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% ,-./0123456789:2;<=>./?@ABC?DE2FGAHIJKLMA

NOP5QRSTS5./UVWXKLM012B;YZ2;<UA[)\ANOP8VW

XKLM0]<=>./@A^_`ab,`)cde7`UfgAShAij`Uk:YZ

<Ol?m;2@nio5./05p2;<qNOP=>./)rs./012@AtIM

uvwxyuv5Q)uv./)z?A{|}~M��w�P5Q)�~�I�UB;YZ

<UA�?��?�12@A��5_�a���8�]<�~I�)����U����R
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<� U¡�?¢£Z2;<[1,2]q 

% 0[¤dAij`8¡¥1hNOPuv)DBOl?m;2ANOPuv@¦�?12§

¨5©ª«¬­d®BRZ2;<q¯°±A�²,³)´²µ¶W?B;YZ<NOPuv

@Aµ¶WUN·¸¹]<º?N»¼­d�L½¾¿(HIJKL�ÀÁÂÃ)0ÄÅ]<[0

?�g©ªRZ<q[)BCd@AN;Æ©ª`ÇÈd@5ÉAN»¼­d)Ê_8ËÌ]

<h:?N;Í»Î`ÏwÍ»rÐU4kRZ<q�p2ANOP)Ñd�Æ©ª`UN;

ÒÓÔ@ÕRÖA×XØJÙ 6(PA6)w×XÚÛÜ¿ÝÜ�ÞÜ�W(PET)5QU®BRZ2

;<qß�d@Aµ¶W·Ð8RY?N·s]<h:?AÆ©ª`8RY?àáRâ<[0

UãSZ2;<qäåaæçè?�p2NOPuv)Í»Î`ÏwÍ»rÐ@éê?àá]

<U[3,4]AÆ©ª`@ë>?�p2@ì­]<[0Uf<[5]qé�ANOP?�~I�8O

íRâ<0AÍ»Î`ÏwÍ»rÐ5QUàá]<0î?Æ©ª`�àá]<[0UA��

¶Ówï¶L�)�/?�;2ðñRZ2;<[6-14]q�p2ANOPuv?Ñ?�~I�8

Oí]<[0?�p2AÍ»Î`Ï8ì­Râ<[05ÉNOPuv)Æ©ª`8àáRâ

<[0Udò<0óôRZ<q 

% õ'(d@A{|�~I�)öb?�p2NOPuv)Æ©ª`8àáRâ��0]<ë

>?A�~I�)÷ÔA_øAOÏAùúAuv)äåAæçè5Q)û4ü8Q)��?

ýþ]<[0UÆ©ª`)àá?ÿ�!"+df<¥8#Y¥?]<q$)h:?ASÖA

uv��/?%12©ªÏ8Õ&?'(]<h:)��8)*]<q+?A©ªU,¢]<

|-?�]<./¶018¢;A©ª2¹83ù]<üP8#Y¥?]<qRY?AØM4

LW5)65<7÷Ô){|�~I�8öb1hNOPuv?%12©8©ª�`89þ1A

./¶01?�p2�YZh:"?;<;2=>]<q�~I�UNOPuv)Í»�`w
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:?s2¹?@A]BC?�;2�)*]<q[ZY):"8DE12ANOPuv?�~

I�8OíRâ<[0?�p2!Ï+?Æ©ª`8úFRâ<h:)GH8�<q©ª@�
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% QRd@Aõ'()ST012A©ª�`'(A©ª|-@O�~I�öbNOP)©ª

?�]<UV)'(?�;2S0:<q 

 

1 - 2% ©8©ª�`)'(�� 

 

% [ZSd?¢£Z2òh©8©ª�`?�]<7MÉ)'(?m;2@A©8@OÆ©ª

`)GW012A©8X7(coefficient of friction)@O©ªÏ(wear rate)UYZ12B;YZ2;

<q©8X7@A�/8f<[\?ÄÅRâ2]%+?^Yâhë>?A�/?_BRâh

^g�ú)`3(©8¼)8A\�a�ú)`3(ÄÅ`3)db1hc012þdRZ<q©ª

Ï@A©ª?�gef1h�/)gh(efgh)8ÄÅ`3@O^gij)k�db1hc0

12þdRZ<[15]qf<³Ð)áòR8�]<�~¶Ówï¶L��/5QU�YZ<ë>

?@A©8©ª�l?@A Pin-on-Disk(PoD)�l [16]A Block-on-Ring(BoR)�l [17]A

Ball-on-Disk(BoD)�l[14]5Q)��Uéê+?B;YZ2;<q[ZY)�l?m;2@A

�/0]m\)ÄÅ\hU�lÑéþdfgA�ln�)ghÊso@O�lÑ)©8¼U

pq?r9dò<q 

% uvsg?%12@A�/)t���Uuv05gA[ZY)�l8wx]<[0@y1

;q$[dAuv8z�({)?b,1A��¶Ó?%]<�l0|�?APoD �lABoR �

lABoD �l8¢�[0?�p2A©8X70©ªÏUk:YZ2;<[18]q1¥1Az�

)uv}~Â?mÈ<uv)�gwuv�\)�Ï?�p2�E<©ª\)��UA�/0

]m\)ÄÅ��?BC8@A])dAuvsg?�;2)©8X7f<;@©ªÏ0@�

è+?65<0=°YZ<qShAéê?uv@6�`8�12;<UA[)��d@Au

v��ú)�`@O$Z0��5�ú)�`U[�sRZh�`U'(RZ<q�p2Au

v)6�`U©8©ª2¹?@A]BC8)*1��0]<ë>?@A[)��@ÕR5;q 
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% �)��012Asuv�\8��ÙIÓ?ÄÅRâ<[0?�p2©ªRâ<©8©ª

�l�Uf<qRoselman Y[19]@xyuv?%12AShABarioz Y[20]@ PA6 uv?%1

2[)�l8wx12A©8X70©ªÏ)9þ8� 2;<q1¥1A�Y)��]<©
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ªgh)�X8011hq 

 

1 -3% ©ª|- 

 

©8(Friction)A©ª(Wear)A�^(Lubrication)@�Ä?��]<ßKdfgA[ZY)ßK

@WI�����(Tribology)0�±Z<�uOld�E+?�g £Z2;<q[)Ol)¡

¢@£X½¤¥) tribos(©8]<)?¦�]<0;£Z2;<[21]q�Ã)Ñ?@©8w©ª

8h§+?¨B12;<�)�M;©\A¯°±|ªa|«)¬¹Âd@©8¼w©ªo8

i­5®g¯RÉ]<[0Uk:YZA$)m°U�^df<q©ªU�E<|-@Aáò

ÉQ­) 4�?OÔRZ2;<q 

 

(1)% ±²©ª 

% ±²©ª(Adhesive Wear)@A©ª\?m;2 2 �)³gU´µ+?±²1A[)±²ÂO

Uâ¶·¸¹]<[0?�p2,¢]<©ªdf<qâ¶·¸¹1hé�)³gUz�)³

g�\?º²1ARY?[)ÂOU»O¼)³g�\?º²]<0;�]½º²ßK):"A

º²ÂOUf<áòR?5<0©ª¾05p2©ª\¿ÀÁbRZ<q 

 

(2)% ØJÜ½J©ª 

% ØJÜ½J©ª(Abrasive Wear)@A¯°±'©²d[]<��5ë>?�E<©ªdfgA

ÂÃ�P?�<Ä¯&Å_B012Æ#RZ<q±²©ª5Q)z)©ª?5Ç2A©ªe

ÈUáòÉA©ª¾�MÉÁbRZ<q 

 

(3) ÉÊ©ª 

% ÉÊ©ª(Corrosive Wear)@A©ª\dËÌ)ÍgwÎg0)s�©DUÏ[p2©D�^
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�U�E<h:?³g�\U©ª]<ßKdf<q 

 

(4) ÐÑ©ª 

% ÐÑ©ª(Fatigue Wear)@A�ÒÈwÓÔ)��5�UgUÏ[<ÂO?m;2A�\]d

)ÐÑ¸¹):"�E<©ªdf<q[)|-@A©ªUÏò<Sd)ÕÖU5×+Ø;UA
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% ØJÜ½J©ª@A./8Åg�<_BUz)©ª|-?5Ç2áòÉAShA./)Æ

Û`w�ÜaÜÝ5Q)Þcdßà)��5ë\dáò5uv05p2;<©ª|-df<

[21]qõ'(d@AØJÜ½J©ª8�g �q 

 

1 - 4% �~I�öbNOP��¶Ó@Oï¶L�/)Æ©ª` 

 

% ©8©ª«¬Uáâ©8AÁ�^Aìãf<;@ÉÊ`äÌÍ5Q)«¬df<ë>?@A

FG8®Bdò5;ë>UM;qShAåæ`U4kRZ<BC?m;2@Aéê+?{|

./8®B]<[0Udò5;q[)��5ë>?NOPU¨BRZ<[10]qNOP)Ñd�A

ÒÓÔA×XÝWI�¶ç�ÚÛÜ¿(PTFE)8è�0]<�KyéêAf<;@×XØJÙ

Ô@Æ©ª`U5×+ëìdf<0RZAßíAU?£ØAµØX¿îAÞ�ï5Q?®£

Z2;<[6,20]q1¥1A[ZY)NOP8sðd®B1hë>)Æ©ª`@AFGw{|.

