫɶ0ʂɨ Dǌɑ-ȝ�BE%ʟ�2ƾHǩɈ D%>0ʞ

Ũřɲ�A6ǂ×ĩĹʑɲ2ư�-ŗ�ȫɶ2Ǟ�ʂ¬Hɍ8%ʟü 4.2.18 0ʞɆʚǃ-_�|ŠȾʐ�

B2Ũřɲ(SZ)�A6ǂ×ĩĹʑɲ(TMAZ)2Îɭư�HƴĚ�%ȏƈHǬ ʟü�0ƕĵǚ0Ǭ A�0ʞ

Ũřɲ(SZ)�A6ǂ×ĩĹʑɲ(TMAZ)2Îɭư�2ƴĚ3 1 )2Ɇʚǃ0)�+ 4 �Őěű�ʞ#E$E

Ɇʚǃ´ʐ(VR,ýĚ�EDʐ)�Bʞ2.5mm(_�|Ċòɲ0Ǟķ)ʞ4.75mm(_�|ŠȾʐ2�Ł0Ǟķ)ʞ

7mm(_�|ŠȾʐ2Âò0Ǟķ)�A6 9mm(l~�kǝ�0Ǟķ)HƴĚ�%ʟ�!E2Ɇʚǃ0��+?ʞ

_�|2ɚŰî0î�(+Ũřɲ�A6ǂ×ĩĹʑɲ2ư��ćČ D·î�ǩɈ�E%ʟêɆʚǃ0��

DŨřɲ(SZ)�A6ǂ×ĩĹʑɲ(TMAZ)2ư�2ƴĚ�% 4�Ő2İĀ²- FSPŸ2ŻČŗ�ȫɶ-2ʂ

¬Hü 4.2.19 0Ǭ ʟŻČŗ�ȫɶ2ćČ0��Ũřɲ(SZ)�A6ǂ×ĩĹʑɲ(TMAZ)2ư�2İĀ²

3ćČ D·î�ǩɈ�Eʞǆ0ŻČŗ�ȫɶ-ǂ×ĩĹʑɲ2ư�-2ʁ0ºE%Ǟʂʂ¬�Ǭ�E%ʟ

�2�-�Bʞŗ�ȫɶ2ćČ0��ĆŇƬÙHǎ�Dȁû�ŚČ DǇƥ�Ǭô�EDʟ��2ƍɁ�Bʞ
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Ũřɲ�A6ǂ×ĩĹʑɲ2ư�- FSP Ÿ2ŻČŗ�ȫɶ-2ʁ03ĞŠ/ʂ¬��D�-�ŷB�-/

(%ʟ  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.16� FSP ļ2Ɇʚǃůʐ0��DrQ~Ȏș  
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ü 4.2.17� FSP ļ2ɆŮ2ÀŹ Si ȄĔĸŌ  
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ü 4.2.18� _�|ŠȾʐ�B2Ũřɲ (SZ)�A6ǂ×ĩĹʑɲ (TMAZ)2Îɭư�  
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ü 4.2.19� ŻČŗ�ȫɶ�Ũřɲ (SZ)�A6ǂ×ĩĹʑɲ (TMAZ)2ư�0ã: Ĺʑ  

 

 

� FSPŸ0���EDƳĳħƛ3ʞɆŮ2ýƸ�ƇÇǇŌ0ĉÛH?%B -ȝ�BE%ʟ#�,ʞġʏǋ

ƴĚHɥ�+ýƸ�ƇÇǇŌ2ĉÛHšĚ�%ʟü 4.2.20 0 FSP ļ2Ɇʚǃ2ġʏǋƴĚȏƈHǬ ʟ

ɺŪ�ƃ-ƞɜ D-ʞ�!E2Ɇʚǃ0��+? FSP ļ3ġʏǋ�£� DǇƥ�ǩɈ�EʞAl ƝǞ0

Ġ D Mg @ Si àĔ2ýƸ2ɩĥ�Ǭô�E%ʟ;%êɆʚǃ2ġʏǋ3ĉÙ�+�CʞŻČ-ŻĢ2ī

È3Ȉ 0.7(%IACS),�(%ʟ�2ġʏǋ2īǖ3 FSP Ÿ0���EDƳĳħƛ0ʂɨ D-ȝ�BE%ʟ

#�,ʞFSP�2Ƴĳħƛ-ġʏǋ2ʂ¬Hɍ8%ʟü 4.2.21 03ʞFSP�2ɆʚǃƳĳ� 470���0

��DƳĳ2ŸʁǴÈ²-ġʏǋ2ʂ¬HǬ�%ʟ/�ʞ470���2ƳĳȁûHɰŖ�%Ǎǒ3ʞƁ©Ɇ

ƃ0ðż D Mg àĔ�¿+ Mg2Si ǞHƒŏ�%-�Ě�%ąë2 Mg2Si Ǟķɷ3Ȉ 0.55%,�Cʞ

Al-Mg2Siŧ 2 »ȇİȲǇŌüHâǀ D- Mg2Siɷ�Ȉ 0.55%2-�2Y|fWƳĳ�Ȉ 470�,�D�

-0ǒƅ Dʟ);Cʞ470���,3ɺɧļ2ȣƿŸØ0ACǎŏ�%ŀȌ/ Mg2SiƇÇǞ�ÈȽ�Äý
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Ƹ DǇƥ�ŉĚ�Eʞ�2ȎșĉÛ3ġʏǋ2ĉÛH?%B -ȝ�BEDʟü�BʞɆʚǃƳĳ� 470�

��0��DƳĳ2ŸʁǴÈ²2ćČ0��ġʏǋ�£� D·î�ǩɈ�Eʞ#2Ǟʂʂ¬?ȨĐ,�D

Ǉƥ�ǩɈ�E%ʟ  

� ��0ɡ8%ʞFSP0��ġʏǋ2ĉÛʞ);CʞýƸ�ƇÇǇŌ2ĉÛ3Ɇʚǃ2ƖƌǚŇɓ0Ġ�+

Ĺʑ D-ȝ�BE%ʟ#�,Ǩ�HƴĚ�%ʟȏƈHü 4.2.22 0Ǭ ʟü�0ƕĵǚ0Ǭ A�0ʞǨ

�3 1 °2Ɇʚǃ0)�+ 3 NŐƴĚ�+�Cʞ#E$E AʢǂʏĠ0ADƳĳƴĚ¢ț(ɆʚǃƆß2�

Ł�)Ɇʚǃ´ʐ(VR,ýĚ�EDʐ)�B 5mm 2¢ț)ʞBʢƳĳ2ĹʑHʖȬ0æ�D-ȝ�BED_

�|Ċòɲǝ�2ŨřʔĂʞCʢƳĳ2ĹʑH�;Cæ�+�/�-ȝ�BEDɆʚǃĲʐ/B60Ɇʚǃ

´ʐ(VR,ýĚ�EDʐ)�B 0.5mm �Â2¢ț,�Dʟ/�ʞǨ�Ɇʚ2ȏƈ3ʞü 4.2.8 0Ǭ�%Ƴ

ĳħƛ�ľBE%Ɇʚǃ2�'2 No.2�50)�+Ǭ�+�Cʞü�2l~^b3 7ƾƴĚ�%ʊ2�� 2

ƾHʅ�% 5ƾ2İĀ²,�CʞĉÙĮ3ǿÇ0ǐ�% 5ƾ2�ʄ-�ʄH#E$EǬ�+�DʟƴĚƾ A

0ʂ�+3ʞ�!E2Ɇʚǃ0��+ 65HV ǲĳHǬ�+�CʞɺŪ�ƃ(Ȉ 60HV)-ƞɜ D-Ǩ�2Ȫ

į2ćČ�ǩɈ�E%ʟƴĚƾ B ,3ʞƴĚƾ A -íƓ0Ɇʚǃʁ2İĀ²3 65HV ǲĳ,�D�ʞƴĚ

ƾ A -ƞɜ D-Ɇʚǃʁ/B60ɆʚǃÂ,2ĉÙ�Č��Ǉƥ,�(%ʟ�ŰʞƴĚƾ C ,3ʞ�!

E2Ɇʚǃ0��+ 55HV ǲĳHǬ�+�CʞɺŪ�ƃ(Ȉ 60HV)-ƞɜ D-Ǩ��ȪįĢ��Ǉƥ�Ǭ

�E%ʟġʏǋ2ƴĚȏƈ�BʞƴĚƾ A /B6 B 0��DɺŪ�ƃ0Ġ Dɛŀ/Ǩ�2ćČ3ʞÊŹ

�-Al Ǟ0Ġ D Mg /B60 Si »ȋ2ýƸɷ2ćČ0��ýƸĶÛ0ɔø Dǌɑ-šğ�EDʟ�Űʞ

ƴĚƾ C 0��DɺŪ�ƃ0Ġ DǨ�2£�3ʞɺɧļ2ȣƿŸØ0ACǎŏ�%ŀȌ/ Mg2Si ƇÇǞ

�ÈȽ�ÄýƸ�%�-0ɔø D-šğ�ED 1)ʟ 

� ��2ƍɁ�BʞFSP0ADŨř@Ƴĳħƛ�rQ~Ȏș�A6ƖƌǚŇɓ0ã: Ĺʑ0ʂ Dăǫǚ

/ǣȹ�ľBE%ʟÁ¥ǚ03ʞFSPļ2Ɇʚǃ2rQ~Ȏș3 4)2ʔĂ0ČÌ�EʞƁǦǶ,3#E$

E	Ũřɲ(SZ)ʞ
ǂ×ĩĹʑɲ(TMAZ)ʞ�ǂĹʑɲ(HAZ)�A6�ʜȩɲ(SZ)-ĚȜ�%ʟ;%ʞɆʚǃ

-_�|ŠȾʐ�B2Ũřɲ�A6ǂ×ĩĹʑɲ2Îɭư�3Ɇʚǃ�-0īǖ�ǎ�+�CʞŻČŗ�ȫ

ɶ2ćČ0��Ũřɲ�A6ǂ×ĩĹʑɲ2ư��ćČ DǇƥ�ŷB�-/(%ʟFSPļ,3Ɇʚǃ2ġ

ʏǋ3£��+�CʞɆʚǃƳĳ� 470���0��DƳĳ2ŸʁǴÈ²2ćČ-ġʏǋ2£�ɷ-2ʁ0

ȨĐ/Ǟʂʂ¬�ǩɈ�E%ʟ�2�-�BʞɆʚǃ�ʛƳ0ɿŸʁƺǔ D�-,ýƸɷ�ćČ DǇƥ

�Ǭô�E%ʟFSP ļ2Ɇʚǃ2Ǩ�Hɍ8%ȏƈʞƴĚƾ A /B6 B ,3ɺŪ�ƃ0Ġ�+Ǩ��Ȫį

ćČ D?22ʞƴĚƾ C,3ɺŪ�ƃ-ƞɜ�+Ǩ��£��%ʟ 
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ü 4.2.20� FSP ļ2Ɇʚǃ2ġʏǋ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.21� ɆʚǃƳĳ� 470℃��2ȁû2ǴÈ²-ġʏǋ2ʂ¬  
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ü 4.2.22� FSP ļ2Ɇʚǃ2Ǩ�  
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4.2.4  ÅÞǇƥ2ɍƉ  

 

� 4.2.1 ʒ,ɡ8%A�0ʞƸ¥ÛÆǍ2ØƈHľD%>03ʞFSP ǝļ2ɆʚǃHņÅ Dłȷ��Dʟ

#�,ʞƁǦǶ0��D FSP ,3ʞFSP ǝļ2Ɇʚǃ0Ġ�+ƠH��+ƠÅ D�-HƍɁ�%ʟ#2

ʊ2ÅÞǇƥ�rQ~Ȏș�A6ƖƌǚŇɓ0ã: Ĺʑ0ʂ�+ƍɁH×�%ʟ 

 

4.2.4.1  ěʚɆŮ�A6ŰƦ  

� ěʚɆŮ3Òʒ(4.2.3ʒ)-íƓ,�DʟFSPƄ�0ʂ�+?ʞÒʒ(4.2.3ʒ)-9:íƓ,�D(_�|÷

əɦĳʢ2280rpmʞɆʚǃƳĳ� 500���0Îɭļʞ20s ǲĳ®ś)�ʞFSP ǝļ0Ɇʚǃ0ƠH��+

ƠÅ�%ʟ�2-�ü 4.2.23 0Ǭ�%A�0ʞƠÅŰƦH	ɆʚǃHʃ��"!0ƠH��D(�ʃʞg[

�� 1-ǰ )ʞ
ɆʚǃHʃ��"%ǇŌ,ƠH��D(�ʃʞg[�� 2-ǰ )2 2ǳʗ0ɃĚ�+ƠÅ

Hȱ(%ʟ;%ʞ�Ȟ-?0ƪƭpb|Hǐ�+őÙ,Ɇʚǃ0ƠH��%ʟg[�� 1,3ʞɆʚǃ�ʛ

Ƴ,�DǇŌ,ƠH��D�-�çȠ,D%>0ņÅ�çȠ-��Íƾ��D�Ű,ʞ_�|�ɆʚǃHȸ

(+�DǇŌ,ƠH��D%>0Ɇʚǃ�Ā�0ÅÞ�E/�-��Ɨƾ�ĕÿ Dʟ�Űg[�� 2,3ʞ

ɆʚǃHʃ��"+_�|�Ɇʚǃ�BʍE%ǇŌ,ƠH��D�-�BʞɆʚǃ0Ġ�+ǚǩ0ƠH��

BED�-�Íƾ,�Dʟ�Ű,ʞɆʚǃʃ�0�Dǲĳ2ŸʁHȷ D%>0ʞʃ�2ʁ0ɆʚǃƳĳ�

£� DǇƥ�ŉĚ�EʞƠH��+?ņÅ0/B/�Ǉƥ�Ŏń�EDʟ#2%>ʞ�Ȟ2ÅÞŰƦ2ī

ǖ�rQ~Ȏș@ƖƌǚŇɓ0ã: Ĺʑ2ɍƉHɥ�+ÅÞŰƦ2đķŇHƍɄ�%ʟ 

� ü 4.2.24 0ěʚĩǲHǬ ʟăƁǚ03ʞÒʒ(4.2.3 ʒ)-íƓ2ĩǲ,ěʚHěű�%�ʞƁʒ,3ʞ

FSP 0��ýƸǇŌ2ĉÛHɇȌ0ƍɁ D%>0ʞFSP Òļ0ġʏǋƴĚHěű�%ʟ×�+ʞFSP ļ

2 48 ŸʁĜƳŪțļ0ʏƟƽHǐ�+Ƴĳ� 200�ʞŸʁ� 100min 2�ĩŸØÆǍHű�%ɆŮ0ʂ�

+ʞġʏǋƴĚ�A6Ǩ�ɆʚHěű�%ʟġʏǋƴĚ03ʞųƁo^P�RƊĵ�ǭȵ2aV[|ġʏǋ

ɀ AutoSigma2000 Hǐ�%ʟFSP Ò/B60 FSP ļ0 48 ŸʁĜƳŪț�%Ɇʚǃ,3ʞ
1200 2Lt

{�Ȋ,ǦǪ�%Ɇʚǃ2Ĳʐ2�A#�Łɲ0)�+ġʏǋHƴĚ�%ʟġʏǋ2ƴĚļʞü2A�0Ɇ

ʚǃHÈÕ�ʞ1/4 0Éů�%Ɇʚǃ2�Ű2ůʐ0)�+Ǩ�ɆʚHěű�%ʟǨ�Ɇʚ03ʞƊĵ�ǭ

ŷǥȵ¦Ő2qJQ~h^N�WʛĳɀH§ǐ�+ʞŗɞ<ȫɶ� 0.98N (100gf)ʞ®śŸʁ� 15s2Ƅ�

�,ěű�%ʟ1/4 0Éů�%Ɇʚǃ2?��Ű3ʞĲʐ0)�+ġʏǋƴĚHěű�%ļ0ʞ�ɂ2ŸØ

ÆǍHű�ʞġʏǋƴĚ�A6Ǩ�ɆʚHěű�%ʟ 
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ü 4.2.23� ƠÅŰƦ  