/?5ÇìÉAÆ©ª`8RY?N:<� U¢£Z2;<q$)ÑdANÂÐdf<{|

�~I�8NOP?OíRâ<m�@A§ñ¥Yò¶?'(RZ2;<qShA©ª�`8

3ù]<üP?�12�A÷�)NOPwNOP=>./?�;2'(U¢£Z2;<q 

% Rantner Y[22]wALancaster Y[23,24]@A�~¶Ówï¶L��/?�;2ANOP@O$

)=>./)©ªÏ)ó7UAÍ»rÐ@OåÐ05¯�X?f<�8wl+?P12;<

(Ratner-Lancasterô�KW)qLhymn[25]@ANOP=>./)©ªÏ)ó7UAÂÐf<;@

Î`Ï05¯�X?f<[08./¶01?�p2P12;<q$):"?;<;2ABijwe

@O Tewari Y[6,8,26,27]@ARatner-Lancaster ô�KW?ÂÐ)üP8�gõZ2A©ªÏ)

ó78Í»rÐAÍ»¸·åÐ@OÂÐ)h?%12ô�KW1A�~I�öbNOP)ï

¶L��/?�;2@[ZY)cU]�]<[08ö÷12;<q1¥1ANOPw�~I

�öbNOP)Æ©ª`?�]<ðñ)ÑdARatner-Lancaster ô�KW?;<;hø&@w
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º?@ù5;q$)è¦@A./)Í»rÐwåÐ@�/?úSZ<ÿ�½ûØ�5oü)

`Ã8©ý1AþÖ1�©ªRZ<ÂO)rÐwåÐ8©ý12;5;h:?A

Ratner-Lancaster ô�KWd@]�Uÿ:YZ5;wl:"UM�öÒÈYZ<c?f<0!

>RZ<q[)��?ANOP)Æ©ª`83ù]<üP?�;2A"Çn#5ÂOUM;

)Uß�df<q�)¯012ANOP?NÂÐ)�~I�8öb]<0AVWXLM0�

~I�)Ä²UëìdfZ±AÆ©ª`Uàá]<0ó9RZ<U[28,29]Awº?@AVW

XLM0�~I�)# >£â?�p2AÆ©ª`Uàá]<ë>0ì­]<ë>);ÖZ

):"�ðñRZ2;<[22]qShANOP?�~I�8öb1h0ò?AVWXLM0�~

I�)Ä²`Uì;0Æ©ª`Uì­]<ë>UM;UA$\)Ä²`Uì;ë>d�Æ©

ª`Uàá]<ë>Uf<[0UðñRZ2;<q�~I�öbNOP./)Æ©ª`@ó

9¥Y¿Z<[0UMÉAwº?$)%d©ª�`8'(]<[0Unio05p2;<q

�p2A�~I�öb?�p2Æ©ª`8àáRâ<h:)GH8�<h:?@A©ª83

ù]<üP80#]<[0U34df<0&°<q 

% 0[¤dA�~I�8öb]<[0?�p2NOP)Æ©ª`Uàá]<4ü012MÉ

)ðñURZ2;<UA$ZY@A�~I�)Ví?�p2VWXLMNOP)-�UÊs

]<[0?�<!"0A�~I�'g)N;Î`ÏAÍ»rÐAÂÐ5QU©ýRZ<!"

) 2 �?OÔRZ<qVWXLMNOP)-�Ês?�<!"?�12APetrovicova Y[30]

@APA 11?½X�%�~I�8öb]<0:?sÐUàá]<[08P1AShABhimaraj

Y[31]@APET?Ø¶J(%�~I�8öb]<0:?sÐUÊs]<[08P1A;ÖZ)

ë>?�A$)[0?Ïü12NOP)Î`Ï@OÆ©ª`Uàá]<0ðñ12;<q�

~I�'g)�`U©ýRZ<!"?�12@ALancaster@O GiltrowY[28,29]@A©ª\)

Þ>?;<;2A©ª\d`3)áÂOU�~I�?�p23°YZ2;<[08#Y¥?

1AÂÐ)N;�~I�U©ª�\8)*]<[0?�p2Æ©ª`Uàá]<0IÇ2;

<qZhang Y[32]@A×XÚ�Ý¶aÚ�Ý¶+W¿(PEEK)?÷�)�~I�8öb]<0A

�~I�'g)¼��`U©ýRZ<h:?Æ©ª`Uàá]<0IÇ2mgARY?A�

~I�)_�w���?�p2��X¿î!"f<;@)*!"5QÃ)65<!"U�ß

]<0IÇ2;<qTongY[7]@A,NOPo×XÚÛÜ¿?+�-./�%�~I�8öb

1h%?�;2AShAYanjiang Y[33]@A×X�JÙ(PI)?½X�%�~I�8öb1h%

?�;2A|é^Od_�@O���U65<�~I�?�<öb!")5×8¢;A�~

I�'g)¼��`?Ïü12Æ©ª`Uàá]<[08P]0|Õ?A[)ë>d�_�
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@O���?�p2Ã)65<!"U�ß]<[08P12;<qFriedrich Y[34-36]@Aì

ØM4LW58�]<�P��~I�d@A�~I�U©ª\d��X¿î!"8�ß]<

h:?A©8X78ì­Râ<0|Õ?Æ©ª`8àáRâ<[08ðñ12;<qØM4

LW5?b°A�~I�)���AOÏAùú�Æ©ª`?áò5BC80°<üPdf<

[5,37,38]qQF)��?A�~I�)#^A_�A���5Q?�p2Æ©ª`?@A]!"

U65<c?²*1A65<öb!"8P]=7÷Ô)�~I�8|Õ?öb]<[0?�

p2A1 ÷)�~I�)öbd@�YZ5;1�JXKÙ!"8���0]<� �5RZ

2;<q¯°±AFriedrich Y)î¶�ôd@AÚ×2½éê8@E:0]<��5NOP?

7÷Ô)�~I�8|Õ?öb1h%)Æ©ª`?�;2'(8¢;ANØM4LW58�

]<�~I�?�<)*!"AìØM4LW58�]<�~I�?�<��X¿î!"A½

¾�W���¿�3�ïw PTFE¾4?�<ì©8X7s8|Õ?�ßRâ<[0?�p2A

"÷)�~I�8öb1hë>)©ªÏ?5Ç"5³Ðì;©ªÏ8�2;<

[17,32,34,39,40]q 

% ��A(6���8�]<�~I�8��]<7÷��U��RZA[ZY8NOP?ö

b]<[0?�p2ANOP)¼��`?�12A���YZ2;5¥ph!"8���0

]<� U¡�?¢£Z2;<[1,2]q(6���8�]<�~I�@A./)Í»§³?m

;2A./?_B]<D¼8O8]<!"ÇÈd@5ÉA9`Ê_:;8àáRâ<!"w

[41]A:?<=!"8�ß]<ë>�f<[42]qRY?AOP)¸¹`a>¹`8?@]<[

0?�p2¼��`wæ+`Ã?�BC8@A][43]q(6���8�]<�~I�)Ñd�A

�?���¿(6�3�ï(CNF)8B;hNOP=>./?�;2)'(U¡�?¢£Z2

mgAÍ»@O�ArÐAÎ`ÏARBD¼A¸¹C`AÐÑ�`5Q��5¼��`?�

]<ðñU5RZ2;<[14,44-49]q¯DY@APET ?���¿(6ÛE�J(CNT)[50-53]A

PA6 ? CNF )é÷df<Í]^Øxyuv(VGCF)[54,55]8öb1h%?�;2A¸¹C`

wÍ»�`?�]<'(8¢;A��)�~I�0@65<!"U�ß]<[08ðñ12

;<q©8©ª�`?�12�ANOP? CNF8öb]<[0?�p2Fh5!"U�ß]

<[0UGHRZ2;<qwº?ANOP?IÉùo) CNF8öb]<0A±²)©8©ª

�`UáòÉÊs]<[0UðñRZ2;<[14,56-58]q[)ðñd@ACNF)öbU©8©

ª�`?@A]BC012AJXK�¿î!"AN;æJKÏ?�<©8æ)bñA'L�

^!"5QUGMRZ2;<UANg+5O�P�Ó)0#?@Qp2;5;qQF)��

?A��¶Ówï¶L��/)©8©ª�`?�;2@[ZSd?MÉ)'(U5RZ2;
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<UA$Z05×12Auv)©8©ª�`?@A]�~I�öb!"?�;2ðñ1h¯

@R¥df<q 

% õ'(d@A�~I�8öb]<[0?�p2NOPuv)Æ©ª`8!"+?àáRâ

<h:)GH8�<[08*+012A�~I�öbNOPuv)©8©ª�`83ù]<

üP80#]<qØM4LW5)65<xsÛÞ¿�P(TCP)AS}-Ø¶JP}Ó}~M�

(ABW)A@O VGCF8�~I�01APA6@O PET8VWXKLM0]<NOP=>uv8

�/0]<qäå@OæçèU©8©ª�`?@A]!"?�;2�)*]<q 

 

1 - 5% õ&T)-^ 

 

% õ&T@Q­)U#¥Y-^RZ<q 

%  

!"# $& 

% õ'()*+8P]00�?Aõ'()ST012ANOP)©8©ª�`?�12[Z

Sd¢£Z2;<'(8DE12;<qõ'(?m;2ANOPuv)Æ©ª`8!"+?

àáRâ<h:)GH8�<h:?ANOPuv)©ªÏ8'(]<��8��1ANOP

uv)©ª�`83ù]<üP80#1ARY?Æ©ª`?%]<�~I�öbaäåaæ

çè!"8)*]<[0)�d8IÇ2;<q 

 

!V# 

% uv©8©ª�ld©ªÏ89þ]<h:?AFh5uv)©ªÏ01�?�;2��1A

$))W8¢phq 

 

!X# 

% ABW/PA6 =>uvACNT/PET =>uv8B;2A!V#d��1h©ªÏ01�8wl

+?)W1hqRY?[)©ªÏ01�8¨B]<[0?�p2�~I�öbNOPuvA

f<;@äåAæçèuv)©ªÏ)5×0)*8¢phq  

 

!Y# 

% ABWA VGCF@O TCP8öb1h PA6uv?�;2A:?_Aæ+`Ã@OÍ»�`)
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'(8¢;A7�~I�) PA6uvÀ)öb!"?�;2)*1hq 

!Z# 

% !Y#d®B1huv?�;2Auv©8©ª�l?�g©8X70©ªÏ)018¢p

hq! 2#d-[1hØJÜ½J©ª)./¶8;?7�~I�) PA6À)©8©ª�`À

)7�~I�)öb!"?�;2)*1hq 

 

!\# 

% õ'(d�YZh:&8DE1hq 
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2 - 1 ./ 

 

0 '12'(3456789:;<=>3?@AB89CDEFGH&IJCKLM&89

NOPQLRS7NFT,CF'13U7VWX'(3U7YZN[\]^_`]7K`a

GSbc3FdefCgPQL7hi2fiC:'1jk:lmML]S89CDEF'1

3UE=n7'(Nfi&opFhi&qrstFuv&wx`]7K`NGyD7[1-4]b

hi2fi3PSML7z{|}2~�|}2���|}&S�L&|}3�SRa�]7

�'(q&��N��LR�EF�&B�3F'12'(&*+3467��NKL�C3

�GH��LR\RS7b 

0 '1�'(q�*+67��-`ARFPin-on-Disk(PoD)��[5]FBlock-on-Ring(BoR)��

[6]F�� Ball-on-disk(BoD)��[7]N8��HOPQLRS7bKLM&��-:F����

X�� ¡��¢�PSRjk£¤F'1¥F��'(��¦§&�}&¨©ªt�«�AF

'1¬�X�'(q�*+67,-CD7bKLM&��-C:FD7­®&[\Q`¯�

&°¡&�}�PS7B�FjkJ©N��±²³T´CDEF��¦§&¨©ªtX'1

¥Nµ¶3«�QL7b'1¬�(!):F'1¥�jk£¤C·AB¸`AR¹ºQL7b'

(®&»¼3:F½¾C�¿QL7'()(Wear rate) WsNPSML7b 

 

! 