 

 

 

 

 

 

ü 4.2.24� ěʚĩǲ  
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4.2.4.2  ěʚȏƈ�A6ȝğ  

! Ƴĳħƛ  

� ŐĚ2Ƅ�, FSP Hű�%ļ0ʞg[�� 1 /B60g[�� 2 2ŰƦ,ƠÅ�%ʊ2Ɇʚǃ2Ƴĳħ

ƛHü 4.2.25 0Ǭ ʟg[�� 1/B60g[�� 2-?0ěʚ3 3÷ěű�+�Cʞü�,3g[��

1 H No.1�3ʞg[�� 2 H No.4�6 -ȳǬ�+�Dʟ;%ʞü,3ɆʚǃƳĳ� 50�0ɭ�%ƾH X ɚ

2àƾ(0s)- DA�0êa�[H Xɚ0Ġ�+MjX^bȳǬ�%ʟŵƳɬǲ0ʂ�+3ʞÒʒ-íƓ0

_�|�Ǡǅ2�<ɞ<0ɔø D-ȝ�BEDŵƳźȔ2ĉÙ�ĕÿ�+�%ʟ'/<0ʞ6 ÷2ěʚ0

��DŵƳɦĳ3ʞ37�60�/s,�CʞÒʒ2ěʚ-ƞɜ DŵƳɦĳ�Č��Ǉƥ,�(%ʟ;%ʞ®ś

ɬǲ0��+3ƞɜǚėĚ�%®ś�ěǌ�E+�%ʟÅÞɬǲ,3ʞg[�� 1/B60g[�� 22Ű

Ʀ,ÅÞ�%�!E2Ɇʚǃ0��+?ʞ®śȍ�ǝļ�BŜŬʂŬǚ/Ƴĳ£�HǬ�%ļ0ǝȔǚ/Ƴ

ĳ£��ǩɈ�E%ʟü 4.2.26 03ʞü 4.2.25 0Ǭ�%Ƴĳħƛ2ÅÞɬǲHŚČ�%ƓĔHǬ�%ʟ

/�ʞü,3 FSP ®śɬǲ2ŗ�ȫɶHʅȫ�%ŸƾH X ɚ2àƾ(0s)- DA�0êa�[H X ɚ0Ġ

�+MjX^bȳǬ�%ʟē>0ʞg[�� 1(No.1�3)0ʂ�+ɡ8Dʟŗ�ȫɶ2ʅȫļʞȈ 400��320�

(Ÿʁ0�+Ȉ 3.6s�6.2s)0ȤD;,3ŜŬʂŬǚ/Ƴĳ£�HǬ Ǉƥ�ǩɈ�EDʟ/�ʞü�03Ƿ

ÅɆʚǃ2ÅÞźȔ?ëG"+Ǭ�+�Cʞŗ�ȫɶ2ʅȫļ2ŜŬʂŬǚ/Ƴĳ£�3ǷÅɆʚǃ2ÅÞ

źȔ-9:�ȥ D�-�Bʞ�2ʁ3ƠH��D;,2ǷÅſʁ-Ëů�EDʟ#2ļ3ʞɆʚǃ0Ơ�

��D�-0ɔø D-ȝ�BEDņƻ/Ƴĳ£��ǩɈ�ED�ʞņƻ/Ƴĳ£��ē;DŸʁ3Ɇʚǃ

ʁ0ŻČ, 3sǲĳ2īǖHǎ�+�Cʞ×�+ʞƳĳ2£�ɦĳ?Ɇʚǃʁ0īǖHǎ�+�%ʟ�E3ʞ

g[�� 1,3ʞ_�|�ɆʚǃHȸ(+�DǇŌ,ƠH��D�-,_�|�Ơ2ÎɭHĒĝ�ʞƠ�Ɇ

ʚǃ0Îɭ DŸʁ��Ě0,�/�(%�-ʞ_�|0ŠȾ�+Ƴĳ��ŵ�%Ơ�Ɇʚǃ0��D�-

,Ɇʚǃ�ėĚ�+ÅÞ�E/�(%�-0ɔø Dǌɑ-šğ�EDʟ�Űʞg[�� 2(No.4�6),3ʞ

ŗ�ȫɶ2ʅȫļʞȈ 350�(Ÿʁ0�+Ȉ 6.5s)0ȤD;,3ŜŬʂŬǚ/Ƴĳ£�HǬ�ʞ�2ʁ3Ɇʚ

ǃ2ʃ�ĩǲ,�CʞɆʚǃ3ʃ�2ʁ0ǷÅ�E%-ȝ�BEDʟ#2ļ3ʞƠÅ0ɔø�%ņƻ/Ƴĳ

£��ǩɈ�Eʞ�A# 1.5s,ɆʚǃƳĳ�Ȉ 350��B 100�ǲĳ0;,£��%ʟg[�� 2,3ʞg

[�� 1-ƞɜ�+ƠÅ0ɔø�%Ƴĳ£��ʀē�EDŸʁ3ɫ�?22ʞ3÷2ěʚHɥ�+ÅÞɬǲ

0ȨĐ/ÄǌŇ�ľBE+�CʞɆʚǃHʃ��"D�-,Ɇʚǃ0Ġ�+ǚǩ0ƠH��BE%Ǉƥ�ņ

ƻ/ÅÞH?%B�%-Ëů�+�Dʟ 
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ü 4.2.25� Ƴĳħƛ  

 

 

ü 4.2.26� ÅÞɬǲ0��DƳĳħƛ  
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! ÅÞŰƦ2īǖ�ġʏǋ�A6Ǩ�0ã: Ĺʑ  

� Òɡ�%ƠÅŰƦ0ɔø DÅÞĩǲ2īǖ�ġʏǋ@Ǩ�0ã: ĹʑHɍ8%ʟē>0ʞġʏǋ0ʂ

�+ɡ8Dʟü 4.2.27 03ʞg[�� 1(No.1�3)/B60g[�� 2(No.4�6)2ŰƦ,ÅÞ�%Ɇʚǃ2

FSPÒļ0��DġʏǋƴĚȏƈHǬ ʟ�!E2Ɇʚǃ0��+? FSPļ3ġʏǋ�£��+�CʞFSP

Ÿ2ʛƳ®ś0��ÊŹ�-AlǞ0Ġ DMg/B60 Si»ȋ2ýƸ2ɩĥ�Ǭô�EDʟü 4.2.2803ʞ

FSPļ2ġʏǋ2£�ɷHǬ�%�ʞÅÞŰƦ0ɔø�%ġʏǋ2£�ɷ2ŷǢ/īǖ3ǩɈ�E/�ʟ;

%ʞɺŪ�ǇŌ0Ġ Dġʏǋ2£�Õëʞ);CýƸ2ɩĥĳë�HǿÇ�%-�Fʞg[�� 1(No.1

�3),3 3÷2ěʚ0��DİĀ²3Ȉ 5.8%ʞg[�� 2(No.4�6),3Ȉ 6.1%,�CżŊī3ǩɈ,�/

�(%ʟ'/<0ʞÒʒ(ǷÅ)0��DɺŪ�ǇŌ0Ġ Dġʏǋ2£�ÕëHǿÇ�%-�FȈ 5.0%,�

CʞǷÅ-ƞɜ D-ƠÅ�%Ɇʚǃ2Ű� 1%ǲĳġʏǋ2£�Õë�Č��/D�ʞÒʒ,3 FSPÒļ

2ġʏǋ2īÈHƙǩ0ƴĚ�+�/�ǇƥHÚƋ D-żŊī-3ůȿ�ʎ�ʟ 

� Ƙ0ʞFSPļ2Ɇʚǃ2Ǩ�0ʂ�+ɡ8DʟǨ�Ɇʚ2ȏƈHü 4.2.29 0Ǭ ʟ/�ʞƴĚǾŐ@ȏ

ƈ2ȳǬŰƦ3Òʒ(4.2.3)-íƓ,�DʟƴĚƾ A0ʂ�+3ʞ�!E2Ɇʚǃ0��+ 60HVÒļHǬ�

+�CÅÞŰƦ0ɔø�%ŷǢ/īǖ3ǩɈ�E!ʞ;%ɺŪ�ƃ(Ȉ 60HV)-íǽ,�DǇƥ�Ǭ�E%ʟ

ƴĚƾ B,3ʞƴĚƾ A-íƓ0 60HVǲĳ2Ǩ�HǬ �ʞƴĚƾ A-ƞɜ D-ɆʚǃÂ,2ĉÙ�

Č��Ǉƥ,�(%ʟ�ŰʞƴĚƾ C 2Ǩ�3Ȉ 50�55HV HǬ�+�CʞÅÞŰƦ0ɔø�%ŷǢ/ī

ǖ3ǩɈ�E/�?22ʞɺŪ�ƃ(Ȉ 60HV)-ƞɜ D-Ǩ��@@£� DǇƥ�Ǭ�E%ʟ;%ʞÒ

ʒ,ɡ8%ǷÅƃ(ü 4.2.22 âǀ)-ƞɜ D-ʞƴĚƾ A- B3íǽ2Ǩ�HǬ�ʞ�Ȟ0Ġ�+ƴĚƾ

C,3£�Ǩ�HǬ -��ƴĚ¢ț0ʂ DǞĠǚ/·î3�ȥ D?22ʞ�!E2ƴĚ¢ț0��+

?ƠÅƃ3ǷÅƃ-ƞɜ�+ 5HVǲĳǨ��Ģ��Ǉƥ�ŷB�-/(%ʟ5HVǲĳ2Ǩ�2īǖ3Ɛ>

+ɛŀ,�CƴĚɊī-Ëů�ED?22ʞǷÅƃ,3Ȗ@�/Ƴĳ£�0ɔø�+ʞƳĳ£��0 Mg@

SiàĔ2QzW[/B60 G.P.Z���ĸŏ�ʞ�EB�Ǩ�2ćČH?%B Ǉƥ?ŉĚ�EDʟ 

� )*�+ʞFSPļ2ŸØÆǍÒļ0��Dġʏǋ2ƴĚȏƈHü 4.2.30 0Ǭ ʟ�!E2Ɇʚǃ0��

+?ŸØÆǍļ3ġʏǋ�ćČ D�-�BʞFSPŸ2ʛƳ®ś0�� AlƝǞ0ýƸ�% Mg/B60 Si

àĔ� Mg2SiǞ/.-�+ƇÇ DǇƥ�Ǭô�EDʟ�ŰʞŸØÆǍÒļ2ġʏǋĉÛ0ÅÞŰƦ0ɔø

�%ŷǢ/īǖ3ǩɈ�E/�ʟü 4.2.31 03ʞŸØÆǍÒļ0��DǨ�2ĉÛHǬ�%ʟ/�ʞǨ�

2ƴĚƾ3ǂʏĠ0ADƳĳƴĚ¢ț0Ǟķ DƴĚƾ A ,�Dʟü�BŷB�/A�0ʞŸØÆǍļ3

17%�33%ǲĳ2Ǩ�2ć×�ǩɈ�ED�ʞÅÞŰƦ0ɔø�%ŷǢ/īǖ3ǩɈ�E/�ʟŸØÆǍļ

0��DǨ�2ćČ3ʞÒɡ2ġʏǋ2ƴĚȏƈ�BËů�EDA�0ʞMg2SiǞ/.2ƇÇǅ2ĸŏ0ɔ

ø DƇÇǨÛ-šğ�EDʟ/�ʞü�03ɺŪ�ƃ/B60ɺŪ�ƃ0Ġ�+ŸØÆǍHű�%Ɇʚǃ

2Ǩ�?ëG"+Ǭ�+�D�ʞFSPļ0ŸØÆǍHű�%Ɇʚǃ2Ű�Ǩ�2ćČɷ�Č��Ǉƥ,�(

%ʟ�2�-�BʞFSP�2ʛƳ®ś0ɔø�% AlƝǞ�2 Mg/B60 SiàĔɷ2ćČ�ʞ#2ļ2Ÿ
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ØÆǍ0��D Mg2SiǞ2ƇÇɷ2ćČH?%B Ǉƥ�Ǭô�E%ʟ'/<0ʞƁ©Ɇƃ0Ġ�+ 540�

, 120min2Ƹ¥ÛÆǍHű�%ļ0ʞ200�, 100min2ŸØÆǍ(i�QŸØ0Ǟķ DǂÆǍ)Hű�%

ɆŮ2Ǩ�3Ȉ 95HV,�Cʞi�QŸØƃ-ƞɜ D- FSPļ0ŸØÆǍHű�%Ɇʚǃ2Ǩ�3£�ʟ 

� ��2ƍɁ�BʞÅÞŰƦ0ɔø�%ÅÞɬǲ2Ƴĳħƛ2īǖ3ǎ�D?22ʞġʏǋ@Ǩ�0ʂ�+

3ÅÞŰƦ0ɔø�%ŷǢ/īǖ3ǩɈ�E/�(%ʟ#2%>ʞ�ʃ2ěʚ,3ÅÞɬǲ2Ƴĳħƛ0Ȩ

Đ/ÄǌŇ�ľBEDg[�� 2(ɆʚǃHʃ��"%ǇŌ,ƠH��D)2ÅÞŰƦ,ÅÞHěű D�-

-�%ʟ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.27� ƠÅŰƦ2īǖ� FSP Òļ0��DġʏǋĉÛ0ã: Ĺʑ  
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ü 4.2.28� ƠÅŰƦ2īǖ� FSP ļ2ġʏǋ£�ɷ0ã: Ĺʑ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.29� FSP ļ2Ɇʚǃ2Ǩ�  
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ü 4.2.30� ŸØÆǍÒļ0��Dġʏǋ2ĉÛ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.2.31� ŸØÆǍÒļ0��DǨ�2ĉÛ (ƴĚƾ A) 
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4.2.5  Ģƫ  

 

ƁȀ,3ʞē>0Ũř0ADȎșÏĿ-ťŦǂ2��Hǈǹ�+ÏĿçȠ/ FSP ȴț2ȵ¦0)�+ƍ

Ɂ�%ʟ#2ļʞȵ¦�% FSPȴțHǐ�+ FSPHěű�%ąë0��DťŦǂ0ADɆʚǃ72Ƴĳħ

ƛ2��ǇƥHɍ8%ʟ×�+ʞFSPļ2Ɇʚǃ2rQ~Ȏșȼğ�A6ƖƌǚŇɓ2ɍƉHɥ�+ʞFSP

0��rQ~Ȏș@ƖƌǚŇɓ2ĉÛ0ʂ Dăǫa�[Häʋ�%ʟ�B0ʞƁǦǶ,3 FSP ļ2Ɇʚ

ǃHƠÅ D�-,Ƹ¥ÛÆǍ0��+łʓ,�DņÅHěǌ�ʞ#2ʊ2rQ~Ȏș@ƖƌǚŇɓ2ɍƉ

Hɥ�+ʞƠÅ2Øƈ0ʂ�+ƍɁ�%ʟ#2ȏƈH��0ɂ ʟ 

 

1. ƁǦǶ,3	_�|2ǱÙƖƒ3Ƀ�/�ʞ
�0ŨřHȱ�l~�k�_�|�BÇ¾C DƖƒH

¶�% FSPȴțHȣ¦�%ʟ_�|HǱÙ�"/� FSP,3ȎșÏĿʔĂ�ǉ�ȁû0ʄĚ�ED�ʞ

ɺǅ21�ɲ@�ɲó-2ȏëɲ/.ĤŐǚ0Ķĳ�łȷ/ǾŐ0Ġ�+3ʞƁ FSP2ɮǐ�żØ,�

D-ȝ�BEDʟƁǦǶ,3ʞ�ɡ2A�/ǾŐ0Ġ DĤŐǚ/ũɓHķʐ2ǜƔ-�+ɃĚ�%ʟ 

2. ȵ¦�% FSPȴțHǐ�+ FSPHěű�%ʊ2Ɇʚǃ0���EDƳĳħƛ3ʞ6÷2ěʚHɥ�+ʞ

	ŵƳɦĳ3 27ʣ47�/sǲĳʞ500���0��+ƞɜǚėĚ0®ś�çȠʞ�ŻČÎɭƳĳ3 518ʣ

530�ǲĳ,�(%ʟŗ�ȫɶ-ɆʚǃƳĳ2ĠŃʂ¬Hɍ8%ȏƈʞ�Ȟ2ʁ03ĞŠ/ʂ¬��Cʞ

ŵƳɬǲ,3ʞņƻ/ŗ�ȫɶ2ćČ0��ɆʚǃƳĳ�Ȭ���ŵ D·î�ǩɈ�E%ʟ�E3ʞ

Ôʍ�%_�|ƸǠǅ2�<ɞ<0ɔø Dǌɑ-šƴ�E%ʟÔʍ�%_�|ƸǠǅ2�<ɞ<3ʞ

Ǚǎ2Ⱥƕ@[Jr�R�ěʚ2ɳĳǖ/D%>0ʞŵƳɬǲ2ÄǌŇ�ľBE/�-šƴ�E%ʟ®

śɬǲ0��+3ʞɆʚǃƳĳ2ŸʁǴÈ²-ŗ�ȫɶ2ŸʁǴÈ²2ʁ0ɜǚȨĐ/Ǟʂʂ¬�ǩɈ

�EʞČ�/ȫɶHɿŸʁɒȫ D9.Ɇʚǃ3ʛƳ,®ś�EDǇƥ�Ǭô�E%ʟFSPļ2Ɇʚǃ

2rQ~Ȏș3ʞ4)2ʔĂ0ČÌ�EƁǦǶ,3#E$E	Ũřɲ(SZ)ʞ
ǂ×ĩĹʑɲ(TMAZ)ʞ�

ǂĹʑɲ(HAZ)�A6�ʜȩɲ(DZ)-ĚȜ�%ʟ;%ʞɆʚǃ-_�|ŠȾʐ�B2Ũřɲ�A6ǂ×

ĩĹʑɲ2Îɭư�3Ɇʚǃ�-0īǖ�ǎ�+�CʞŻČŗ�ȫɶ2ćČ0��Ũřɲ�A6ǂ×ĩ

Ĺʑɲ2ư��ćČ DǇƥ�ŷB�-/(%ʟFSPļ,3Ɇʚǃ2ġʏǋ3£��+�CʞɆʚǃƳ

ĳ� 470���0��DƳĳ2ŸʁǴÈ²2ćČ-ġʏǋ2£�ɷ-2ʁ0ȨĐ/Ǟʂʂ¬�ǩɈ�E

%ʟ�2�-�BʞɆʚǃ�ʛƳ0ɿŸʁƺǔ D�-,ýƸɷ�ćČ DǇƥ�Ǭô�E%ʟFSPļ

2Ɇʚǃ2Ǩ�Hɍ8%ȏƈʞƴĚƾ A /B6 B ,3ɺŪ�ƃ0Ġ�+Ǩ��ɛŀ0ćČ D?22ʞ

ƴĚƾ C,3ɺŪ�ƃ-ƞɜ�+Ǩ��£��%ʟ 

3. FSP2ʛƳ®śɬǲǝļ2ƠÅH 2ǳʗ2ŰƦ(g[�� 1ʢɆʚǃHʃ��"!0ƠH��Dʞg[�

� 2ʢɆʚǃHʃ��"%ǇŌ,ƠH��D),ƍɁ�%ȏƈʞÅÞŰƦ0ɔø�%ÅÞɬǲ2Ƴĳħƛ

2īǖ3ǎ�D?22ʞġʏǋ@Ǩ�0ŷǢ/īǖ3ǩɈ�E/�(%ʟ�B0ʞǷÅ2ąë-ƞɜ�
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+?ġʏǋ@Ǩ�0ŷǢ/īǖ3ǩɈ�E/�(%ʟ�ʃ2ěʚ,3ÅÞɬǲ2Ƴĳħƛ0ȨĐ/Äǌ

Ň�ľBEDg[�� 22ÅÞŰƦ,ÅÞHěű D�--�%ʟ 

 

 

4.3  FSP Ÿ2Ƴĳħƛ�ƃŮǆŇ0ã: Ĺʑ  
 

� ƁȀ,3ʞFSPŸ0Ɇʚǃ0��DƳĳħƛHĉÛ�"%ʟÁ¥ǚ03ʞFSP�2ʛƳ®ś2ŸʁH 20s

ʣ180s 2ȁûÂ,ĉÛ�"%ʊ2rQ~Ȏșʞǆ0 Mg @ Si àĔ2ýƸǇŌ@ƖƌǚŇɓ(Ǩ�)2ɍƉH

ɥ�+ʞFSPŸ0Ǚǎ DťŦǂ2Ƹ¥ÛÆǍ-�+2Øƈ0ʂ�+ƍɁ�%ʟ 

  

4.3.1  ěʚɆŮ�A6ŰƦ  

 

! ěʚɆŮ 

� ěʚɆŮ3ÒȀ-íƓ,�D%>ʞ��,3Õŋ Dʟ 

 

! ěʚŰƦ 

� ü 4.3.1 0ěʚĩǲHǬ ʟƁěʚ0��D FSP,3ʞʛƳ®śŸ2ǜƔƳĳH 520�0ɃĚ�+ʞ520�

0��D®śŸʁH 20sʞ60sʞ120s �A6 180s 2 4 Ƅ�-�%ʟǜƔƳĳH 520�0ɃĚ�%Ǎǒ3ʞ

ÒȀ0��DƳĳħƛ2ƍɁ0��+ŻČÎɭƳĳ�Ȉ 530�,�DǇƥ/B60#2ʊ2ƳĳĉÙHȝō

�%ąëʞėĚǚ/ƳĳÏĿ�çȠ/Ƴĳ3 520�,�D-Ëů�%%>,�Dʟ;%ʞ2.5 Ȁ,ŷB�0

�%ʞƸ¥ÛÆǍ2Øƈ�ľBEDƳĳħƛ(ŵƳɦĳ� 40�/sʞƳĳ� 560�ʞ®śŸʁ� 3min(180s))

HŜƔ- D-ʞƳĳ�£�%>®śŸʁ3 180sACĴɿ D�-�ž;���ʞ®śŸʁH 180s�Â0

ɃĚ�%Ǎǒ3ʞÌɤěű�% FSP2ʛƳɿŸʁ®ś0ʂ D�¶ěʚ0��+ʞ180s��®ś D- FSP

Ÿ2ŗ�ȫɶ0ɔø�%Ɇʚǃ2ĉĸ/B60ťȟ0ACŞ¾�%ǂʏĠ�ŕá,�/�/CǧŤ DǇ

ƥ�Ǚǎ�%%>,�DʟFSPHŐĚ2Ÿʁű�%ļ3ʞɆʚǃHʃ��"%ǇŌ,ƠH��+ƠÅ�%(Ò

Ȁ2g[�� 2 0Ʒ�%ÅÞŰƦ)ʟFSP ļ2Ɇʚǃ3ʞĜƳ, 48 ŸʁŪț�%ļ0ü�0Ǭ A�0 3

ÈÕ�ʞ1/4 2Č��0Éů�%Ɇʚǃ2�Ű0Ġ�+ʞʏƟƽHǐ�+Ƴĳ� 200�ʞŸʁ� 100min 2

�ĩŸØÆǍHű�%ʟɆʚǃ2ýƸ�ƇÇǇŌHšĚ D%>0ġʏǋƴĚHěű�%ʟġʏǋƴĚ3

FSPÒʞFSPļ0ɆʚǃHĜƳ, 48ŸʁŪț�%Ÿƾ�A6ŸØÆǍÒļ2 4Ÿƾ0ěű�+ʞêŸƾ0

��DýƸ�ƇÇǇŌHšĚ�%ʟƴĚ03ʞųƁo^P�RƊĵ�ǭȵ2aV[|ġʏǋɀ

AutoSigma2000Hǐ�+ʞƴĚǾŐH
12002Lt{�Ȋ,ǦǪ�%ļ0ƴĚHȱ(%ʟFSP0��rQ

~ȎșĉÛHȼğ D%>0ʞ½ĖʖŀɾHǐ�%ȎșȼğHěű�%ʟFSP 0��ÊŹ�-Al Ǟ�2 Mg
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�A6 SiƼĳ2ĉÛHɍ8D%>0ʞEPMA(ųƁʏĔʢJXM-8200ʞ×ɦʏþʢʡʠkV)0ADĚɷÈƇH

ěű�%ʟƖƌǚŇɓHɍ8D%>0ʞǨ�ɆʚHěű�%ʟȴț3ʞƊĵ�ǭŷǥȵ¦Ő2qJQ~h^

N�WʛĳɀH§ǐ�+ʞŗɞ<ȫɶ� 0.98N (100gf)ʞ®śŸʁ� 15s2Ƅ��,ěű�%ʟǨ�Ɇʚ3ʞ

1/4 2Č��0Éů�%Ɇʚǃ2ƖƌǦǪHű�%ůʐ0)�+ěű�ʞFSP ļ0 48 ŸʁĜƳŪț�%Ɇ

Ů-ŸØÆǍļ2ɆŮ2�ȞHƴĚ�%ʟ 

 

 

 

 

 

 

ü 4.3.1� ěʚĩǲ  

 

 

4.3.2  ěʚȏƈ�A6ȝğ  
 

4.3.2.1  Ƴĳħƛ  

� FSPHê®śŸʁű�%Ɇʚǃ2ƳĳħƛHü 4.3.2 0Ǭ ʟ/�ʞü,3ɆʚǃƳĳ� 50�0ɭ�%

ƾH X ɚ2àƾ(0s)- DA�0êa�[H X ɚ0Ġ�+MjX^bȳǬ�+�DʟFSP 3ʞ20sʣ120s

2®ś3#E$E 3÷ʞ180s2®ś3 2÷ěű�%ʟ/�ʞ180s®ś2ěʚH 2÷��ȱG/�(%Ǎǒ

3ʞÒɡ�%ǂʏĠ2ǧŤ0Ġ�+ɴō�%%>,�Dʟ;%ʞ20s®ś2 1)2Ɇʚǃ,3ěʚHɥ�+

ǜƔ,�D 520�;,ŵƳ�"D�-�Çƅ/�(%%>ʞɅ«2ĠɑĊ-�%ʟü 4.3.2 �Bʞí�®ś

Ÿʁ2ɆŮ2Ƴĳħƛ3ʞƐ>+ʗ¡�+�CƞɜǚȨĐ/ÄǌŇ�ǩɈ,�Dʟü 4.3.2 0Ǭ�%Ƴĳħ

ƛ2ŵƳɬǲHŚČ�%ƓĔHü 4.3.3 0Ǭ ʟŵƳɬǲ,3ʞÒȀ-íƓ0_�|ƸǠǅ2�<ɞ<0ɔ

ø D-ȝ�BEDŵƳźȔ2ĉÙ�ǩɈ�ED�ʞ�!E2Ɇʚǃ0��+?Ƴĳ� 50�0ɭ�%Ÿƾ

�B�A# 13s�Â0ʞǜƔ®śƳĳ2 520�0ɭ�%ʟ'/<0ʞ50��B 500�2ȁû0��DŵƳɦ

ĳ3 37ʣ65�/s,�(%ʟü 4.3.4 03ʞêa�[2®śɬǲ0��DƳĳĉÙH;->%ʟü�2l~

^b3ʞ®śɬǲ2İĀƳĳ,�CʞĉÙĮ3®śɬǲ0��DŻČ/B60ŻĢƳĳ,�DʟİĀƳĳ(l
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~^b)0Ǡǜ D-ʞǜƔ2 520�0Ɛ>+ɟ�Ƴĳ�ľBE+�CʞİĀƳĳ2ĉÙĮ3 520��3�Â