W
s

=
V

FL
 (2-1) 

 

KKCFV :'(¦§&¨©ªtÀFL :ÁEÂÃFF :jk£¤CD7bWs&Ä�N�&

|}&�'(®�Å6[8]b¾(2-1)ÆMÇMÆ]UÈ3FYÉ¨©Njk£¤��ÁEÂÃ3

ÊË67IÌ3:FWs:jk£¤��ÁEÂÃ3ÍÎÏ�3T�¸�Å6bK&ÐÑNÒB

QL7B�3:FWs &'(��±3'1'(´¾NªtA]SK`NÓÔCD7bËÕÖF

'(J3×Ø67'(ÙXÚ@����&ÛÜF'1W&ÛÜN~ÝC\7IÌ3:FWsN

ÁEÂÃXÁEÞ®3ÍÎA]SK`NßàQLRS7[5, 9, 10]bAÆAFc3���|}&

UÈ3áâNãHF'1W3UäRåJ&¥æçqNªtA¶S|}XFèéCDEFjk

£¤3U7ª°N[\S|}C:FWsNjk£¤XÁEÂÃ3ÍÎ67IÌNGHF��A

RS7êëì3�SR WsN<3T�¸�Å6K`:í]SbËÕÖFRajesh M[11]:FPA6

����îïðñ PA6 &�� ¡��¢3òSR PoD ����äBóôFã£¤õC: Ws
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N£¤ÍÎq�Å6NF£¤&ö[``a3 WsNãõAF÷øù3D7¸úû&£¤õC:

WsNT�¸üýþ67K`�ßàARS7b'(êë3U7ªt34AR:F'(��ÿ!

"§&'(:#$'(F�&§F'(3UäR¨©NYÉ67ÞQNT�3]7%&&'(

:�<'(`UÖL[12]F#$'(:�<'(3Ê'R Ws&¸N�SK`NßàQLRS7

[8, 13-15]b#$'(ÆM�<'(üÚ�67'(êë]SA:ÁEÂÃ:��ÐÑ3UäR

(]7NF�<'(C: Ws:��ÐÑ3UM]S¸3ýþ67b'()&£¤ÍÎqXÁE

Þ®ÍÎq:FÚ@����F'(ÙF'1W)&ÛÜX*&jkJ©&ªt3+x67`

QLRS7bPoDFBoR�� BoD��C:Fjk£¤&,-Nµ¶CDEF��±3jkJ

©NªtA]S°¡&��¢�PS7K`3UäRFWs&£¤ÍÎqXÁEÞ®ÍÎq].

�/031Õ7K`NC\7b 

0 ���$%X�&2ça'1'(34õCOPQ7K`NGHF'1'(cq&*+:¤

ÔCD7b5$%&'1'(cq&*+`ARF5$%�678î�3¯�&9Q&:;3

<äRjkQÏR$%=J�'(QÏ7,-3UäRF'1¬�X�'(q�*+67�>

NSHòÆ��LRS7[16-18]b?M:FWs&@�E3F$%'1'(���ÿ!ARÆM

$%NoA67�C&êë���67K`3UäRF$%&�'(q�ÊBAB[16]bAÆAF

K&,-C:FoAêë:$%&"C3DHÍÎ67B�3FE­®&�'(q�F67$

%�ÊBABIÌCaF$%CN[\S$%:�'(qN�HG©aML7`SÈ^_ND

7b�BFEn$%C�F67$%�ÊBABIÌCaF$%&oA:HIoAD®3ÍÎ

67B�FoAêë3:�'(q`HIoAD®&Jx�NKLQL7`SÈ^_âaD7b

Resolman M[17]F�� Barrioz M[18]:FE´&$%'(����PSRF(2-1)¾3MNSR

Ws�*+67�>��äRS7bAÆAF'(3UEYÉ67¨©���67K`:OAHF

PM&*+-3�SR:FQ�ABYÉ¨©&@�E3F$%&jkfR9QFHIoAD

®��'(oAêëÆMS�QL7S�¸XF$%&'(NTC,U3÷aVWARS7f

�&YÉJ©`$%&jkfR9QÆMS�QL7¸NPSMLRS7b�BPM&ßà3

�SR:Fjk£¤`AR$%&TX3YZ67£¤N@PQLR�EFWs:[?]\]C

&'()`:/SNBSa&CDäBb�KCF^#C:F$%¡�}3_67'()*+

-�0`67b5$%��ab�c\òmB678î�3jkQÏR'(QÏF�&§F$

%&'(N÷aVWABf�&TC,U&AJ�de67b�&óôfMLB'(AJ©`F

'(��±3«�AB$%I¥3MNSRF'()�*+67b]�F^��C:F'(´

¾`ARFghijh'(�_9`67b 
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2 - 2 Q� 

 

2 - 2 - 1 �}&kh 

 

0 lm3:FnAºA2hoïp°P&q�r® PA6(stuvFM1040)�PSBbPA6&w

îx7Úy®: 48.5
 o

CFáâ: 223
 o

CCD7bPA6&*?®:Fz{N 1.08 g cm
-3F!{N

1.23 g cm
-3

[19]F"{N 1.16 g cm
-3

[20]`ßàQLRS7bPA6&ó{&|���:õ}&~E

CD7b 

 

 |���(�) �{(5�{)  a = 0.956  b = 1.72  c =0. 801  ! !! = 112.5�

   �{(5�{)  a = 0.933  b = 1.69  c = 0.478  ! !! = 121� 

0   

PA6�i��ÆMúõ&��C$%�khABbPA6�i��� 100
 o

CC 24 h*���A

B§F��y® 290 
o
CF���"C 1 mmF�ºÀ 25 g min

-1Fc�EÞ® 100 m min
-1&ÐÑ

C��AR"C� 0.6 mm&$%�khABb�ºÀ��c�EÞ®�ªtQÏ7K`3Uä

RF"CN 0.45F0.5F0.6F�� 0.7 mm&$%akhABbkhAB�}:�j�ï�ï±

C��AF�R&��&¦3�yC 24 h*���ABb 

 

2 - 2 - 2 $%'1'(�� 

 

0 $%&'1'(��:FFig. 2-13Å6���PSR�äBb�abC��AB678î

�&T�3�BäR$%�¯�&êëjkQÏRF$%&=J�'(QÏBbgPAB�a

b:�320CDEFKLM&�ab3: ¡¢�CN 40 µm& SiC�a¢�NPSMLRS

7(ISO 6344-1F6344-3)b678î�&"C: 100 mmCDEF67Þ®: 500 rpm`ABb

'1W3U7y®û£�¤Õ7``a3F'(Ù�·¥67B�3F$%3 20 
o
C&¦� 4 

L/min&§ÀC¨S©b$%� 120 s'(QÏB¦§&�ab��$%'(J&ª«¬­�®

¯°(SEM, JEOL, JSM-T2000)±*� Fig. 2-23Å6b��§3²Æ&'(ÙNdeQL7a

&&FSiCåJNÇ³3deQLF'1WC´áAB PA6&µ@XÚ@����:GML�F

<3ghijh'(3UäR$%N'(QLRS7K`N�Æ7b¯�&êëF$%�'(

QÏB§F$%��¶AFFig. 2-1(a)3�m7 P - QëC8î�3jkARSBfR&×Ø"
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C�F$%·3<äBG�&âC¸¹ oºï��PSR��ABb$%&'(N÷aVW

ABâ:F�R&$%3�SRF$%&I¥N÷[`]7 QâÆM 3 mmúì&»¼3R�

ARSBbK&÷a'(NVWABâC$%�TC,U3½AAF¾r¿Û�(NikonF6CT2)

�PSRAJde��SF'(3UEYÉABJ©���ABb]�F^��C:F$%3

�EYm7À: 5-60 g`AF'(êë: 30Á120 s`ABb 

 

2 - 2 - 3 5$%HI�� 

 

0 5$%HI��:F¾r¬HI���(OrientecFTensilon RTC-1350A)�PSRFÂïÃ9

� 30 mmFHIÞ®� 30 mm/min`AR�äBb$%&"C:FÄæ®¯°�PSR�}&

(]7 3 âC��AF�& ¡¸�PSBbÅ¥ÆÇ�>ÈÉÆMÊq)FD®��oAË

®�Ì�BbÍÎ$%3ò\ 10^&�}3_AR5$%HI����äBb 

 

2 - 2 - 4 Ï®�� 

 

0 Ï®&��:FÐÑ���(Shimadzu, ENT-150)3_JÒ 136 o&/ÓÒÔÕ¹Ö×Ø8Ù�

��YmFnÚ>£¤� 0.5 NFnÚ>�Ûêë� 15 s`AR�äBbÜ�vïxÏ®:Fn

Ú>£¤�×ØÙÝ&_ÒÉ9QÆM«¹QL7×ØÙÝåJ©C·AB¸CD7b^��

3PSB�}&×ØÙÝ&_ÒÉ9Q: 50Á100 µm&»¼ì3DäBb 

 

2 - 2 - 5ÅÞW�ß 

 

0 $%&ÅÞW�ß(DTA):FÞe¬ÅÞWàá(RigakuFTG-DTA TG8120)��Mâ�}`A

R Al2O3�PSRãäå¼æõ3�SR�äBb�yÆM 280 
o
C�C 10 

o
C min

-1&Þ®C£

yAB§F"ç3�y�C 10 
o
C min

-1&Þ®Cèy67y®éo��ï��PSBb£yê

­3�m7ëW&ìï y®� PA6 &áâ(Tm)`AFèyê­3�m7VW&ìï y®�

PA6 &ó{ty®(Tc)`ABbó{t®(Xc):F£yê­3�m7ëW&ìï J©ÆMÌ�

ML7áíW("Hm)` 100îó{tABó{&áíW("Hm,o)ÆM½¾�PSRÌ�B[21]b 
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! 