,�(%ʟƳĳĉÙ0ʂ�+3ʞ®śŸʁ�Ǥ� 20s,3İĀƳĳ0Ġ�+�3ʣ5�ǲĳ,�D�ʞ®śŸ

ʁ� 60s ��,3İĀƳĳ0Ġ�+�5ʣ13�,�CɿŸʁ®ś�%Ű�ƳĳĉÙ3Č��Ǉƥ,�(%ʟ

ü 4.3.5 03ʞêa�[2ÅÞɬǲ2ƳĳħƛHǬ�%ʟ/�ʞü,3 FSP ®śɬǲ2ŗ�ȫɶHʅȫ�

%ŸƾH Xɚ2àƾ(0s)- DA�0êa�[H Xɚ0Ġ�+MjX^bȳǬ�+�Dʟ60s®ś2(3)�Ċ

,3ŗ�ȫɶ2ʅȫǝļ�BȈ 6s ;,3ʞǷÅ0ADȖ@�/Ƴĳ£��ǩɈ,�Dʟ;%ǷÅſʁ2£

�Ƴĳ3ʞ®śŸʁ� 20s 2Ɇʚǃ,3Ȉ 150�,�D20Ġ�+ 180s ,3Ȉ 120�-ʞɿŸʁ®ś�%

Ɇʚǃ2Ű�Ƴĳ£��Ģ��Ǉƥ�Ǭ�E%ʟ�E3®śŸʁ2Ĵɿ0��ɆʚǃòɝVR2Ƴĳ��ŵ

�%%>ʞǷÅŸ0Ɇʚǃ2ŕǂɷ�Ģ��/(%�-0ɔø Dǌɑ-ȝ�BEDʟŗ�ȫɶ2ʅȫǝļ

�B�A# 6s�ʃ,3ʞƠÅ0ADņƻ/Ƴĳ£��Ǭ�E+�CƠÅʀē�BȈ 2s�Â0 100���;

,ɆʚǃƳĳ3£��%ʟ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.3.2� Ƴĳħƛ  
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ü 4.3.3� ŵƳɬǲ2Ƴĳħƛ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.3.4� ®śɬǲ0��DİĀʞŻČ�A6ŻĢƳĳ  
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ü 4.3.5� ÅÞɬǲ2Ƴĳħƛ  

 

 

4.3.2.2  rQ~Ȏș�A6ƖƌǚŇɓ  

! ġʏǋ  

� FSP Ÿ2ʛƳ®śŸʁ�ýƸ�ƇÇǇŌ0ã: ĹʑHɍ8D%>0ġʏǋHƴĚ�%ʟü 4.3.6 0ê

®śŸʁ0��D FSPÒļ2ġʏǋHǬ ʟFSPÒ(ɺŪ�ǇŌ),3 41.0ʣ42.1%IACS,�(%ġʏǋ3ʞ

FSP ļ,3 38.8ʣ39.5%IACS ;,£��%ʟ�2ȏƈ�BʞFSP �2ʛƳ®ś0��+ Al ƝǞ0Ġ D

MgàĔ@ SiàĔ2ýƸ�ɩĥ�%Ǉƥ�Ǭô�EDʟ�Űʞü 4.3.7 03ê®śŸʁ0��D FSPÒļ

2ġʏǋ2īÈHǬ�%�ʞí�®śŸʁ2ʁ,ĉÙ�Č��®śŸʁ0ɔø DŷǢ/īǖ3ǩɈ�E/

�(%ʟ)*�+ʞFSP ļ2ŸØÆǍÒļ0��Dġʏǋ2ƴĚȏƈHü 4.3.8 0Ǭ ʟü�BŷB�/

A�0ʞ�!E2®śŸʁ0��+?ŸØÆǍļ3ġʏǋ�ćČ DǇƥ�ǩɈ�E%ʟ�2ȏƈ�BʞFSP

�2ʛƳ®ś0ACýƸ�% Mg àĔ@ SiàĔ� Mg2SiǞ/.2ƇÇǅHĸŏ�%Ǉƥ�Ǭô�EDʟ;

%ʞü 4.3.9 03ŸØÆǍÒļ2ġʏǋ2īÈHǬ�%�ʞí�®śŸʁ2ʁ,ĉÙ�Č��®śŸʁ0ɔ

ø DŷǢ/īǖ3ǩɈ�E/�(%ʟ 
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ü 4.3.6� FSP Òļ0��Dġʏǋ2ĉÛ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.3.7� FSP Òļ0��Dġʏǋ2īÈ  
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ü 4.3.8� ŸØÆǍÒļ0��DġʏǋĉÛ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.3.9� ŸØÆǍÒļ0��Dġʏǋ2īÈ  
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! Ǩ�  

� �ɡ�%ġʏǋ2ĉÛ�BʞFSPļ,3ýƸ2ɩĥ0��ýƸĶÛ�ʞŸØÆǍļ,3ƇÇǅ2ĸŏ0�

�ƇÇǨÛ�ǎ�D-ȝ�BE%ʟ�2ƾHǩɈ D%>0Ǩ�ɆʚHěű�%ʟǨ�Ɇʚ3ʞÒȀ0��

DƴĚƾ A(ǂʏĠ0ADƳĳƴĚ¢ț0Ǟķ D¢ț)/B60ƴĚƾ C(ɆʚǃĲʐ/B60Ɇʚǃ´ʐ

(VR,ýĚ�EDʐ)�B 0.5mm�Â2¢ț)2 2ƾ0)�+ěű�%ʟ�2 2ƾHɰŖ�%Ǎǒ-�+3ʞ

FSPļ2Ɇʚǃůʐ2rQ~ȎșHȼğ�%ȏƈʞÒȀ-íƓ0_�|ŠȾʐɟµ,3Ũřɲ(SZ)ʞǂ×ĩ

Ĺʑɲ(TMAZ)�A6ʜȩɲ(DZ)�ǩɈ�E%�ʞƁȀ,3Ƴĳħƛ2Ĺʑ0Ǡǜ�+�D%>ʞŨřʞ)

;CĆŇƬÙ2ĹʑHæ�+�/�ǂĹʑɲHɅ«Ġɑ-�%%>,�DʟƴĚƾ A �A6 C 0)�+Ǩ

�HƴĚ�%ȏƈHü 4.3.10 �A6ü 4.3.11 0#E$EǬ ʟü�,3 FSPļ�A6 FSPļ0ŸØÆ

ǍHű�%ɆŮ2Ǩ�HǬ�+�Cʞl~^b3 7 ƾƴĚ�%ʊ2�� 2 ƾHʅ�% 5 ƾ2İĀ²,�Cʞ

ĉÙĮ3ǿÇ0ǐ�% 5ƾ2�ʄ-�ʄH#E$EǬ�+�Dʟ3�>0ʞƴĚƾ A(ü 4.3.10)0ʂ�+ɡ

8DʟFSPļ2ɆŮ,3ʞ®śŸʁ0ʂGB!Ǩ�(İĀ²)3 60HV�3HVǲĳHǬ�ʞɺŪ�ƃ-9:í

ǽ,�(%ʟ�Ű FSP ļ0ŸØÆǍHű�%ɆŮ,3ʞFSP ļ2ɆŮ�A6ɺŪ�ƃ-ƞɜ D-Ǩ�3

Ȭ��ćČ�+�Cʞ®śŸʁ� 60s �Â,3 75HV ǲĳʞ120s ��,3a�[�@@ĉÙ�+�D?2

2 80HV ÒļHǬ�%ʟŸØÆǍļ2Ǩ�2ćČ3ʞƇÇĶÛ0ɔø Dǌɑ-ȝ�BEDʟƴĚƾ C(ü

4.3.11)0ʂ�+3ʞFSP ļ2ɆŮ,3®śŸʁ0ɔø�%Ǩ�2ŷǢ/īǖ3ǩɈ�E!ʞ�!E2®ś

Ÿʁ0��+?Ǩ�3 55HVÒļ,�CƴĚƾ A(FSPļ2ɆŮ)/B60ɺŪ�ƃ-ƞɜ�+£�Ǩ�HǬ

�%ʟƴĚƾ C 0��DǨ�2£�3ʞɺɧļ2ȣƿŸØ0ACǎŏ�% Mg2Si ƇÇǞ�ÈȽ�ÄýƸ�

%�-0ɔø Dǌɑ-šƴ�ED 1)ʟ�Ű FSP ļ0ŸØÆǍHű�%ɆŮ,3ʞFSP 2®śŸʁ� 20s

�A6 60s2ɆŮ2Ǩ�3 60HVǲĳHǬ 20Ġ�+ʞ120s��,3Ǩ�� 70HVǲĳ;,ćČ�%ʟ

/�ʞü�03ɺŪ�ƃ0Ġ�+ŸØÆǍHű�%ɆŮ2Ǩ�HƴĚ�%ȏƈ?ëG"+Ǭ�+�D�ʞɺ

Ū�ƃ0��DŸØÆǍ0ɔø�%Ǩ�2ćČɷ(�HVa)3Ȉ 12%,�(%ʟ#E0Ġ�+ʞƴĚƾ A0�

�DŸØÆǍ0ɔø�%Ǩ�2ćČɷ(�HVA)3®śŸʁ� 60s �Â,3Ȉ 18%ʞ120s ��,3Ȉ 31%,

�(%ʟíƓ0ʞƴĚƾ C0��DŸØÆǍ0ɔø�%Ǩ�2ćČɷ(�HVC)3ʞ®śŸʁ� 60s�Â,3

Ȉ 15%ʞ120s ��,3Ȉ 32%,�(%ʟ��2ƍɁ�Bʞ�ƴĚƾ-?0ŸØÆǍ0ɔø�%Ǩ�2ćČ

ɷ�ɺŪ�ƃ-ƞɜ�+ʖȬ0ć× DǇƥ�ǩɈ�Eʞǆ0 FSP®śŸʁ� 120s��,3ŸØÆǍ0ɔ

ø DǨ�2ćČɷ3ʞɺŪ�ƃ-ƞɜ�+ 2±��,�(%ʟFSPļ2ɆŮ2Ǩ�Ɇʚȏƈ�B3ýƸĶ

Û3ǩɈ,�/�(%�ʞFSP �2ʛƳ®ś0���HVa-�HVA/B60�HVC2īÈHǎ��"D&

�2ýƸɷ2ćČ�ǎ�%-šƴ�EDʟ'/<0ʞƁ©Ɇƃ0Ġ�+ 540�, 120min2Ƹ¥ÛÆǍHű

�%ļ0ʞ200�, 100min 2ŸØÆǍ(i�QŸØ0Ǟķ DǂÆǍ)Hű�%ɆŮ2Ǩ�3Ȉ 95HV ,�

(%ʟ�Űʞ�÷2ěʚ0��+Ż?ʛ�Ǩ�HǬ�% FSP ®śŸʁ� 120s ��2ƴĚƾ A ,3 80HV

ǲĳ,�Cʞi�QŸØƃ2Ǩ�2 84%ǲĳ,�(%ʟ;%ʞġʏǋƴĚ2ȏƈ�BʞFSP ļ,3ýƸ2
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ɩĥ0��ýƸĶÛ�ʞŸØÆǍļ,3ƇÇǅ2ĸŏ0��ƇÇǨÛ�ǎ�D-ȝ�BE%�ʞǨ�Ɇʚ2

ȏƈ,3 FSPļ2ɆŮ0ʂ�+3ƴĚƾ A,3ɺŪ�ƃ-íǽʞƴĚƾ C,3ɺŪ�ƃ0Ġ�+Ģ��Ǩ

�HǬ�+�CʞýƸĶÛ3ǩɈ�E/�(%ʟŸØÆǍļ3ʞ�!E2ɆŮ0��+? FSP ļ2ɆŮ0

Ġ�+Ǩ��ćČ�ʞƇÇĶÛ�Ǭô�ED�#2ćČɷ3ƴĚ¢ț/B60®śŸʁ0A(+īǖHǎ�

+�%ʟġʏǋ-Ǩ�2ʁ0ĠŃʂ¬�ǩɈ�E/�(%�/Ǎǒ-�+3ʞƴĚ¢ț2īǖ2Ĺʑ�ȝ�

BEDʟÁ¥ǚ03ʞġʏǋ3ɆʚǃĲʐHƴĚ�+�Cʞ;%ġʏǋɀ2l~�kĺ�Ȉ 6mm,�D�

-�Bġʏǋ2²3l~�kĺ0Ǟķ�%ȁû2ňĄHİĀÛ�%?2-Ëů�EDʟ�ŰʞǨ�Ɇʚ3Ɇ

ʚǃůʐ0)�+ȱ(+�Cʞ;%ġʏǋ-ƞɜ D-Ɛ>+ĤŐǚ/ȁûHƴĚ�+�Dʟ�2ƴĚǾŐ

2īǖ0A(+ġʏǋ-Ǩ�2ʁ0ĠŃʂ¬�Ǭ�E/�(%-ȝ�BEDʟ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.3.10� FSP ®śŸʁ� FSP ļ�A6ŸØÆǍļ2Ǩ�0ã: Ĺʑ (ƴĚƾ A) 
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ü 4.3.11� FSP ®śŸʁ� FSP ļ�A6ŸØÆǍļ2Ǩ�0ã: Ĺʑ (ƴĚƾ C) 

 

 

! ÊŹ� -Al Ǟ�2 Mg �A6 Si Ƽĳ  

��0ɡ8%A�0ʞġʏǋƴĚ�B3ƴĚ¢ț2īǖ0ɔø�+Ǩ�-2ĠŃʂ¬3Ǭ�E!ʞǨ�ĉ

Û2ŝÙHɋŷ,�/�(%�ʞŸØÆǍÒļ0��DǨ�2ŝÙHÚƋ D-ʞFSP�2ʛƳ®ś0AC

ýƸɷ2ćČ�Ǭô�EDʟÁ¥ǚ03ʞƴĚƾ A�A6 C-?0 FSP®śŸʁ� 60s��,3ʞŸØÆ

Ǎļ0��DǨ�2ćČɷ�ɺŪ�ƃ0ŸØÆǍHű�%ąë-9:íǽ,�D%>ɺŪ�ƃ-ƞɜ�+

ýƸɷ2ŷǢ/īǖ3ĕÿ�/�-šƴ�EDʟ�Űʞ120s ��,3ŸØÆǍļ0��DǨ�2ćČɷ�

ɺŪ�ƃ0ŸØÆǍHű�%ąë-ƞɜ�+ʖȬ0ćČ�+�DǇƥ�BʞɺŪ�ƃ-ƞɜ D-ýƸɷ�

ćČʞ);CʞǼ 2Ǻ,ŷB�0�%A�0ÊŹ�-AlǞ0Ġ�+�Ǟ�B2 MgàĔ2©Ȑ@ÀŹ SiȄĔ

�B2 Si àĔ2©Ȑ�ȱGE%-šƴ�EDʟ�2ƾHǩɈ D%>0ʞǨ�ɆʚHěű�%ƴĚƾ A /

B60 C0ʂ�+ EPMAHǐ�+ĚɷÈƇHȱ�ʞÊŹ�-AlǞ�2 Mg�A6 SiƼĳHɍ8%ʟȏƈH

ü 4.3.12 �A6ü 4.3.13 0Ǭ ʟƴĚ3ɺŪ�ƃʞFSP®śŸʁ� 20s�A6 180s2ɆŮ0)�+ě

ű�ʞü�2l~^b3ÊŹ�-AlǞ2�ŁɲH 10ƾÈƇ�%ʊ2İĀ²HǬ�+�CʞĉÙĮ3 10ƾÈ

Ƈ�%ʊ2ŻČ²�A6ŻĢ²H#E$EǬ�+�DʟİĀ²Hǐ�+ɐɎ D-ʞƴĚƾ A(ü 4.3.12)

0ʂ�+3ʞSi Ƽĳ3 FSP ®śŸʁ0ʂGB!9:�Ě,�Cʞ/��)ɺŪ�ƃ-?íǽ,�(%ʟ�
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Ű MgƼĳ3ʞɺŪ�ƃ- FSP®śŸʁ� 20s2ɆŮ2ʁ0ŷǢ/īǖ3ǩɈ�E/��ʞ180s®ś�%

ɆŮ,3ɺŪ�ƃ0Ġ�+ 35%ǲĳćČ�%ʟƴĚƾ C(ü 4.3.13)0ʂ�+3ʞSiƼĳ3 FSPHű�%Ɇ

Ů0��+ʞɺŪ�ƃ-ƞɜ�+ 35%ǲĳ£��%ʟ�Ű Mg Ƽĳ3ʞɺŪ�ƃ0Ġ�+ FSP ®śŸʁ�

20s 2ɆŮ,3 60%ǲĳ£��%�ʞ180s ®ś�%ɆŮ,3ɺŪ�ƃ0Ġ�+ 10%ǲĳ£��%ʟƴĚƾ

C 0��DÊŹ�-Al Ǟ�2Ʊ×»ȋƼĳ£�3ʞÒɡ�%ƇÇǞ2ÄýƸ-í�A�0Ǩ�2£�H?%

B ȷø-ȝ�BED�ʞƼĳ£�2àø3ǌŸƾ,3�ŷ,�DʟÒɡ�%ŸØÆǍÒļ0��DǨ�ĉ

Û2ŝÙ�Bʞ�ƴĚƾ-?0 FSP ®śŸʁ� 20s ,3ɺŪ�ƃ0Ġ�+ýƸɷ2īǖ3ĕÿ�/�-š

ƴ�E%ʟƴĚƾ A,3šƴɥC2ȏƈ,�(%�ʞƴĚƾ C,3 Mg/B60 SiƼĳ-?0ɺŪ�ƃ-

ƞɜ�+£� Dȏƈ�ľBE%ʟ;%ʞFSP®śŸʁ� 180s,3ɺŪ�ƃ0Ġ�+ýƸɷ�ćČ D-

šƴ�E%ʟƴĚƾ A ,3 Mg Ƽĳ2ćČ�ǩɈ�EšƴɥC2ȏƈ,�(%�ʞƴĚƾ C ,3 Mg /B

60 Si Ƽĳ-?0ɺŪ�ƃ-ƞɜ�+£� Dȏƈ�ľBE%ʟ'/<0ʞǼ 2 ǺǼ 5 Ȁ,ŷB�0�%

A�0ʞɉġ×ǂȴțHǐ�+ŵƳɦĳ� 40�/s2Ƅ��,Ƴĳ� 560�ʞ®śŸʁ� 3min2Ƹ¥ÛÆǍ

(FSPŸ0Ɇʚǃ0�� DƳĳħƛ2ŜƔ)Hű�%ąë,3ʞÊŹ�-AlǞ�2 MgƼĳ3 0.37%(©Ɇƃ

2ðżɷ-íǽ)ʞSiƼĳ3 1.50%ǲĳ,�(%ʟ�Űʞ�÷2ěʚ0��+Ż?ʛ�Ǩ�HǬ�% FSP®

śŸʁ� 120s��2ƴĚƾ A0��DÊŹ�-AlǞ�2 MgƼĳ3 0.27%ʞSiƼĳ3 1.07%ǲĳ,�Cʞ

ŜƔ2ɉġ×ǂƃ0Ġ�+ MgƼĳ3Ȉ 73%ʞSiƼĳ3 71%ǲĳ,�(%ʟ�2�-�BʞFSP�0Ɇʚ

ǃ0���EDƳĳħƛ,3ʞŜƔ2Ƹ¥ÛÆǍƃ0Ǟķ DýƸɷ3ľBE/�?22ʞɺŪ�ƃ-ƞɜ

 D-ýƸɷ3ćČ DǇƥ�ŷB�-/CʞFSPŸ2ƳĳħƛHƸ¥ÛÆǍ-�+§ǐ DçȠŇ�Ǭ�

E%-Ëů�EDʟ;%��2ƍɁ�BʞƴĚƾ A 0��DŸØÆǍ0��Ǩ�2ćČ3ʞFSP Ÿ2ʛƳ

®ś0��ýƸɷ2ćČ0ɔø�%ǌɑ-ǍȽ,�D�ʞƴĚƾ C2Ǩ�2ĉÛ3ýƸɷ2ĉÛ�B3ɋŷ

,�/�Ǉƥ,�(%ʟ#2Ǎǒ-�+3ʞFSP/B60ŸØÆǍ0��ƇÇǅ2ĸŌĉÛ2Ĺʑ�ȝ�B

EDʟ);CʞýƸɷ3ĉÛ�/�-? FSP /B60ŸØÆǍŸ2ƳĳĉÛ0A(+ʞƇÇǅĸŌ@#2

ŬĞĳ�ĉÛ�+Ǩ�0Ġ�+ĹʑHã: -šƴ�EʞǨ�2ĉÛ03ýƸɷ2ćČ-ƇÇǅĸŌĉÛ2

�Ȟ�ȶʌ0ʂ��+�D-ȝ�BEDʟ;%ʞƴĚƾ A- C2ʁ,Ǩ�2ĉÛŝÙ0īǖHǎ�%23ʞ

FSP�2ɆʚǃÂɲ0ƳĳÈĭ�ǎ�+�Cʞ�ƴĚƾ2ʁ0Ƴĳħƛ2īǖ�ǎ�+�%%>-ȝ�BE

Dʟ�EB2ƾHȆƉ D%>03ʞɢɬāʏĔʖŀɾHǐ�%ƇÇǅ2ǝŠǚ/ȼğ@Ɇʚǃ2ƳĳÈĭ

ƴĚHɥ�+ʞƳĳħƛ�ƇÇǅĸŌ0ã: ĹʑHɍ8Dłȷ��D-ȝ�+�Dʟ 
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ü 4.3.12� FSP ®śŸʁ�ÊŹ α -Al Ǟ�2 Mg �A6 Si Ƽĳ0ã: Ĺʑ (ƴĚƾ A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ü 4.3.13� FSP ®śŸʁ�ÊŹ α -Al Ǟ�2 Mg �A6 Si Ƽĳ0ã: Ĺʑ (ƴĚƾ C) 
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4.3.3  Ģƫ  

� ƁȀ,3ʞFSP �2ʛƳ®ś2ŸʁH 20sʣ180s 2ȁûÂ,ĉÛ�"%ʊ2rQ~Ȏșʞǆ0 Mg @ Si

àĔ2ýƸǇŌ@ƖƌǚŇɓ(Ǩ�)2ɍƉHɥ�+ʞFSPŸ0Ǚǎ DťŦǂ2Ƹ¥ÛÆǍ-�+2Øƈ0

ʂ�+ƍɁ�%ʟ#2ȏƈH��0ɂ ʟ 

 

1. ěʚ0ACľBE%Ƴĳħƛ3ʞŵƳɬǲ,3 50��B 500�2ȁû0��DŵƳɦĳ3 37ʣ65�/s

,�Cʞ�2ŵƳɦĳ2ĉÙ3_�|ƸǠǅ2�<ɞ<0ɔø Dǌɑ-ȝ�BE%ʟ®śɬǲ,3ʞ

İĀƳĳ2ĉÙĮ3ǜƔ2 520�0Ġ�+�3 �Â,�(%�ʞƳĳĉÙ3®śŸʁ�Ǥ� 20s ,3İ

ĀƳĳ0Ġ�+�3ʣ5�ǲĳʞ®śŸʁ� 60s ��,3İĀƳĳ0Ġ�+�5ʣ13�,�CɿŸʁ®ś

�%Ű�ƳĳĉÙ3Č��Ǉƥ,�(%ʟÅÞɬǲ,3ʞŗ�ȫɶ2ʅȫǝļ�BȈ 6s;,3ʞǷÅ0

ADȖ@�/Ƴĳ£��ǩɈ�Eʞ6s �ʃ,3ƠÅ0ACȈ 2s �Â0 100���;,ɆʚǃƳĳ�ņ

ƻ0£��%ʟ 

2. FSP0��ýƸ�ƇÇǇŌHšĚ D%>0ġʏǋƴĚHěű�%ȏƈʞFSPŸļ2ɆŮ,3ġʏǋ2

£��ǩɈ�EʞFSP�2ʛƳ®ś0��+Ʊ×»ȋ2ýƸ�ɩĥ�%Ǉƥ�Ǭô�E%ʟ���/�

Bʞ®śŸʁ0ɔø DŷǢ/īǖ3ǩɈ�E/�(%ʟFSPļ0ŸØÆǍHű�%ɆŮ,3ʞ�!E

2®śŸʁ0��+?ŸØÆǍļ3ġʏǋ�ćČ�ʞƇÇǅ2ĸŏ�Ǭô�E%�®śŸʁ0ɔø D

ŷǢ/īǖ3ǩɈ�E/�(%ʟ 

3. FSP0��ýƸ�ƇÇǇŌ2ĉÛ�ƖƌǚŇɓ0ã: ĹʑHɍ8D%>0Ǩ�ɆʚHěű�%ʟƴĚ

ƾ A,3ʞFSPļ2ɆŮ2Ǩ�3®śŸʁ0ʂGB!Ǩ�(İĀ²)3 60HV�3HVǲĳHǬ�ʞɺŪ�

ƃ-9:íǽ,�(%�ʞŸØÆǍHű�%ɆŮ,3ƇÇĶÛ0ɔø�%Ǩ�2ćČ�ǩɈ�Eʞ®ś

Ÿʁ� 60s�Â,3 75HVǲĳʞ120s��,3 80HVÒļHǬ�%ʟƴĚƾ C,3ʞFSPļ2ɆŮ2

Ǩ�3�!E2®śŸʁ0��+?Ǩ�3 55HVÒļ,�(%�ʞŸØÆǍHű�%ɆŮ,3®śŸʁ

� 20s �A6 60s 2ɆŮ,3 60HV ǲĳʞ120s ��,3 70HV ǲĳ;,Ǩ��ćČ�%ʟ;%ʞ�ƴ

Ěƾ-?0ŸØÆǍ0ɔø�%Ǩ�2ćČɷ�ɺŪ�ƃ-ƞɜ�+ʖȬ0ć× DǇƥ�ǩɈ�Eʞǆ

0 FSP®śŸʁ� 120s��,3ŸØÆǍ0ɔø DǨ�2ćČɷ3ʞɺŪ�ƃ-ƞɜ�+ 2±��,

�(%ʟ�2�-�BʞFSP ļ2ɆŮ2Ǩ�Ɇʚȏƈ�B3ýƸĶÛ3ǩɈ�E/�?22 FSP �2

ʛƳ®ś0��ýƸɷ2ćČ�ǎ�%-šğ�E%ʟ/�ʞ�÷2ěʚ0��+Ż?ʛ�Ǩ�HǬ�%

FSP®śŸʁ� 120s��2ƴĚƾ A,3ʞi�QŸØƃ2Ǩ�2 84%ǲĳ,�(%ʟ  

4. Ǩ�ƴĚ¢ț0��DÊŹ�-AlǞ�2 Mg�A6 SiƼĳHɍ8D%>0ʞEPMAHǐ�%ĚɷÈƇH

ȱ(%ʟƴĚƾ A ,3ʞSi Ƽĳ3 FSP ®śŸʁ0ʂGB!9:�Ě,�Cʞ/��)ɺŪ�ƃ-?í

ǽ,�(%ʟ�Ű MgƼĳ3ʞɺŪ�ƃ- FSP®śŸʁ� 20s2ɆŮ2ʁ0ŷǢ/īǖ3ǩɈ�E/�

�ʞ180s®ś�%ɆŮ,3ɺŪ�ƃ0Ġ�+ 35%ǲĳćČ�%ʟƴĚƾ C,3ʞSiƼĳ3�!E2 FSP
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®śŸʁ0��+?ɺŪ�ƃ-ƞɜ�+ 35%ǲĳ£��ʞMg Ƽĳ3ɺŪ�ƃ0Ġ�+®śŸʁ� 20s

2ɆŮ,3 60%ǲĳʞ180s ,3 10%ǲĳ£��%ʟFSP ®śŸʁ� 120s ��2ƴĚƾ A 0��DÊ

Ź�-Al Ǟ�2 Mg Ƽĳ3 0.27%ʞSi Ƽĳ3 1.07%ǲĳ,�CʞŜƔ2ɉġ×ǂƃ0Ġ�+ Mg Ƽĳ3

Ȉ 73%ʞSi Ƽĳ3 71%ǲĳ,�(%ʟ�2�-�BʞFSP �0Ɇʚǃ0���EDƳĳħƛ,3ʞŜ

Ɣ2Ƹ¥ÛÆǍƃ0Ǟķ DýƸɷ3ľBE/�?22ʞɺŪ�ƃ-ƞɜ D-ýƸɷ3ćČ DǇƥ

�ŷB�-/CʞFSPŸ2ƳĳħƛHƸ¥ÛÆǍ-�+Íǐ DçȠŇ�Ǭ�E%-Ëů�E%ʟƴĚ

ƾ C2Ǩ�2ĉÛ3ýƸɷ�B3ɋŷ,�/�Ǉƥ,�(%�ʞ#2Ǎǒ-�+3ʞFSP/B60ŸØ

ÆǍ0��ƇÇǅĸŌ2ĉÛ�ȝ�BE%ʟ�2ƾHȆƉ D%>03ʞɢɬāʏĔʖŀɾHǐ�%Ƈ

Çǅ2ǝŠǚ/ȼğ@Ɇʚǃ2ƳĳÈĭƴĚHɥ�+ʞƳĳħƛ�ƇÇǅĸŌ0ã: ĹʑHɍ8Dł

ȷ��Cʞ�ļ2Ɍʕ-ȝ�Dʟ 

 
4.4  �ļ2Ɍʕ-ĥž  
 
ƁǦǶ,3ʞFSPŸ0Ǚǎ DťŦ0ADƳĳħƛHǴƐǚ0ÏĿ�+Ƹ¥ÛÆǍ-�+Íǐ D�-,ʞ

Ũř0��ĆŇƬÙ0ɔø�%ȎșÏĿ-ťŦǂ0ADƸ¥ÛÆǍ2ȶëØƈ0ACƖƌǚŇɓ2ʘɗǚ

/î�HǜŜ�+�CʞƁǦǶHɪȱ D�,2Ɍʕ-�ļ2ĥžH��0ɂ ʟ 

 