"
c

=
#H

m

#H
m,0

 (2-2) 

PA6& "Hm,o:F#{&áíW 241 Jg
-1` $ {&áíW 239 Jg

-1
[20,21]& ¡¸ 240 Jg

-1�PS

Bb 

 

2 - 2 - 6 �Ò XÉ6ï 

 

0 �Ò X É6ï(WAXD):F:ð&D7ñb3$%�òë]Hc\YmB�}3_ARFX

É6ï��F1½óR�ôõ¬ÊË«��(PSPC)FÊË«��F�� Ni����ï3UäR

5ötAB CuK!É�PSR�äBb�}-÷ºøë&ÂÃ: 110 mm`ABb6ïÒ&4�

`AR&6ïD®�ù:Fìï 6ïÒ3�SR_úûê`]7UÈ3 PSPC `�}�ü�

AR��ABbfMLB6ïD®�ù3_AR�æýþF�}3U7 XÉ&ëý��ÿUx

�&!/��äBb,RÒ&4�`AR&6ïD®�ù:FÊË«���"t#ºï�ïû

&¯�&6ïÒ3$�AF_úûê`]7ü�C�}�6767K`3UäR��ABbK

&`\&¯�&6ïÒ`ARF% ${& 001K&&ìï 6ïÒ 21.5
o�'(©b6ïD®�

ùìï &T+)(FWHM, "%!)3UäR PA6&ó{üU�*+ABb  

 

2 - 3 $%'(��3U7'()íß- 

 

0 '()(Ws):(2-1)¾C�¿QL7bF �� V :FPoD ].&��C:µ¶3��67K`

NC\7NF$%'1'(��3�SRKLM&¸�"j��67K`:µ¶C:]Sb�

KCúõ3Å6��C Ws�*+67b678î�`jkARS7$%&¯*f��+ÕFK

&f�N678î�±,&6E3I7Ò®� d# `67(Fig. 2-1)bÒ #: PO�� QON]6

ÒCDEF0 ÆM & &¸�`7b^��ìC: & = " CD7bK&¯*f�N-Èjk£¤

��I¥��L.L dF �� T `67b$%`678î�ë&'1¬�� µ `67bjkJ

3/"],UF��8î�jÉ,U&¥&0ÌS�+Õ7`(2-3)F(2-4)¾NfML7. 

 

! 

Td" = dF  (2-3) 

! 

dT = µdF  (2-4) 
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K&"¾UE T :Fâ P3�m7I¥� T1`AR 

 

! 

T = T1 exp(µ")  (2-5) 

 

CåQL7[17,18]boï81�3UäR��ABâ Q3�m7I¥� T2`67`F$%`�

'b&ë& µ:F(2-5)¾ÆM½¾&UÈ32ÆL7b 

 

! 

µ =
1

"
ln
T
2

T
1

# 

$ 
% 

& 

' 
(  (2-6) 

 

0 $%AJ&TC� rFêë t �C&'(3UEYÉABAJ©� A `67`F¯*êë dt

3'(67AJ©: dACD7b(2-1)¾CÅQLRS7'()�F¯*f�33P67`FV

: Rd#dAFF: dFFL :8î�&67ÒÞ®� '`AR R'dtCD7b4äRF(2-1)¾:½

¾&UÈ3ª°QL7b 

 

! 

W
s

=
1

"T

dA

dt
 (2-7) 

 

5\&'(��êë t3�m7 ¡'()<Ws>:F½¾&UÈ3fML7b 

 

! 

W
s

=
1

t
W

s
dt =

0

t

"
A

#Tt
 (2-8) 

 

(2-5)F(2-8)¾:678î�`$%NjkARS7 P-Që&5\&â33P67K`NC\7b

^��C:Foï81�C"jI¥���67K`N6r]â QC��ABYÉAJ©�P

SR'()�*+67b]�F~<FH��<Ws >:F�L.L kgf m
-2

 �� mm
2
 N

-1&5R

CåQL7NF^��C:7&¥æçq¸`ÊB67B�3FMPa�� Pa-1 &5RCÅ6b 

 

0
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2 - 4 óô`+e 

 

0 û8&,-C$%&'(����ÈIÌ3:FD7­®&êëF$%�oAQÏ7K`]

H'(QÏ7K`NÓÔCDEF�&B�3:FEnÎ9&$%CaF"C3ÅnR(]7

I¥�YñAR��67ÓÔqN=n7b�BF(]7Î9&$%&'()�ÊB67:3F

Ó�AaET"C&�}NfML7`:;M�F(]7"C&$%3_AR�äB'(��

óô3MNSRFç<ë&'(cq�ÊB67ÓÔqN=n7b$%3YñABI¥X$%

"C3UM�3F(2-7)��(2-8)¾N/0]'()�ZÕ7Æ.ÈÆ�÷=67K`:¤ÔC

D7b�KCF��Fó{°FüUD7S:ó{t®].&$%&>?XÊq)FoAD®

��Ï®].&¥æcqN²³E´CD7NF"CN(]7@AËF@WBC& PA6$%3

_AR$%'1'(����SF'1¬� µF ¡'()<Ws>&$%C��jk£¤ÍÎq

3òSR÷DABb 

0 "C&(]7@AË2@WBC$% PA6$%& WAXDéo��ï�Fó{üUFDTA�

�UEÌ�Bó{t®F¥æçq¸� Figs. 2-3�� Table 2-13Å6b@AË2@WBC PA6

$%N$%C3UM�39EAB>?`²³E­®&¥æçq¸�FARS7K`N�Æ7b

Ü�vïxÏ®��3�SRF$%:åJNÈJCD7�3F����].&åJN F]

|}3Ê'RF×ØÙÝ&G¹�N*QH]EFGÆmû�SÏ®�Å6K`NHIQL7b

Q:3F$%`EnÎ9&@AË2@WBC PA6����&Ï®���67`F69 MPaCD

EFTable 2-13ÅAB@AË2@WBC PA6$%&Ï®UEJKãS¸�Å6bAÆAF$

%C&(]7 PA6$%&Ï®:$%C3UM�� 74 MPa­®CD7K`ÆMF$%"C&

LM3U7Ï®&ªt:F|}N¨&cq��È)3U7ÛÜ&S�L&â3�SRaF*

QSK`N�Æ7b 

0 "C 0.45-0.7 mm&$%3_ARFÎy&I¥õC 60 së&'1'(����äBIÌ&

&<Ws>¸� Fig. 2-4(a)3F�BFT1` T2 ÆM(3-1)¾3UäR¹ºAB 60 së& µ& ¡¸�

Fig. 2-4(b)3Å6bFig. 2-4&O·3ÅAB (:FFig. 2-1(a)3ÅAB Qâ3�SRF$%±,

�~E'(J3 �]$%AJ3PH'(J-É,U&Å¥CDäRF½¾3UE¹ºQL

7b  

! 

" =
dF

2rRd#
=
T
2

2rR
 (2-9) 

(r : $%TCFR : 678î�TCF" : 678î�±,&�E& Qâ&Ò®R�) 
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(N*Q]QR3�SR<Ws>: (3ÍÎAF(&ö[3UESíARS7bT,F(Nöñ6

73òLRF<Ws>:$%C3UM�En¸3TU67b�BFµ a<Ws>`E´&VU�ÅA

RS7K`N�Æ7bFig. 2-4(a)UEF<Ws>NT�`]7 (&õ;:F"C 0.5 mmúõ&$

%3òSR:� 20 kPaF"C 0.6 mmúû&$%3òSR: 26 kPa CDEF$%C3UE²

Æ]ÞN=nRS7bKLM&89&WX3òSR:½#C8'7búû&óô:F"CN

(]7$%&'1'(����ÈIÌ3�SRFQ â3�SRD7T�&¸úû& ( �YZ

6LÖFfML7<Ws>:$%CXjk£¤3ÍÎA]S»¼`]7K`�ÅYAR�EFK

&ÐÑCfML7<Ws>¸�PSR(]7$%&�'(q�ÊB67K`N6r`]7b]�F

(2-9)¾�PSRû}&ÐÑ�ÒB6 QâC&÷ãI¥�¹º67`F"C 0.3F0.4F0.5F0.6F

�� 0.7 mm &$%C:F�L.L 0.3F0.4F0.5F0.75F�� 1.0 N`]7búè&$%'1

'(��C:FKLM&"C&$%3FQâC&I¥N�L.L 0.3F0.6F1.0F1.5F�� 2.0 

N`]7UÈ]À��EYmR��ABbKLM&I¥:F120 s&'1'(����äB§

& Qâ&'(3U7YÉAJ©NF��¦&$%AJ©& 40 - 70%&»¼3]7UÈ3Z�

AB¸CD7bYÉAJ©N 70%úû`]7'(:$%&oAXË�].&ª°N=n76

rqN�HF�BFYÉAJ©N 40%úõ&'(: 120 s úõ&'(êëC&YÉAJ©&

«�3[ÞN=n¶H]7^_âND7b 

0 ½3F<Ws>&'(êëÍÎq3òSR+e67b(2-8)¾�M3$%C 0.7 mm &@AË2

@WBC PA6$%& A/('T)� t3_AR Fig. 2-5(a)3Å6b\&]=&^·:F'(¦&$%

AJ©3_67��§&YÉAJ©&_Ì�ÅARS7b(2-8)¾3�SRFT�� <Ws>N�

�êë(t)3UM�T�¸CD7``�67`F67ÒÞ®('):��±T�CD7ÆMFA/('T)