1. FSPŸ2Ƴĳħƛ��Ǉƥ2ũõ 

� ƁǦǶ,3ʞ2.5 Ȁ,ľBE%Ƹ¥ÛÆǍ2Øƈ�ľBEDƳĳħƛ(ŵƳɦĳ� 40�/sʞƳĳ� 560�ʞ

®śŸʁ� 3min)HŜƔ-� FSPŸ0Ɇʚǃ0�� D�-HɆ<%ʟ���/�Bʞěʊ0 FSPHěű

�%ȏƈ,3ŵƳɦĳ3ŜƔ-Ɛ>+ɟ�ǇŌ�ľBE%�ʞƳĳƴĚHȱ(%ǾŐ2ŻČÎɭƳĳ3

530�ǲĳ,�CʞŜƔ-ƞɜ�+ 30�ǲĳ£�(%ʟ;%ÎɭƳĳ�£�%>ʞ®śŸʁHĴɿ D�-

�ž;E%�ʞFSP �2Ɇʚǃ2ĉĸ/B60ťȟǇƥ�B®śŸʁ3 3min �ʄĳ,�D-Ëů�E%ʟ

��2Ǉƥ�BʞŜƔ2ƳĳħƛHɆʚǃ0�� D�-3èG/�(%ʟ�2ƾ0ʂ�+3ʞ_�|@Ɇ

ʚǃĸǇ@ƳĳƴĚŰƦ2ũȨHȱ�ʞ�B0ƍɁHɩ>Dłȷ��Dʟ 

2. ɆʚǃÂɲ2ƳĳÈĭ2œţ 

� �ɡ2A�0ʞ�÷2ěʚ0��+3ƳĳƴĚǾŐ2ŻČÎɭƳĳ3 530�,�(%�ʞ_�|0Ɇʚǃ

ȋƃ�ƸǠ DǇƥHÚƋ D-ʞɆʚǃ-_�|2ŠȾɲɟµ,3�B0Ƴĳ�ʛ�Ǉƥ�šğ�EDʟ

;%ʞ4.3Ȁ,ɡ8%A�0 FSPHű�%ɆŮ2Ǩ�03ʞýƸɷ2</B!ƇÇǅ2ĸŌ�Č��ʂ��

+�D-šğ�EDʟFSP0��ƇÇǅ2ĸŌĉÛ0ɔø�%Ǩ�2ĉÛHɇ��ɍ8D%>03ʞɢɬā

ʏĔʖŀɾHǐ�%ȼğ/B60Ɇʚǃ2ƳĳÈĭ2œţ�łʓ,�Dʟ 

3. ȎșÏĿ2Øƈ2ƍɁ 
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� ƁǦǶ2ŻȍǜƔ0Ġ�+ʞǌŸƾ,3 FSP Ÿ2Ƴĳħƛ2Ƹ¥ÛÆǍ2Øƈ0ʂ�+ƍɄ�%Ɯʈ,

�Dʟ�ļ3l~�kHɆʚǃ0Ş¾�%ǇŌ, FSP Hěű�+ʞĆŇƬÙ0ɔø�%ȎșÏĿ�ƃŮǆ

Ň0ã: ĹʑHȆƉ Dłȷ��Dʟ×�+ʞ#2ʊ2Ƴĳħƛ-2Ǟ�ʂ¬0ʂ�+?ƍɁ Dłȷ�

�Dʟ 

 

4.5  ȏȿ  
 

� ƁǺ,3ʞFSPŸ2ťŦ0ADƳĳħƛ�ƃŮǆŇ0ã: Ĺʑ2ɍƉHɥ�+ʞƳĳħƛHƸ¥ÛÆǍ

-�+ÍǐçȠ�ï�HƍɁ�%ʟē>0ʞƳĳħƛ2��-Ũř0ADȎșÏĿHǈǹ�+ÏĿçȠ/

FSPȴț2ȵ¦Hȱ(%ʟȵ¦�% FSPȴțHǐ�+ʞFSPHěű�%ʊ2Ƴĳħƛ2��Ǉƥ2ǩɈ�

%ʟ×�+ʞFSP 0��rQ~ȎșĉÛ@ƖƌǚŇɓ2ɍƉHɥ�+ʞFSP 0��rQ~Ȏș@ƖƌǚŇ

ɓ2ĉÛ0ʂ Dăǫa�[Häʋ�%(4.2 Ȁ)ʟ#2ļʞFSP Ÿ2ƳĳħƛHƓ�0ĉÛ�"%ʊ2rQ

~Ȏșʞǆ0 Mg@ Si2ĕÿǇŌ@ƖƌǚŇɓ(Ǩ�)Hɍ8D�-,ʞFSPŸ2ƳĳħƛHƸ¥ÛÆǍ-�

+Íǐ DçȠŇHƍɁ�%ʟ 

 

1. 4.2Ȁ,3ʞŨř0ADȎșÏĿ-ťŦǂ2��Hǈǹ�+ÏĿçȠ/ FSPȴț2ȵ¦0)�+ƍɁ�

%ļʞȵ¦�% FSP ȴțHǐ�+ FSP Hěű�%ąë0��DťŦǂ0ADɆʚǃ72Ƴĳħƛ2�

�ǇƥHɍ8%ʟ×�+ʞFSPļ2Ɇʚǃ2rQ~Ȏșȼğ�A6ƖƌǚŇɓ2ɍƉHɥ�+ʞFSP0

��rQ~Ȏș@ƖƌǚŇɓ2ĉÛ0ʂ Dăǫa�[Häʋ�%ʟ�B0ʞFSPļ2ɆʚǃHƠÅ�ʞ

#2ƠÅ2Øƈ0ʂ�+ƍɁ�%ʟ 

� ƁǦǶ,3ʞɆʚǃ0Ġ�+_�|3ǱÙ�"!ʞ�0ŨřHȱ�l~�k�_�|�BÇ¾C D

ƖƒH¶�% FSP ȴțHȣ¦�%ʟ_�|HǱÙ�"/� FSP ,3ȎșÏĿʔĂ�ǉ�ȁû0ʄĚ�

ED�ʞɺǅ21�ɲ@�ɲó-2ȏëɲ/.ĤŐǚ0Ķĳ�łȷ/ǾŐ0Ġ�+3ʞƁ FSP2ɮǐ�

żØ,�D-ȝ�BEDʟƁǦǶ,3ʞ�ɡ2A�/ǾŐ0Ġ DĤŐǚ/ũɓHķʐ2ǜƔ-�+Ƀ

Ě�%ʟ 

� ȵ¦�% FSPȴțHǐ�+ FSPHěű�%ʊ2Ɇʚǃ0���EDƳĳħƛ3ʞ	ŵƳɦĳ3 27ʣ

47�/sǲĳʞ500���0��+ƞɜǚėĚ0®ś�çȠʞ�ŻČÎɭƳĳ3 518ʣ530�ǲĳ,�(%ʟ

ŗ�ȫɶ-ɆʚǃƳĳ2ĠŃʂ¬Hɍ8%-�F�Ȟ2ʁ03ĞŠ/ʂ¬��CʞŵƳɬǲ,3_�|

�Ǡǅ2�<ɞ<0ɔø�%ņƻ/ŗ�ȫɶ2ćČ0��ɆʚǃƳĳ�Ȭ���ŵ DǇƥ�ǩɈ�E

%ʟ®śɬǲ0��+3ʞɆʚǃƳĳ2ŸʁǴÈ²-ŗ�ȫɶ2ŸʁǴÈ²2ʁ0ɜǚȨĐ/Ǟʂʂ¬

�ǩɈ�EʞČ�/ȫɶHɿŸʁɒȫ D9.Ɇʚǃ3ʛƳ,®ś�EDǇƥ�Ǭô�E%ʟFSPļ2

Ɇʚǃ2rQ~Ȏș,3ʞ	Ũřɲ(SZ)ʞ
ǂ×ĩĹʑɲ(TMAZ)ʞ�ǂĹʑɲ(HAZ)�A6�ʜȩɲ(DZ)
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2 4ʔĂ�ǩɈ�E%ʟrQ~Ȏșȼğ�BʞŻČŗ�ȫɶ2ćČ0��Ũřɲ�A6ǂ×ĩĹʑɲ2

ư��ćČ DǇƥ�ŷB�-/(%ʟFSPļ,3Ɇʚǃ2ġʏǋ3£��+�CʞɆʚǃƳĳ� 470�

��0��DƳĳ2ŸʁǴÈ²2ćČ-ġʏǋ2£�ɷ-2ʁ0ȨĐ/Ǟʂʂ¬�ǩɈ�E%ʟFSPļ

2Ɇʚǃ2Ǩ�Hɍ8%ȏƈʞƴĚƾ A /B6 B ,3ɺŪ�ƃ0Ġ�+Ǩ��ɛŀ0ćČ D?22ʞ

ƴĚƾ C,3ɺŪ�ƃ-ƞɜ�+Ǩ��£��%ʟ 

� FSP2ʛƳ®śɬǲǝļ2ƠÅH 2ǳʗ2ŰƦ(g[�� 1ʢɆʚǃHʃ��"!0ƠH��Dʞg[

�� 2ʢɆʚǃHʃ��"%ǇŌ,ƠH��D),ƍɁ�%ȏƈʞÅÞŰƦ0ɔø�%ÅÞɬǲ2Ƴĳħ

ƛ2īǖ3ǎ�D?22ʞġʏǋ@Ǩ�0ŷǢ/īǖ3ǩɈ�E/�(%ʟ�B0ʞǷÅ2ąë-ƞɜ

�+?ġʏǋ@Ǩ�0ŷǢ/īǖ3ǩɈ�E/�(%ʟ 

 

2. 4.3Ȁ,3ʞFSP�2ʛƳ®ś2ŸʁH 20sʣ180s2ȁûÂ,ĉÛ�"%ʊ2rQ~Ȏșʞǆ0 Mg@

SiàĔ2ýƸǇŌ@ƖƌǚŇɓ(Ǩ�)2ɍƉHɥ�+ʞFSPŸ2Ƴĳħƛ2Ƹ¥ÛÆǍ-�+2Øƈ0

ʂ�+ƍɁ�%ʟ 

� ěʚ0ACľBE%Ƴĳħƛ3ʞŵƳɬǲ,3 50��B 500�2ȁû0��DŵƳɦĳ3 37ʣ65�/s

,�Cʞ�2ŵƳɦĳ2ĉÙ3_�|ƸǠǅ2�<ɞ<0ɔø Dǌɑ-ȝ�BE%ʟ®śɬǲ,3ʞ

İĀƳĳ2ĉÙĮ3ǜƔ2 520�0Ġ�+�3 �Â,�(%�ʞƳĳĉÙ3®śŸʁ�Ǥ� 20s ,3İ

ĀƳĳ0Ġ�+�3ʣ5�ǲĳʞ®śŸʁ� 60s ��,3İĀƳĳ0Ġ�+�5ʣ13�,�CɿŸʁ®ś

�%Ű�ƳĳĉÙ3Č��Ǉƥ,�(%ʟÅÞɬǲ,3ʞŗ�ȫɶ2ʅȫǝļ�BȈ 6s;,3ʞǷÅ0

ADȖ@�/Ƴĳ£��ǩɈ�Eʞ6s �ʃ,3ƠÅ0ACȈ 2s �Â0 100���;,ɆʚǃƳĳ�ņ

ƻ0£��%ʟ 

� FSP0��ýƸ�ƇÇǇŌHšĚ D%>0ġʏǋƴĚHěű�%ȏƈʞFSPŸļ2ɆŮ,3ɺŪ�

ƃ0Ġ�+ġʏǋ2£��ǩɈ�EʞFSP�2ʛƳ®ś0��+Ʊ×»ȋ2ýƸ�ɩĥ�%Ǉƥ�Ǭô

�E%�ʞ®śŸʁ0ɔø DŷǢ/īǖ3ǩɈ�E/�(%ʟFSP ļ0ŸØÆǍHű�%ɆŮ,3ʞ

�!E2®śŸʁ0��+?ŸØÆǍļ3ġʏǋ�ćČ DǇƥ�ǩɈ�EƇÇǅ2ĸŏ�Ǭô�E%

�ʞ®śŸʁ0ɔø DŷǢ/īǖ3ǩɈ�E/�(%ʟ 

� FSP0��ýƸ�ƇÇǇŌ2ĉÛ�ƖƌǚŇɓ0ã: ĹʑHɍ8D%>0Ǩ�ɆʚHěű�%ʟƴ

Ěƾ A,3ʞFSPļ2ɆŮ2Ǩ�3®śŸʁ0ʂGB!Ǩ�3ɺŪ�ƃ-9:íǽ,�(%�ʞŸØÆ

ǍHű�%ɆŮ,3ƇÇĶÛ0ɔø�%Ǩ�2ćČ�ǩɈ�Eʞ®śŸʁ� 60s�Â,3 75HVǲĳʞ

120s ��,3 80HV ÒļHǬ�%ʟƴĚƾ C ,3ʞFSP ļ2ɆŮ2Ǩ�3�!E2®śŸʁ0��+

?Ǩ�3 55HV Òļ,�CɺŪ�ƃ-ƞɜ�+£��%�ʞŸØÆǍHű�%ɆŮ,3®śŸʁ� 20s

�A6 60s 2ɆŮ,3 60HV ǲĳʞ120s ��,3 70HV ǲĳ;,Ǩ��ćČ�%ʟ;%ʞ�ƴĚƾ-

?0ŸØÆǍ0ɔø�%Ǩ�2ćČɷ�ɺŪ�ƃ-ƞɜ�+ʖȬ0ć× DǇƥ�ǩɈ�Eʞǆ0 FSP
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®śŸʁ� 120s��,3ŸØÆǍ0ɔø DǨ�2ćČɷ3ʞɺŪ�ƃ-ƞɜ�+ 2±��,�(%ʟ

�2�-�BʞFSPļ2ɆŮ2Ǩ�Ɇʚȏƈ�B3ýƸĶÛ3ǩɈ�E/�?22 FSP�2ʛƳ®ś0

��ýƸɷ2ćČ�ǎ�%-šğ�E%ʟ/�ʞ�÷2ěʚ0��+Ż?ʛ�Ǩ�HǬ�% FSP®śŸ

ʁ� 120s ��2ƴĚƾ A ,3ʞi�QŸØƃ2Ǩ�2 84%ǲĳ,�(%ʟ;%ʞǨ�Ɇʚ2ȏƈ-ġ

ʏǋƴĚ2ȏƈ�ĠŃ�+�/��ʞ�E3ƴĚ¢ț2īǖ0ɔø Dǌɑ-ȝ�BE%ʟ 

� Ǩ�ƴĚ¢ț0��DÊŹ�-AlǞ�2 Mg�A6 SiƼĳHɍ8D%>0ʞEPMAHǐ�%ĚɷÈƇ

Hȱ(%ʟƴĚƾ A ,3ʞSi Ƽĳ3 FSP ®śŸʁ0ʂGB!9:�Ě,�Cʞ/��)ɺŪ�ƃ-?

íǽ,�(%ʟ�Ű MgƼĳ3ʞɺŪ�ƃ- FSP®śŸʁ� 20s2ɆŮ2ʁ0ŷǢ/īǖ3ǩɈ�E/

��ʞ180s ®ś�%ɆŮ,3ɺŪ�ƃ0Ġ�+ 35%ǲĳćČ�%ʟƴĚƾ C ,3ʞSi Ƽĳ3�!E2

FSP®śŸʁ0��+?ɺŪ�ƃ-ƞɜ�+ 35%ǲĳ£��ʞMgƼĳ3ɺŪ�ƃ0Ġ�+®śŸʁ�

20s2ɆŮ,3 60%ǲĳʞ180s,3 10%ǲĳ£��%ʟFSP®śŸʁ� 120s��2ƴĚƾ A0��D

ÊŹ�-Al Ǟ�2 Mg Ƽĳ3 0.27%ʞSi Ƽĳ3 1.07%ǲĳ,�CʞŜƔ2ɉġ×ǂƃ0Ġ�+ Mg Ƽĳ

3Ȉ 73%ʞSi Ƽĳ3 71%ǲĳ,�(%ʟ�2�-�BʞFSP �0Ɇʚǃ0���EDƳĳħƛ,3ʞ

ŜƔ2Ƹ¥ÛÆǍƃ0Ǟķ DýƸɷ3ľBE/�?22ʞɺŪ�ƃ-ƞɜ D-ýƸɷ3ćČ DǇ

ƥ�ŷB�-/CʞFSPŸ2ƳĳħƛHƸ¥ÛÆǍ-�+§ǐ DçȠŇ�Ǭ�E%ʟƴĚƾ C2Ǩ�

2ĉÛ3ýƸɷ�B3ɋŷ,�/�Ǉƥ,�(%�ʞ#2Ǎǒ-�+3 FSP/B60ŸØÆǍ0��Ƈ

ÇǅĸŌ2ĉÛ�ȝ�BE%ʟ�2ƾHȆƉ D%>03ʞɢɬāʏĔʖŀɾHǐ�%ƇÇǅ2ǝŠǚ

/ȼğ@Ɇʚǃ2ƳĳÈĭƴĚHɥ�+ʞƳĳħƛ�ƇÇǅĸŌ0ã: ĹʑHɍ8Dłȷ��Cʞ�

ļ2Ɍʕ-ȝ�Dʟ 
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Ŭ 5 Ū� ŽƦ  
 

Ěŝŧ$+ǟƈ�Ưƿ²'&(ÃŐ�=<sƑŖ'Ņ�Ŏ»B`[SE\«ǂǃƸě$�< AC4CH

«ǂ@ŝŧÒƩ(ƾ.ǟFSP Ė*ąĆ(9<ļàØİ@�ì�ľ{ �Ŏ%�#�Ő�<�%$ǟĈ

û(w�Àòĸ�(Ƭµ� żƁ�ì%ąĆŅ(9<ľ{ �Ŏ*�ğ@¬ĖkƐŖ(ë<�%(

9;ĬĤŖòƫ*ǚƮŖ'­g*Ƽö@ĘŻŗĪ(ă� Ǡ�*fƹ*ŝŧ(�
#ǟĚƦč$+ǟ

FSP Ė(��<ľ{ �Ŏ%żƁ�ì*Ɣ«�ğ(Ǉ�#ĥƛ�<(å ;ǟľ{ �Ŏ%żƁ�ì

@��(Íđ� ǎ*�=�=*�ğ@ùĄ�< 6*ĥƛ@Ɛ! (Ŭ 2Ū�9.Ŭ 3Ū )Ǡ�*êǟ

Ĉû(9<żƁ�ì%ąĆŅ(9<ľ{ �Ŏ*�ğ@¬ĖkƐŖ(§ë�< 6* FSP øĶ@Ƅ

ģ�ǟ�=@Íō�< FSP ƒƂ@Ɠ|� ǠƓ|� FSP ƒƂ(�
#Íō�=<ąĆ(9<ļà

Øİ*ƥġ@Ɛ
ǟ�*ļàØİ�[GażƁ8ĬĤŖòƫ(¤2�çǔ*ƥġ@ƶ�#ąĆŅ@ľ

{ �Ŏ%�#�Ő¨Ƈ�®�@ĥƛ� (Ŭ 4 Ū )Ǡ�*Žğǟth*ŽƦ@ë Ǡ  

 

 

[ 1 ]  Ŭ 2 Ū$+ǟFSP Ė*ąĆŅ@ľ{ �Ŏ%�#�Ő�<(å ;ǟFSP Ė(ŕŏ�<%óÌ�

=<ąĆŅ*ļàØİ (ñƷēļǟ¸řſŘh*ǝļǟ�¡y*ŜĖǆ*�ý )@ǝ°ķƢÓ�ŅƒƂ

@Ő
#īć� Ǡǝ°ķƢÓ�ŅƒƂ(9<ñƷēļ@w�ǝļŜĖǆľ{ �Ŏ@đ� ǎ*[

GażƁ8ĬĤŖòƫ*{ŵŖ'Ŵġ@ƶ�#ǟľ{ �Ŏ*�ğ�ë:=<ļàØİ@īŹ� Ǡ

�*Žğǟth*�%�Ĕ:�%'! Ǡ  

 

(1) 2.3 ů$+ǟǝ°ķƢÓ�ŅƒƂ@B`[SE\«ǂǃƸě*�Ņ(ƽŐ�<(å ;ǟƟ

ǜņ*�Ņŉĵ@ƥ0 Ǡ�*ŽğǟǅøĐ­¤.ÞĐ­(��<ļà�Ý*ĥƛŽğ�:ǟ

�ŅID`(Ò�#ƽį'yƂ (L=26mm)(Ɵǜņ@ƜƂ�<%ǟĦū(Ä�'ļà�Ý@ŏ

�'
�%�Šơ�= Ǡ�{Ŗ(+ǟǅøĐ­(��<ļà�Ý+Ŷ 4�ǟÞĐ­+ĘÄ$

7Ŷ 4�$�! Ǡ  

 

(2) 2.4 ů$+ǝ°ķƢÓ�ŅƒƂňę*q*Ņ�ŎƒƂ$+Íō�¶Ǒ$�<Ä�'ēļƷà

(40.0� /s)@w�ľ{ �Ŏ�ěĎňò(¤2�çǔ*ħƕùĄ@ŗŖ%� Ǡ�{Ŗ(+ǟñ

Ʒēļ@w�ľ{ �Ŏ(��<ľ{ ļà8Ėǆ�:(+ēļƷà�[GażƁ�9.ĬĤ

Ŗòƫ'&*ěĎňò(¤2�çǔ@ƥ0 Ǡ  

40.0� /s (řå�<ñƷēļ(��#ǟľ{ ļà(Ƽ� Řê(ñ��<ľ{ �Ŏ$+ǟ

�ė Si ŲÈ*Ä��8æŉ(Ĕś'Â +ơ6:='
7**ǟľ{ ļà*gē(w�¸ľ
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ǁ*ÁÄ(Ǉƹ�#ǟş�8Ɔ�+ÁÄ�<�%�Ĕ:�%'! Ǡ  

ľ{ ļà@ 560�(ƜÌ� ľ{ �Ŏ (ēļƷà  : 40.0� /s)$+ǟ�¡y*Ėǆǆǌ(�


#7ǟ�ė SiŲÈ*æŉ8ĬĤŖòƫ*Â @Ĕś(Ā�<�%�$� Ǡ�{Ŗ(+ǟ3min

*ľ{ Ėǆ$�ė Si ŲÈ*BJZGQĲ+zhǟş�8Ɔ�+ÁÄ�<�ǟ�*ê+
�=

*�7Ǜ±�<�%@Šơ� ǠfĐǟ�ė Si ŲÈ*ďǓŦ+ǟľ{ Ėǆ*áǅ(w
¡ƥ

(ÁÄ�<�%@Šơ� Ǡ  

ēļƷà+�ė Si ŲÈ*Ä��(Ò�#Ə��çǔ�<�%�Šơ�= Ǡ�{Ŗ(+ǟē

ļƷà� 40.0� /s (�
#ĘÔ� (Ŷ 1.5µm2)@Ţ�*(Ò�#ǟ4.0� /s $+Ŷ 168%ǟ0.4�

/s $+Ŷ 149%*ųÄ �­�Šơ�= ǠfĐǟÓǒŌǟş�¤.Ɔ�(Ò�<ēļƷà*

çǔ+Ô�
�%�Ĕ:�%'! Ǡ  

 

(3) 2.5 ů$+ǟñƷēļ (40� /s)@w�¸řſŘh*ǝļ (560� )(��<�¡y*�ý 0min

�: 30min)%
�Ħ6#ǉÌŖ'ǝļŜĖǆľ{ �Ŏ@đ� ǎ*[GażƁǟň( Mg 8

Si *É¹ŉõ8�ė Si ŲÈ*æõÂ %ĬĤŖòƫǟň(âãňò%*řnǇ�*Ŵġ@ƶ

�#ǟľ{ �Ŏ*�ğ�ë:=<ļàØİ@īŹ� Ǡ  

ǃĊ�ŉõ$+ǟM]DSeKJG_YQŉ¤.ĝŉ*�ř8 Mg2Si ř%�# Mg +É¹�

#
 �ǟñƷēļ@w�ŜĖǆ*ľ{ �Ŏ@đ� ¿«ǟMg2Si ř+ 560�3$ēļ� 

Řê(ĹÅ� ǠqĐǟM]DSeKJG_YQŉ*�ř+ 3min %
�Ħ6#Ŝ
ľ{ Ė

ǆ(�
#ĹÅ�<�ǟĝŉ*�ř+ Mg @¯3'
� -AlFeSi (ŉõÂ @ŏ�<�%�Ĕ

:�%'! Ǡ�*�ř*ŉõÂ (w
 Mg +�ėƿ/~ž�=ǟ�ėƿ@p� Mg *ü

ċ��ė�ř�ƿ(��< Mg *ÁÄ@éƷ�<%Ƅ�=,ǟ�ė�ř�ƿ* Mg Łà*ÁÄ

�­� 3min *ľ{ Ėǆ$Ǜ±�<ŉĵ�ƣĔ¨Ƈ%ð?= Ǡ�ř*ųÄ (w
ǟ�ř

*ĹÅ�<
+� -AlFeSi /*ŉõÂ (îƕ'ľ{ Ėǆ+ǅĖǆ%'<�%�ÍǜŖ(Š

ơ$� Ǡ  

40.0� /s *ēļƷà$ 560�3$�Ņ� êǟ3min *ľ{ �Ŏ@đ� ƟĎ$+ǟ�ė

� -Al ř*ş�¤. 0.2%Ɔ��ǃĊ�ŉõ%ĲƲ�#�=�= 21%¤. 23%ŤàÁÄ� Ǡ

3min t ǈ $ + ş � ¤ . 0.2%Ɔ � + Ǜ ± � ­ @ Ţ � ǟ Ǜ ± �  � + ǒ ĳ ł � Ŏ ě

(535� -480min)%¬ŭ$�! ǠfĐǟŞďx.+ 3min *ľ{ Ėǆ(��#ǘƏ(ÁÄ�ǟ

�*ê7ƀ8�(ÁÄ�<�­@Ţ� Ǡ30min *ľ{ �Ŏ@đ� ƟĎ$+ǒĳł�Ŏě

%¬ŭ*Şďx.@Ţ� Ǡ3min *ľ{ Ėǆ(Ɖ<�ė � -Al ř�ƿ* Mg ¤. Si Łà*

Á�%ş�¤. 0.2%Ɔ�*ÁÄ(+ƌÆ'ÒïǇ��4:=<�%�:ǟäà­g*mµ+¸

ľä $�<%Ƅ�:= �ǟƈńĖ�(w�G^JL*æö7Õ'�:�Ǉi�<%ĂĽ�
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= Ǡ3 ǟ� -Al ř(Ò�< Mg 8 Si £È*¸ľ+-�4Á�(w�ưyĨƸ*æö(Â 

@7 :�ǟ�Úş Ƈ@­g��<�%�Ţ³�= Ǡ�ė Si ŲÈ8ŞďǓ(��<PCc

Y`*�ċŉõ@ƥ0 %�>ǟ3min tǈ*ľ{ Ėǆ(��<ƀ8�'Şďx.*ÁÄ+�

ė Si ŲÈ*ŲÈǆƭǐ*ÁÄ(Ƭµ�<ōƩ%Ƅ�:= Ǡ  

tg*ĥƛ�:ǟ40� /s *ēļƷà$ 560�3$ēļ� êǟ¬ļà$ 3min Ťà�ý�<

�%$ǟfƋŖ'Ĝu (535� -480min)$ľ{ �Ŏ@đ� ¿«%¬ŭ*ĬĤŖòƫ�ë:=

<�%�Šơ$� Ǡ"3;ǟFSP Ė(ŕŏ�<ąĆŅ*ļàØİ@ 560� -3min (�ì¨Ƈ

$�=,ǟľ{ �Ŏ%�#*�ğ�ë:=<�%�Ţ³�= Ǡ  

 