: t 3_ARV\N<Ws>CDEFwâ�~7"É(ÊË4¬)`]7bAÆAQ:& A/('T)-t

&éo��:/&½¢�F67"É4¬(T½4�)�ÅARS7bK&óô:F0-30 s ��

30-120 s&QRC:'()N(]7K`�ÅYARS7bµ� t3_AR Fig. 2-5(b)3Å6bµ

:'(��ÿ!"§3ab3û£AF#ï�ïjcï��ÅAB§F10súè:²³T�¸3

TUARS7bFig. 2-5(a)3�SRF'(¦&AJ©3_67 10 s&'(��§&YÉAJ©

&_Ì:� 25 %CDEFK&¸:$%åJÆM&'(VWdQ 0.18 mm3_Å67b'(#

$%&3�m7'()&ªt:F'(��ÿ!§ 10s ­®C+KäB89CD7`SeQL

7bK&c(]'(eeF����X�� ¡��¢3_AR Pod ��].3UäR'()

���ABIÌ3�SRaGHßàQLR�E[8,13-15]F#$'(`UÖLRS7bT,Fµ

Nf�ART�¸3gAFEê3'()af�ART�¸ügAB¡h(KKC: A/('T)-té
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o��&V\NT�`]E"Éû3i7¡h)N�<'(CD7b#$'(:Tj3�<'(

3Ê'�S'()�Å6K`NkMLRS7b 

0 #$'(`�<'(&'()&ªt�UE/031Õ7B�3F#$'(&'()(Ws
**

)

`�<'(&'()(Ws
*
)��Ã67K`��>7b$%'1'(��3�m7��êë t &

ÈçF#$'(%&CD7êë� t1`AFt1úè:�<'(%&CD7`67bA/('T)&êë

ªt:½¾CåQL7b 

 

( )
( ) ( )!

"
#

$%+

&
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11

****

1

**

  tttWWtW

tttW

T

A

sss

s

'
 (2-10) 

 

4äRF�<¡h3�m7'()(Ws
*
):FA/('T) - téo��&"É&V\`ARÌ�7K`

NC\7b�BF(2-10)¾�(2-8)¾3@l67` ¡'()(<Ws>):½¾CZÕML7b 

 

! 

W
s

=W
s

*

+ W
s

**

"W
s

*( )
t
1

t
t # t

1( )  (2-11) 

 

K&¾:F!mnN t&öñ3UE 03TU67nCDEF<Ws>: t3_ARoy3SíAF

÷øù3<Ws>: Ws
*ü`TU67K`�\]ARS7b$%C 0.7 mm &@AË2@WBC

PA6$%&<Ws>� t3_AR Fig. 2-63Å6bFig. 2-63: A/('T) - téo��&V\UEfM

L7 Ws
*¸aEê3}ABbt&öñ3päRF<Ws>NSíAB§FT�¸ü`TUAR�H

´�N>ML7NF120 s §3�SRa<Ws>: Ws
*¸3qgARS]SK`a�Æ7b120 s

úèF<Ws>N Ws
*3QM3UNH`HIQL7bAÆAFK&�}C:F120 súû&$%'

1'(��C:F$%&oAXFoA&"¦3[\]ª°N=n7B�F<Ws>&��:rO

CD7b 

0 QPù]dâÆM'(#$%&ÆM&�'(q�*+67IÌ3:<Ws>NF§867UÈ

3åJ¡h3ÛÜQL]Sç<$F&�'(q�*+6IÌ3: Ws
*N3ARS7b�B@A

ËF@WBC PA6$%&< Ws >:a(êë3UE 40 Pa
-1ÆM 22 Pa

-1&ëCSÚARS7b�

B Ws
*¸: 17 Pa

-1CDäBbê¥3#320&GØ8�ïs�PSB PoD��3UäRFPA6&

'()��� RajeshMN�äRS7[22]b�&:&'(): 52 Pa
-1`ßàQLRS7b]�

#$'(`�<'(&'()&ªt&WX:½#C8'7b 
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2 - 5 ó/ 

0

0 ���$%&'()�*+67,-`ARF'(3UäRYÉ67$%&YÉAJ©`I

¥ÆMF ¡'()(<Ws>)�¹º67,-�tuABb<Ws>:678î�`$%&jkfR

&5\&â3�SR¹º67K`NC\7NFoï81�CI¥�"j«�67K`&C\

7â3�SR*+��äBbK&UÈ3ARv�AB<Ws>:FT�¸úû&jkÅ¥NYñ

QLLÖF$%CXjk£¤3ÍÎA]S$%$F&¸�Å6K`N�ÆäBbK&,-3

UäR(]7$%ë&�'(q�ÊB67K`NC\7b$%3YZ6'\÷ãI¥:F$

%C3ÍÎAF"C 0.3F0.4F0.5F0.6F�� 0.7 mm&$%C:�L.L 0.3F0.6F1.0F1.5F

�� 2.0 NCDäBb<Ws>:'(êë3UEªtAF#$'(`�<'(%&3wxQLBb

�<'(&'()(Ws
*
):FA/('T) - téo��&V\ÆMfML7b<Ws>:'(#$%&ÆM

�<'(�C&QPù]�'(q&»¼`]EFWs
*:|}&^<ù]�'(q&»¼`]7b

 ¡'()&£¤ÍÎqFy�3#$'(���<'(3�m7'()3òSR:½#C8

'7b 
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Fig. 2-1 (a) Schematic illustration of fiber wear test and photographs of 

rotating drum and fiber (b) before hanging fiber, (c) after hanging 

fiber and (c) after wear test seen from the side of point Q. 
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Fig. 2-2 SEM images of (a, b) abrasive paper and (c, d) worn surface (a, c) 

before and (b, d) after the wear tests of neat PA6 fiber. Applied 

tension was 2.0 N and wear time was 120 s. 
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Fig. 2-3 Equatorial WAXD profiles of neat PA6 fibers with various 

diameters. 
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Table 2-1 Crystallinity, crystallite orientation and mechanical properties of 

untreated neat PA6 fibers with various diameters. 

 

Diameter of fibers 

(mm) 

orientation Xc (%) Tensile  

modulus  

(GPa) 

Tensile  

strength  

(MPa) 

Tensile 

strain 

at break (%) 

Micro- 

hardness 

(MPa) 

0.45 Random 23.4 2.51 116 380 72.3 

0.50 Random 24.3 2.67 112 410 74.1 

0.60 Random 20.5 2.42 103 390 76.1 

0.70 Random 22.9 2.58 100 420 74.2 
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Fig. 2-4 Variations of (a) <Ws> and (b) ! with " for neat PA6 fibers with 

various diameters shown in the figure. Wear time was 60 s. 
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Fig. 2-5 Variations of (a) A/(#T) and proportion of worn cross-section area 

against initial cross-section area, and (b) ! with wear time for 

untreated neat PA6 fiber with diameter of 0.7 mm. Applied tension 

was 2.0 N. 
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Fig. 2-6 Variation of <Ws> with wear time for neat PA6 fiber with diameter 

of 0.7 mm. Values of Ws* are indicated by horizontal lines. Applied 

tension was 2.0 N. 
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3 - 1 45 

 

3 - 1 - 1 6#)78 

 

9 $%&'():./;<=>?@ABCDEFG<HEIJ@KL./MNOPE01<

QRS@TUL./<VWPE8X<YZPE[\M]8^_E`6#^KL*+,-+.

/MNOPE01<abc23PE`[)abc<deULfg./h)ijkl;Lmn

./\op./@qrE./h)stLuv$%&'()wxyz{|y}~����M.

�./�;@u�P=>@�eU��PE` 

 

3 - 1 - 2 $%&'().�./�;<VWPEX& 

 

.�./�;<VWPEX&@�PE��KL���$%&�$%&����<��\T

UO��Uq�L��)�)�)���;��� )¡¢�£\)s�M��C�UeE`

Tarbor\ BowdenKL.�¤¥(µ)<¦§¨(µadhesion)\©¡¨(µdeformation))ª%)«\TU¬­

PE[\<®¯TUeE[1]` 

 

! 

µ = µadhesion + µdeformation
 (3-1) 

 

CR@L.�¤¥)¦§¨KLTarborLBowdenuv FengR[2]@°±Uabc²C�Uq�L

�����).�¤¥<³´PEµ^L¶R)abcM·¸¹��UeE`Fig. 3-1 @ºP

»¼½¾)��¿%@�eUÀÁE`ÂÃ��¿^KÄÅ)Æ@¦§Ç�MÈÉE`��»

¼Æ)s�ÊËMÌ[EIJ@KL[)¦§Ç�¿<DÍÎÏÐPE]8M_E`Ñ±UL

DÍÎÒÓ< SLÂÃ�� Ô Ar\PE\LDÍÎÕÖ).�� FsK×Ø@°±UÙÁR�

E` 

 

! 

F
s
= A

r
S  (3-2) 

 

ÚIL��)ÛÜ@°�ÂÃ��¿@qeU�� ÝÞÕÖ)ß;©¡MÌ[E\àoPE

\L��)ÛÜá�Kâ�ãÓ(H)\äTe\ÀÁR�E)^L�� ÝÞÕÖ)ij< W
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\TU 

 

! 

A
r

=
W

H
 (3-3) 

 

\�E`µadhesionKL.�¤¥)oåSRL×Ø)°æ@HR�E` 

 

! 

µ
adhesive

=
F
s

W
 (3-4) 

 

(3-2)L(3-3)L(3-4)ØSRL×Ø<HE` 

 

! 