(4) 2.6 ů$+ǟ�ů3$9;Ä�'ēļƷà*ñƷēļ@w�ǝļŜĖǆľ{ �Ŏ(��<

�ė Si ŲÈ*æõÂ @�ÊǘíǄ8 SEM @Ő
#Ơź(ƘÑ� Ǡ��#ǟľ{ �ŎĖ

*ēļƷà�âãňò(¤2�çǔ@ƥ0 Ǡ  

� 90.0� /s *ēļƷà$Îļ�: 560�3$ñƷēļ@đ� ƟĎ$+ǟēļŘê (�ýĖǆǡ

0min)(�
#ǃĊ�ě%ĲƲ�#�ė Si ŲÈ*ßºďǓŦ�Ə��zh� ǠSEM @Ő
 

ƘÑ(9;ǟ�ė Si ŲÈ*ßºďǓŦ*zh+ 2 ĮĠ*�ď(Ƭµ�<ōƩ%Ƅ�:= Ǡ

560�(��<�ýĖǆ*áǅ(w
�ė Si ŲÈ*ßºďǓŦ+¡ƥ(ÁÄ� ǠēļƷà�

0.9� /s *¿«$+ǟ560�3$ēļ� Řê(ǃĊ�ě%ĲƲ�#�ė Si ŲÈ*ßºďǓŦ*

zh�Šơ�= �ǟ�*zh�«+ñƷēļ@đ� ¿«%ĲƲ�#Ô��! ǠfĐ�ý

Ėǆ� 30min *ƟĎ$+ǟēļƷà(Ƭµ� �ė Si ŲÈ*æõ (ßºďǓŦǟßºBJZG

QĲ�9.ßºŲÈǆƭǐ )*Ĕś'Üœ+Šơ�='�! Ǡ3 ǟēļƷà*Üœ(Ƭµ�

 �ė Si ŲÈ*æõÂ *ÿ�+ Si £È*üċĬĨ*ƘŃ�:ƣĔ¨Ƈ%ð?= Ǡ  

� âãƟǜ@Ő
#ĽÌ� Ɔ�+ǟ
�=*ēļƷà(�
#7 10min *�ýĖǆ(Ɖ<3

$ÁÄ�# 10min tg$+Ǜ±�<�­@Ţ� �ǟñƷēļ (90.0� /s)@đ� ¿«*Đ�

Ɔ�*Ǜ±�� 6%Ťàǝ
�@Ţ� ǠēļƷà(Ƭµ� Ɔ�*Üœ@ĥƛ�< 6(ǟÓ

ǒŌĽÌ(9;¸ľǁ*ĂÌ@Ɵ4 �ÓǒŌ+�ė Si ŲÈ*æõÂ 7¥ĕ�<ŉĵ�Ţ

³�=  6ǟ¡ŷ(¸ľǁ*4*ƘŃ�:*ĥƛ+¶Ǒ$�! Ǡ�*Ń+ǟoê*ƤǗ$

�<ǠŞďx.+ǟßº�@Ő
#ƨƦ�<%ǟ�
�=*ēļƷà(�
#7�ýĖǆ*á

ǅ(w
Şďx.+ÁÄ�<ǟ�
�=*�ýĖǆ(�
#7 90.0� /s %ĲƲ�<% 0.9� /s

*Đ�Ä�'Şďx.@Ţ��­+Šơ�=<7**ǟ¬Ĝu*ƟĎ�$*Â��Ä��ǟx

.*�$ 10%tg*Â�@Ţ�ƟĎ7É¹� ǠŞďǓ* SEM ƘÑ�:ǟŞďx.*Â�+

ǃƸĭǋ(Ƭµ�<ōƩ%�ď�= ǠŞďǓg*PCcY`@ƘÑ� Žğǟ
�=*ēļ

Ʒà(�
#7�ýĖǆ*áǅ(w
ßºPCcY`è�ÁÄ�<�­�Šơ�=ǟ�*Ä�
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�+ßºŲÈǆƭǐ%ƌÆ'ÒïǇ�@Ţ� Ǡ�*�%�:ǟŲÈǆƭǐ*ÁÄ(w
Âæ

Ė(áò*Ä�
 Al ıř*Ïià�ÁÄ�<�%�Ƅ�:=ǟŞďx.*ÁÄ�Ţ³�= Ǡ 

 

 

[2] Ŭ 3 Ū$+ǟFSP Ė*żƁ�ì*�ğ@ĥƝ�<þĪ@Ĩű�< 6(ǟ�ė Si ŲÈ*�ċŉ

õ%ĬĤŖòƫǟň(âãňò%*řnǇ�@Ơź(ĥƛ�<�%@ŗŖ%� ǠÇ6(ǟ�ė Si

ŲÈ*�ċŉõ*Ìǁƞ�ĐĶ@Šũ�< 6(ǟECAP �Ú@Ő
#ĩ�'�ė Si ŲÈ*�ċŉ

õ@ę�<ƟĎ@|Ɠ�ǟǓŦĢÈ@Ő
 �ċŉõ*Ìǁƞ�@Ɵ4 Ǡ�*êǟÌǁ � �ė

Si ŲÈ*�ċŉõ%âãňò%*řnǇ�(Ǉ�#ĥƛ@�� ǠŽğ@th(Ţ�Ǡ  

 

(1) JLeQě*[GażƁ@ƘÑ� Žğ$+ǟPcR^DQŉ*�ė� -Al ř%�*ǆǍ@

TNQbeGŉ(§;·5�ėƿ�É¹�#�;�»Ŗ'ǃƸżƁ�Šơ�= ǠfĐ ECAP

�Ú (Route A)@đ� Ɵǜņ$+ǟ2 UJ(�
# X Ǔ+ Z Ǔ(Ò�#ßƐĐ­(ǟ  Y Ǔ+

Z Ǔ(Ò�#vô*ƙà@ý"9�(żƁ�xǅ�<ĩÈ�Šơ�=ǟ�* 2 "*Ǔ$+�ė

� -Al ř*PcR^DQæŉ+ĹÅ� ǠqĐǟZ Ǔ(+ǘƏ'Â +Šơ�=�ǟJLeQě

%¬ĩ*ǃƸżƁ�Šơ�= Ǡ�=:*żƁÂ +ǟECAP �Ú(w��AďÂæ*Ó�ŉ

ĵ%Ɵǜņ*æŉÂ @ĥƛ� Ē¾%12fƊ�<�%�:ǟECAP �ÚĖ*�AďÂæ(

Ƭµ�<ōƩ%Ƅ�:= Ǡ   

 

(2) Ěŝŧ$+ǟżƁŒ�g(ĢÈ@�;ǟĢÈ*l(É¹�<�ė Si ŲÈ*�Č%�*ĢÈ

*ǖà@VJQH^\(3%6 ǎ* CV�@�ė SiŲÈ*�ċŉõ@Ţ�ňò�%�#Ìƃ

� ǠJLeQě':.( ECAP �Úě(��<ƟǜņªǓ* CV �*Â +ǟżƁŒ��:

Šơ$�<�ė Si ŲÈ*�ċŉõ*Â %ƌÆ'ÒïǇ�@Ţ� Ǡ�*�%�:ǟĚŝŧ$

Ìƃ� CV�+ƖƗŖ(ơƧ�<�ė SiŲÈ*�ċŉõ@Č�%�#ŖŠ(Ƒō�<7*%

�ď�=ǟęŐ'�ė Si ŲÈ*�ċŉõ*Ìǁƞ�ĐĶ@Šũ� %Ƅ�#
<Ǡ  

 

(3) �ė Si ŲÈ*�ċŉõ@Ţ�ňò�$�< CV �%âãňò*řnǇ�@ƥ0 Ǡ�*Ž

ğǟ�ė Si ŲÈ*ŨǆŖ'�ċŉõ*ºf  (ƟǜņªǓ(��< CV �*ßº�*zh )(w


ǟáò (ºfx.ǟÖƿx.�9.Şďx. )�­g�<�%�Š�6:= Ǡ�=+ǟ�ė

Si ŲÈ*ŔÐŉõ�ƚĹ�=ǟâãÂæĖ*ï�Ǐl�ƀ±�= �%(Ƭµ�<ōƩ%Ƅ�

:= ǠfĐǟCV �*Â (Ò�<äà (0.2%Ɔ��9.âãä� )*Ĕś'Üœ+Šơ�='


�%�:ǟ�ė Si ŲÈ*�ċŉõ�äà(¤2�çǔ+Ô�
%Ƅ�:= Ǡ3 ǟo´*
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ĥƛ$+�ė Si ŲÈ*�ċŉõ*4(Śŗ�#âãňò%*řnǇ�@ĥƛ� �ǟECAP �

Ú(w�â�Ù8FJĭǋ'&ŨǍ*ĹĿ8�ė Si ŲÈ*Ä���9.æŉ*Â 7âãň

ò@Û©�<çǔµÈ%Ƅ�:=< 6ǟ�=:%�ė Si ŲÈ*�ċŉõ*âãňò(Ò�<

Ïià@ĥƝ�<�%�oê*ƤǗ%Ƅ�:= Ǡ  

 

 

[3] Ŭ 4 Ū$+ǟFSP Ė*ąĆ(9<ļàØİ�ěĎňò(¤2�çǔ*ƥġ@ƶ�#ǟļàØİ@

ľ{ �Ŏ%�#�Ő¨Ƈ�®�@ĥƛ� ǠÇ6(ǟļàØİ*ri%Ĉû(9<żƁ�ì@Ŋũ

�#�ì¨Ƈ' FSP ƒƂ*Ɠ|@Ɛ! ǠƓ|� FSP ƒƂ@Ő
#ǟFSP @Íđ� ǎ*ļàØ

İ*riŉĵ*Šơ� Ǡ��#ǟFSP (w�[GażƁÂ 8ĬĤŖòƫ*ƥġ@ƶ�#ǟFSP (

w�[GażƁ8ĬĤŖòƫ*Â (Ǉ�<½šPeL@¦Ǐ� (4.2 ů )Ǡ�*êǟFSP Ė*ļà

Øİ@ĩ�(Â �� ǎ*[GażƁǟň( Mg 8 Si *É¹ŉõ8ĬĤŖòƫ (ş� )@ƥ0<�%

$ǟFSP Ė*ļàØİ@ľ{ �Ŏ%�#�Ő�<¨Ƈò@ĥƛ� Ǡ  

 

(1) 4.2 ů$+ǟĈû(9<żƁ�ì%ąĆŅ*ri@Ŋũ�#�ì¨Ƈ' FSP ƒƂ*Ɠ|(

"
#ĥƛ� êǟƓ|� FSP ƒƂ@Ő
# FSP @Íđ� ¿«(��<ąĆŅ(9<Ɵ

ǜņ/*ļàØİ*riŉĵ@ƥ0 Ǡ��#ǟFSP ê*Ɵǜņ*[GażƁƘÑ�9.ĬĤ

Ŗòƫ*ƥġ@ƶ�#ǟFSP (w�[GażƁ8ĬĤŖòƫ*Â (Ǉ�<½šPeL@¦Ǐ

� Ǡ�:(ǟFSP ê*Ɵǜņ@Ĵ��ǟ�*Ĵ�*�ğ(Ǉ�#ĥƛ� Ǡ  

� Ěŝŧ$+ǟƟǜņ(Ò�#Oe`+ţ����ǟm(Ĉû@Ɛ�YaeX�Oe`�:�

�;�<ĬĨ@�� FSP ƒƂ@ƈ|� ǠOe`@ţ���'
 FSP $+żƁ�ìǕ¼�

ŋ
Ű·(ǉÌ�=<�ǟǃŇ*)�ƿ8qƿ²%*Ž«ƿ'&Ö÷Ŗ(äà�îƕ'Ů÷(

Ò�#+ǟĚ FSP *ƽŐ�ę�$�<%Ƅ�:=<ǠĚŝŧ$+ǟgƴ*9�'Ů÷(Ò�<

Ö÷Ŗ'ĉƫ@åǓ*ŗĪ%�#ƜÌ� Ǡ  

� Ɠ|� FSP ƒƂ@Ő
# FSP @Íđ� ǎ*Ɵǜņ(ri�=<ļàØİ+ǟ�ēļƷ

à+ 27Ǣ47� /s Ťàǟ500�tg(�
#ĲƲŖËÌ(�ý�¨Ƈǟ	ĘÄ�Ƽļà+ 518Ǣ

530�Ťà$�! ǠúrƎǀ%Ɵǜņļà*ÒïǇ�@ƥ0 %�>jƅ*ǆ(+Ðā'Ǉ

���;ǟēļƻŤ$+Oe`rŚŇ*�4Ƴ4(Ƭµ� ñŀ'úrƎǀ*ÁÄ(w
Ɵǜ

ņļà�Ə��gē�<ŉĵ�Šơ�= Ǡ�ýƻŤ(�
#+ǟƟǜņļà*ĖǆŦ��%

úrƎǀ*ĖǆŦ��*ǆ(ƲŖƌÆ'řǇǇ��Šơ�=ǟÄ�'Ǝǀ@ǅĖǆƪƎ�<1

&Ɵǜņ+ǝļ$�ý�=<ŉĵ�Ţ³�= ǠFSP ê*Ɵǜņ*[GażƁ$+ǟ�Ĉûƿ

(SZ)ǟ�Ņ�Úçǔƿ (TMAZ)ǟ	Ņçǔƿ (HAZ)�9.
Ǟƍƿ (DZ)* 4 Ǖ¼�Šơ�= Ǡ
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[GażƁƘÑ�:ǟĘÄúrƎǀ*ÁÄ(w
Ĉûƿ�9.Ņ�Úçǔƿ*ĺ��ÁÄ�<

ŉĵ�Ĕ:�%'! ǠFSP ê$+Ɵǜņ*ÓǒŌ+zh�#�;ǟƟǜņļà� 470�tg

(��<ļà*ĖǆŦ��*ÁÄ%ÓǒŌ*zhǁ%*ǆ(ƌÆ'řǇǇ��Šơ�= Ǡ

FSP ê*Ɵǜņ*ş�@ƥ0 ŽğǟĽÌŃ A ':. B $+ǃĊ�ě(Ò�#ş��Ʊí(Á

Ä�<7**ǟĽÌŃ C $+ǃĊ�ě%ĲƲ�#ş��zh� Ǡ  

� FSP *ǝļ�ýƻŤŘê*Ĵ�@ 2 ťǙ*ĐĶ (ULec 1ǡƟǜņ@ǈh���(Ĵ@��

<ǟULec 2ǡƟǜņ@ǈh�� ŉõ$Ĵ@��< )$ĥƛ� Žğǟ�¢ĐĶ(Ƭµ� 

�¢ƻŤ*ļàØİ*Üœ+ŏ�<7**ǟÓǒŌ8ş�(Ĕś'Üœ+Šơ�='�! Ǡ
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