µ
adhesive

=
S

H
 (3-5) 

 

çè���é0���£)°æ@L��@°E©¡MêCe��KL©¡¨)ëìMéí^

îE)^LµK¬ )ãÓ\DÍÎÒÓ@°�ïoC�E`[)����^KL.��Kð

Sr)�� Ô@�¤�¸ij@ñòTLCR@ó¸SRôR�E°æ@µMij��� 

Ô@klT�eõö÷QC�E`øÕL$%&���£)ùú;¼@�eUKL��@°�

��M©¡PE\¬ @ûüMÈÉE�£L©¡¨<éíPE[\K^î�e K̀ragelskii[3]

� Rabinowicz[4]RKL.�¤¥@ÙÁE©¡¨)ëì<L¬ )ûü)ýC)ëì\ÀÁUL

þ�)ÿ!"<#PE�.$&<deUL©¡¨\¬ ýC)�¤<Ã%?@ºTUeE`

ÚILErnst R[5]KL.�¤¥<¦§¨\¬ ýC<¬P¨)«\TUL×Ø)°æ@¬T

UeE` 

 

! 

µ =
S

H
+ tan"  (3-6) 

 

I&TL!K'�ÕÖ\¬ )ûüM�P(Ì) )ªP*<^_E`TSTL©¡¨K�

�¿+)¡¢X&�,¸)���;M�-@ëìPEIJL­.Ú^/0�abc)11@
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K2±Ue�e)M­¢^_E` 

9 3µKL[�Ú^)��@qrE.�)ÀÁÕ@�eU45IML./@�TUK36)

°æ@ÀÁR�UeE $̀%&)./�;<VWPEX&<��PE7�@deR�E89

:;\TUKLRatner-Lancaster 89:;M<=R�E`P��>LWs )?¥<@AÒÓ\

@AÏÎxÓ)Ô@�TU89:;PE\Lñò�¤MHR�E[\MÃ%?@ºC�Ue

E[6-8]`ÚILLhymn RKabc23@°±ULWs )?¥MãÓ_EeK@Aú;h)e

B�S\ñò�¤@_E[\<ºTUeE[9] T̀STL¶R)³´<'()./�;@Cd

PE7�@KL'()@AÒÓKD�@EÚ�E-F*��GH)ÒÓ<IJPEIJ@L

]BTö./C�E¿%)ÒÓMIJC��e\eæKLM_E` 

9 Rabinowicz KL*+,-+./@�TULFig. 3-2 @ºPø�)MN¡¢)(Ì@°�O

RSef <PQPEabc<11TUeE[10]`�� ÝÞÕÖijRW \ORSeÕ)

��)ãÓ H\)�¤K×Ø^ÙÁR�E` 

 

2
rHHAW !=="  (3-7) 

 

A KSTÚ�IMN)�� ÝÞÕÖSRðIUë ÔLr K�)UëVMºPM)WX^

_E`dl)YË@°±UZ[C�E¼Ô dVK×Ø^ÙÁR�E` 

 

! 

dV = r
2
tan"dl =

#Wtan"dl

$H
 (3-8) 

 

[[^L!KMN) \'�ÕÖ)�P*^_E`\+'�]^_I�)./_ dV/dlKL 

 

! 

dV

dl
=
"Wtan#

$H
 (3-9) 

 

\¬C�E`./ @l.PE,¥)(Ì@SSE0ij< W \TL0U)�.$&@�

eU)fg)��*<`JU!\PE\L×ØMHR�E` 
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! 

dV

dl
=
Wtan"

#H
 (3-10) 

 

3µ\abTI23K Lancaster@°±UöO��UeE[11] T̀STLLancaster)abcK

��)ú;?�©¡M0¸ÀcC�UqRBLÚIL(ÌMdePE\�)¿+M/0@Ï

ÐTU¼ÔMfgPE\àoTUeE Ã̀h)$%&��M*+,-+./<Ì[P7�@L

(ÌMdeTIij^©¡MklTUÏÐMÈÉ�e[\öÀÁR�E`ÚIL(Ì¡KM

N¡\KmR�eõöKL^_E`�[^L6#^KL$%&'().�./�;<VWP

EX&<L�.$&)¡¢X&<no�L�)pq^)$%&)rs?�©¡yÏÐ)01

<ÀcTU23PE` 

 

3-1-3 wxyz{|uv}~����M$%&'():./;@u�P

ëì 

 

9 $%&'(KL�)$etu;<vdTIád%w@qeULTxTxey�./z{6

^¹dC�UeE`òÁxL|}~�)�}�c;@deR�E$%&'(KL�c;M$

�ÊËPEh@$A�6^ÿ�-��(���:�|��¿�)\��PE[\@°�./C

�E`[)d�^KL$e:./;&r^K�¸L$A�6^)©¡<��PEIJ@$e

@Aú;h�@AÒÓM8�C�E`Ñ±UL$%&)�^ö:./;M$e��aKCC

BL��*�� 6(PA6)�����,��,}�,�;(PET)M¹dC�UeE`­¢^KL

�c;�Ó<CR@$�²PEIJ@L:./;<CR@ABCDE[\M�Ú�UeE`

�)��\TUwxyz{|�}~����MÀÁR�E` 

9 ø�@$%&'()wxyz{|KL@Aú;h�@AÒÓ)AB<öIRP[12-14]`

RatnerLLancasteruv LhymnR)|´@��eUÀÁE\L@Aú;h_EeKÒÓ)AB

KL:./;)AB<öIRP\n�C�E`øÕLwxyz{|@°±U'()ÏÎxÓ

M 6PE7�M_�LÚILwx{|@°±UÇ¡�¢¡%&)WÖMABTUL'()

£Õ;)ABPEIJ@L'() ):./;Mwxyz{|@°±U 6PEt¤;ö_

E`øÕL$%&@é0}~��<��PE\L:./;Mø�?@ABPE[\MôR�

UeE`}!c��¥c�¢��)./@�TUL}~��<��TI7�@ÈÉEþ�)

=>M¦§C�UeE`[�R)=>KL}~��)l.@°±U¨;��©$%&)1ª
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M©²PE[\@°E=>\L}~��«¼)$eú;hL@AÒÓLãÓ�£MIJC�

E=>) 2�@%aC�E` 

9 6#^KL*+,-+./abc<®¯TL��@��eULwxLz{|L}~���

�M$%&'().�¤¥uv./h@u�Pëì<��PE`23)��\TUL��*

��¬(PA6)'(L­®¯*c�°®�®~©±(ABW)�� PA6 '(L����,��,}

�,�;(PET)'(uv±:8©�:�¢±�²�³´�µ�+(CNT)�� PET '(<de

E`./h)¶Xkl;Lijkl;Lmn./uvop./@qrEstLwxuvz{

|)ëìL}~����)ëì<��PE` 

  

3 - 2 Ã% 

 

3 - 2 - 1 D�)·| 

 

9 ¸¹@KL2#)Ã%@deISTºTy+9�ª¡d)»$ùÓ PA6(¼°�±LM1040)

uv PET(¼°�±LSA1206)<deI`PET)½�©¾Y¿ÓK 77
 o

CLÀõK 251
 o

C^_

�LÂÁÓK¢¡M 1.34 g cm
-3LÇ¡M 1.46 g cm

-3
[15]\¦§C�UeE P̀ET)Ç¡)Â&

o¥K6Ã)d�^_E` 

 

Â&o¥ÄÅÆÇ a= 0.452Lb=0.598Lc=1.07LÈ=101ÉLÊ=118ÉLË=111É 

 

9 }~��@KLfg¶X 1 µmL*©Ì�;ñ 10-60LÁÓ 3.0 g cm
-1)­®¯*c�°®

�®~©±(ABWLÍÎ²ªLTNN-3267)Luv¶X 50-200 nmL'(ÏM¥Ð µm[16]^_E

±:8©�:�¢ CNT(CNTLGSI CreosLCarbere)<deI`ABWKLÂ&o¥M a = 0.768 

nmLb = 1.50 nmLc = 0.566 nm)ÑÕ¡^_�LcÒM®~©±�)ªÏÕÖ<ÖeUeE`

CNTKLÓÔ CVDÝ@°�HR�LÕ)Öe±:8¢)×ØÙ MÔÚTI�Ö1ª<#

TUeE` 

PA6LPETÌ,:;LPA6@ ABWM 5 wt%��C�UeEÛ�Ü®��Ì,:;uv PET

@ CNTM 5 wt%��C�UeEÛ�Ü®��Ì,:;SRL36)�Ý^'(<·|TI`

ÞÌ,:;< 100
 o

C^ 24 hÂÖßàTIáLâã¿Ó 290 
o
CL´"c¶X 1 mmLäº_ 25 

g min
-1Lån��Ó 100 m min

-1)æç^âãTU¶Xè 0.7 mm)'(<·|TI` 
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9 âãTIø¿)'(@»oÏ)æç^6Ã)�Ý^wx\z{|<éTI`ABW/PA6 '

(@qeU 170 
o
CL1 h ^LCNT/PET '(@qeUK 200 

o
CL3 min )z{|<O±I`

ABW/PA6'(@Kk¾�Ó 50 m min
-1)êë9���SR 70 

o
C)­:;8,�;@��C

DE~�<ìíTLån��Ó 100 m min
-1

._EeK 150 m min
-1^ånE[\@°±UîïL

"ï)wx{|<O±I`·|TI0þa)'()Û��ðñv@·|æç< Table 3-1 @

Ú\JI`D�Kb-ò����^óôTL0U)õo)ö@÷¿^ 24 hÂÖßàTI` 

 

3 - 2 - 2 õo 

 

9 2-2-2ø2-2-6 @ºTIÕÝ@°±UL'().�./D%L\'(@AD%LãÓõoL

ºùz%3Luv·* XÞkú<O±I` 

9 .�./D%@qeUL'(@n�ûrEj�K 5-60 g\TL./üÆK 30-120 s\TI`

'()./ uv�.}¬ )ýþKÿ!"&#$%(SEM, JEOL, JSM-T2000)<deUO

±I`2-3@ºTIÕÝ@°±U./h(Ws)<&'TI` 

9 PET )ºùz%3@qeUL(¿e�^ PET )Ç¡²MÈÉI`�[^L(¿e�@q

eU PETMÇ¡²PE\î)���c)�KL[)Ç¡MÀ2PE\î)���c)�\ä

Te\àoTU[17]LPET '(@�eUõoTI0À2���c)�SRL(¿e�@qr

EÇ¡²)���c)�<ùT@eU×Ø°�Ç¡²Ó<�JI` 

 

! 

"
c

=
#H

m
$#H

c

#H
m,0
(1$m)

9  (3-11) 

 

Ç¡²ÓK¨;�:�©�@EÚ�E}~��)*_<ùT@eUĻ ¹¿%@�PE%h

\TU�JI[18]`�qLPETÇ¡)À2z !Hm,oK 140 Jg
-1\TI[19]` 

9 Õ+*)�¥\TU)·* XÞkúÒÓ%+KLñò,¥ô<�°-.���µ)so)

kú*@»oTL�/0e\�EW1^D�<k¾PE[\@°±UõoTI`[)\î)

so)kú*KLPA6 ) " ¡ 001 I2@�TU 21.5
oLPA6 ) # ¡ 200 I2@�TU 20.5

oL

PET) 010I2@�TU 17.2
oLuv ABW120I2@�TU 16.0

o\TI k̀úÒÓ%+)�

�)W'3(FWHM, !$%)<deU ABWLPA6Luv PET )Ç¡WÖ<&'TI`�q CNT

@�eUK CNTí4)kú)��MÈÉ�S±IIJLWÖ)&'K^î�S±I` 



 42 

3 - 3 *+,-+./)abc23 

 

9 6Ã%^Oæ°æ�*+,-+./<L36)°æ@abc²PE`5�)�.$&MD

�@6oTUeE¿%<LD� )ÝÞÕÖSRðIUë Ô< Ai\PE`ÚIL�)¿%

<L'�ÕÖSRðIUë Ô< As\PE`�.$&)¡¢X& g<×Ø^oåPE` 

 

! 

g =
As

Ai

 (3-12) 

 

�.$&MMN¡^_E7�@KL'�ÕÖSR)MN) )7î*< &\TULgK(tan&)/!

^_E`1 �)�.$&<'RDEIJ@]8��(P)KUë Ô As@ñòPEö)\TL

�.$&)'�@8PED�)98<ñò¤¥ 's@°±U¬P` 

 

! 

P ="
s
A
s
 (3-13) 

 

1 �)�.$&<D��@6oCDEIJ@]8��(F)KUë Ô Ai@ñòPEö)\TL

�.$&)STT:@8PED�)98<ñò¤¥ 'i @°±U¬P`[)98('i)KF:±

�©D%^õoC�EãÓ(H)@ñòTL�)ñò¤¥(k)K 1.08^_E` 

 

! 

F ="
i
A
i
= kHA

i
 (3-14) 

 

3µSRL.�¤¥(µ)K×Ø)°æ@;S�E` 

 

! 

µ =
P

F
=
g" s

kH
 (3-15) 

 

(3-15)ØK ErnstR[5]@°±UHR�I(3-6)Ø\abTUeEML(3-6)Ø^K¡¢X&M<)

¨\TU­�UeE)@�TUL(3-15)Ø^K¡¢X&M¤¥\TU­�UeEõM£�±

UeE` 

9 1�)�.$&\) 1k)��@°±UfgPE¼Ô(V)KL�.$&MdePE¼Ô@ñ
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òPEö)\TLñò¤¥< fL'�]^< L\PE` 

 

! 

V = fAsL  (3-16) 

 

[[^Lf KÏÐ=h<¬TL�.$&MdeTI¶á@©¡M/0@klTU¼ÔfgM

�e7�@K 0L�.$&\) 1k)��@°±UD�MÏÐTU¼ÔfgMÈÉE7�@

K 1\�E`./h(Ws)K×Ø)°æ@;S�E` 

 

! 

Ws =
V

FL
=
gf

kH
 (3-17) 

 

Rabinowicz R[10]@°±UHR�Iabc\)stõKL6abc^KÏÐ)=h?�X&

MÀcC�UeE[\Luv�.$&@�o)¡¢<àoTUe�eõ^_E` 

9 Ø(3-15)uv(3-17)SRL36)ØMHR�E` 

 

! 

g" s =
P

Ai

= kHµ  (3-18) 

! 

" s

f
=

µ

Ws

 (3-19) 

 

Ø(3-15)uv(3-17)@°E\Lµ uv WsKLH/gL's Luv f ) 3 �)>?�©¥@°±U¬

C�E[\M�SE`øÕLØ(3-18)uv(3-19)@°E\Lµ uv Ws KLHLg's Luv 's /f

) 3�<>?�©¥@@Í^ö¬C�E[\M�SE`Ø(3-18)@ºC�E°æ@Lg's K�

.$&<'RDEIJ@]8��<DÍÎá�\TU¬�TIö)^_E`I&TL[�K

¡Ø?�¬­^_�L�.$&)'�@�PE8�K Ai @ñòPE)^K�¸LØ(3-13)@

ºC�E°æ@ As @ñòPE\ÀÁR�E)^LDÍÎá�\TU)¬­KL�*o¥\

K�RBL�.$&)¡¢@°±Uö©²PE©¥\�E`��¬ M�.$&@°±UA

�BT©¡<CrI\î@LÏÐTU./D\�EÚ^)A�BT)k¥KLÏÐ=h)?

¥ 1/f ^_E`øÕL�.$&<'RDI\î@E¿SRÙÁIFGKL©¡<CrID�

¿%)\+¼ÔHI� 's ^_E`Ñ±ULÏÐTU./D\�EÚ^@D�)½É¿%@
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ÙÁIFGKL©¡<CrID�¿%)\+¼ÔHI� 's /f^_E`[)FGKIJ?@K

z\�±UKL�@MNC�EML�)ø¿KD�)ÏÐ@��ME°æ�1ª©²�©¡

<öIRTUeE`'s /fMBîe��KL°�Bî�FG<ÙÁ�e\ÏÐT�e��^_

�L's fK*+,-+./@�PE��)O;)FP\��HE` 

 

3 - 4 Ç>\Àþ 

 

3 - 4 - 1 PA6 uv PET '()1ªyz?;*y@A�;@u�Pwxy

z{|uv}~����=> 

 

9 PA6@KÇ¡,¡M_�L#¡L(¡L"¡LuvQRÕ¡)Ç¡<¡ªPE[\MôR�

UeE[20-22]`[)æ> #¡uv "¡Kz?@So^_EML(¡uvQRÕ¡Kz?@T

So^_�Lz{|@°� #¡@¾YPE "̀¡uvQRÕ¡K½�)kú*@ WAXDkú

)��<ÈÉEMLz{|@°� # ¡@¾YPES£æS^ÄÅ<U<PE[\M^îE`

PA6 '()@Aú;huvÒÓKLQRÕ¡SR # ¡V)¾Y@°�ABT[22-24]LÚIL

wx{|@°±U%&W)WÖMABPE\ABPE[\MôR�UeE[12]`PA6 K��

;M$¸L��PE\ú;huvÒÓMXT¸ 6PE[25]`z{|TU'()��hM 

6PE\Lú;h�ÒÓMABPE` 

9 DTAYÞ))�� ÔSRZºTIÇ¡²Ó< Table 3-2@ºP`�qLÀ2)��<Ç

¡¡)st@�TU%^PE[\M^î�S±IIJLÇ¡²ÓK0U)Ç¡¡@�eU)

�,^_E`PA6 '()Ç¡²Ó@�eUKLwxLz{|LABW ��@°E#X�©²

KðR��S±I` 

9 Fig. 3-3@ºP PA6'(uv 5%ABW/PA6 '() WAXD[\ÕÖ89}~�c<ñ]P

E\LQ=�stMðR�E`[) WAXD [\ÕÖ89}~�c@qeULkú* 20.5
o

))��K #¡) 200I2L24.0
o))��K #¡) 002 uv 202 I2)j��L21ø22

o)

)��KLz{|PE\^gPE[\SRQRÕ¡) 001 I2@_èC�E`ABW ��'

(^ðR�E 16.0L26.0
o ))��K��`� ABW ) 120L220 I2@_èC�E`

PA6/DR1/U/0.70 uv 5%ABW/PA6/DR1/U/0.70 '(@KQRÕ¡M¡ªC�UeE[\M�

SE`øÕLwxLz{|<éP[\@°±UQRÕ¡M #¡\¾YTUq�L�@wx{

|@°EQRÕ¡SR #¡V)¾YM#X^_E`�qL_Eþ)}~��<��PE[\
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@°±UL#¡M@a?@¡ªC�Ebc=>M¦§C�UeEM[18,20]LABW@K[)=

>M�e[\M�SE` 

9 Ç¡)WÖÓKLÕ+*)�¥\TU)kúÒÓ%+)��)W'3(FWHM, !$%)<FP

\TUñ]PE[\M^îL!$%M e[\KWÖM$e[\<dePE z̀{|@°E !$%)

#X�©²KðR��e`TSTLwx{|@°� !$%MfgTUq�Lwx'(K$eW

Ö<ºP[\M�SE`ÚILABW )��@°E¨;��©)WÖ)#X�©²KðR�

�e`TSTL}~��KL!$% M 10.0ø15.0
o�Ó)S��$eWÖ<ºTUeE` 

9 '()ú;h\ÒÓ< Table 3-2 @ºP`½¬SR�SE°æ@LwxLz{|@°±U

ú;huvÒÓMABTUeE Ç̀¡WÖ)ABuvQRÕ¡SR #¡V)¾Y@°E=>

^_E\hþC�E`øÕLwx{|@°±U@AÏÎxÓKXT¸ 6TUeE`z{|

@°±UÇ¡²MÌ[E7�@KLÏÎxÓM 6PE[\MÀÁR�EML6Ã%^Kz

{|@°EÇ¡²Ó)ABKiS^_�Lj\TUÇ¡¡)©²&rMÈÉI[\<IJT

ULÏÎxÓ) 6KiS^_±I`ABW )��@°±ULú;hKBî¸ABPEML

ÒÓKiS@ 6TUeE`ABW )*©Ì�;ñKÐ%$¸L'(@û�TI@Aá�M

ABW/PA6 k )DÍÎá�<lTU ABW @#=@MNC�L�)Ç>L'()ú;hM

ABTI\hþC�E`øÕLÏÎÒÓ@}~��)��=>Mm­C��S±I)KLú

;h)õoij^_E@AnB:M e�o^KL}~��/¨;�:�©k )Ç�M(p

C�UeEML@AnB:M¥ 100 %@NPEe�^k Mq^TLq^TI¿%MGH\

�±U'(MÏÎPEIJ^_E\hþC�E` 

9 Fig. 3-4@ PET'(uv CNT/PET'() WAXD[\ÕÖ89}~�c<ºP`z{|'

(@KLrz{|'(@KðR��e 001L0-10L100I2)��M��`� 2) = 17.5
o
,L22.7

oL

25.5
o@ÈÉUq�Lz{|@°±UÇ¡²TI[\M�SE`Table 3-2 SRLz{|@°

±UÇ¡²ÓM#X@ABTUeE[\M�SE C̀NT)bc=>@°EÇ¡²KðR��

S±I`Õ+*)�¥\TU)kúÒÓ%+SRLPET¨;�:�©K��s�WÖ^_E

[\M�SE`Table 3-2 SRLz{|@°±U PET '()ú;hKABPEMLÒÓ\x

ÓM 6PE[\M�SE [̀�KLÇ¡²@°Eëì\ÀÁR�E C̀NT)��@°±UL

ú;hK#X@ABTLÒÓöiS@ABTUeE C̀NT)$eú;hMIJC�IÇ>^

_E\ÀÁR�E` 
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3 - 4 - 2 PA6 uv PET '():./;@u�Pwxyz{|uv}~�

���=> 

 

9 !î#^ºTI°æ@L'().�¤¥uv./hKL.�./D%)mn@�£�<Ë

<ºPML10 s�ÓüÆMìeTIáKLSoTIt<ºP`ÚIL'(@û�PE��á

�M e7�@ö�£�.�./<ËMÈÉEML_E�Ó3µ)��á�<û�PE\L

'().�¤¥uv./hK��á�@°R�e��»#)t<ºP°æ@�E 3̀6^KL

.�./<ËMSoTI¢u@NTIá).�¤¥uv�)¢uÚ^)fg./h@�e

U³´PE`�£�mn./uv ��á�6^).�./<Ë@�eUKL�)á^³´

PE` 

9 PA6'(uv 5 wt%ABW/PA6��'(@�TUF:±�©D%<O±U&'TIãÓ H 

< Table 3-2@ºP P̀A6'(uv 5 wt%ABW/PA6��'() HKLz{|@°�ABPE

MLwxïh)A�@v±U 6TUeE`ÚILABW <��PE[\@°�L0U)w

xïh^z{|)#é@��RB HKABTUeE z̀{|uv ABW)��@°±U HM

ABPE[\KL@Aú;h@u�Pëì\½�^_E`TSTLwxPE[\@°±U H

M 6PE7ÖKLú;h@u�Pëì\K£�E`@Aú;hK'(ÒÕÖ)©¡98^

_E)@�TULF:±�©ãÓK'()wÕÖ)xy@�PE©¡98<ºTUeE`z

{|uv ABW)��KLäÕ?@©¡98<ABCDE`øÕLwx@væWÖÓ)AB

KL'(ÒÕÖ)©¡98<$JEML��\z¶�ÕÖ)©¡98M 6TLF:±�©

ãÓM 6TI\hþC�E` 

9 PA6'(uv 5 wt%ABW/PA6��'(@�eUL./D%<{|TUSR 10 sìeTI

á) µ)SotLuv./D%<{|TUSR 60 sìePEÚ^)fg./h<Ws ><Lw

xïh@�T��`� Fig. 3-5uv Fig. 3-6@ºP`PA6'(uv 5 wt%ABW/PA6��'(

) µ KL wxyz{|)#é@��RB ABW )��@°±UABTUeEMLwx�z

{|@°E µ)#X�©²KðR��S±I`øÕL<Ws >KLABW)��uvz{|)e

B�@°±UöfgTUeE(:./;)AB)` 

9 PET '(uv CNT/PET ��'(@�TUF:±�©D%<O±U&'TIãÓ H <

Table 3-2@ºP C̀NT)��@°±ULz{|)#é@��RB HKABTUeE Ú̀IL

CNT��)#é@��RBLz{|@°±U HMABTUeE`z{|uv CNT)��@

°±U HMABPE[\KLú;h@u�Pëì\½�^_E` 
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9 PET'(uv CNT/PET��'(@�eUL./D%<{|TUSR 10 sìeTIá) µ

)SotLuv./D%<{|TUSR 60 sìePEÚ^)fg./h<Ws ><L}~��

)*_%h@�T��`� Fig. 3-7uv Fig. 3-8@ºP`CNT)��uvz{|@°E µ)

#X�©²KðR��S±I ø̀ÕL<Ws >K CNT)*_%h)A�@v±UfgPE P̀A6

'()7�\£��LPET '()<Ws >Kz{|@°±UABTUeEÄ:./;) 6Æ̀

z{|@°E:./;) 6KLÇ¡²@°E@AxÓMBî¸ 6TI[\@�}TUe

E\ðR�E` 

9 36^KL3-3 @ºTIabc<deUL.�¤¥uv./h@u�PwxLz{|uv

}~����=><��PE`�qL>?�©¥\TULHLg's Luv 's /f<@vLCR@

Ws )~��@<Ws ><deUÃ%Ç><ÀþPE` 

9 6��@deI kHµP��> g's < Fig. 3-9@Lµ/<Ws >P��> 's /f< Fig. 3-10@L��

`� H@�TUºP F̀ig. 3-9) H\ kHµ)�¤SRL}~��)��uvz{|@°±U

HMABPE\LPA6'(uv PET'(K�d)¶Þ@�±U 's MABPE[\M�SE`

øÕLPA6 <wxPE\ H M 6PEML[)7�ö[)�d)¶Þ@�±U 'sM©²T

UeE H̀\ 's )�)s�KL[�RMeB�ö©¡@8PE98<¬TUeE[\@°E

\ÀÁR�E` 

9 Fig. 3-10@ºP H\ µ/<Ws >)�¤SRLABW)��uvz{|@°±U HMABPE

\LPA6'(K�d)¶Þ@�±UO; 's /fMABPE[\M�SE`ÚILwx{|@°

±U HM 6PE\L[)¶Þ@�±U 's /f M 6PE[\M�SE`rz{| PET '(

@�eU) H\ 's /f)�¤öLPA6'(@�eU)ÄÅ)�¤\½É¶Þµ@�E[\M�

SE`TSTLPET'(<z{|PE\L[) H\O; 's /f)�¤SR��ULHKABT

IM 's /fM 6TUeE`�.$&SR)ABT©¡@�PE:��;MÇ¡²@°±U 

6TUeE[\<¬TUeE`PA6 '(uv PET '(KLwxLz{|uv}~����

@°±ULHLg's Luv 's /fMµ4)°æ@©²TL��R)©²<IJTULµuv Ws M

©²TUeE` 

 

3 - 4 - 3 ./h)��á�kl; 

 

9 ! 2#@qeULPA6'(@£�EA�<·dCDU.�./D%<O±I7�@L./

 @·dPE��á�M_Et°�öêCe\L./hM��á�@klTU©²PE[\
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<ºTI`[)ij^KL��á) 6@v±UL<Ws>MABPE7Ö@_E`[)7ÖK

ABW<��TI PA6'(� PET'(@�eUöðR�E P̀A6'((PA6/DR1/U/0.70)LABW

�� PA6'((ABW5%/PA6/DR1/U/0.70))LPET'((PET/DR1/U/0.30LPET/DR1/H/0.30)@�

eUL×Ø^oåC�EðSr)��á� '\<Ws>)�¤< Fig. 3-11(a, b)@ºP` 

  

! 

" =
dF

2rRd#
=
T
2

2rR
 (3-20) 

(r Ç'(WXLR Çk¾���WXLda Ç'()$êÏCMk¾�����^AE*Ó) 

9  

$%&�$%&�����£)ú;?^O���*SR�E}~c��¥c�¢D%�@

�eUö½��­�M¦§C�Uq�L[)­�KL.�z[26]_EeK��ij@klT

IÂ)�� Ô)©²[9,27]@ÌXPE\C�UeE`TSTL6��^KL��@°±U

.�z�./D)Z[<O±UeEIJ@L.�z�./D)ëìKêCe\ÀÁR�E`

GÃL.�./D%á)�.}uv'(./ ) SEM �Â@KL.�z@°E$%&)�

À)¡�KðR�Ue�e(! 2# Figs. 2-2(a)-(d)) �̀�ij@klTUÂ)�� ÔM©²

PE[\@°E./h)©²@�eUKL36)°æ@ÀÁR�UeE`��ijMêCe

\î@KLÂ)�� ÔKêC¸L�)Ç>L�.$&)��ûp):M��\��PE`

[)\îL�.$&)��¿%¶6)��KLrs?@XT¸Bî�á�<CrL�)¿+

@��9��:�MÈÉE=hM$¸�E`./ µ@��9��:�MÈÉE\L��M

Ìõ\��L�.$&@°EwÕÖ)�^��@./ÏÐMÌîE`Ñ±UL á�6^K

$e./h<ºP\ÀÁR�E`TSTL�.$&@�¸z¶á�@°±U��Mrs?@

ÛÜ<Ì[TUeE7�@KL�.$&¶6)á�KL�.$&)6o�C@°RB@â�

øo^_E\ÀÁR�E)^L[)÷QK�H^K�e` 

9 �[^×@L./h)��á�kl;@�eUL3-3)abc@��¸Àþ<D:E (̀3-12)

Ø@qeULHK�*o¥^_E)^L��á�@klTU©²PEX&K guv f^_E`

��á�MABPE\L6o�CMBî¸��Lá�Mû�C�Eij)ÿ!"öBî¸�

E`�)Ç>L�)ij@GHMEÚ�E=hö$¸�EIJ@LfMABPE\ÀÁR�

E`øÕL(3-12)Ø@°±UoåC�E gKL�.$&MMN¡^_E7�K6o�C@°

RBøo^_EML6��^deI�.$&^KLFig. 2-2(a)SR�SE°æ@L6o�C

MBî¸�E@��UABPE\hþC�E`Ñ±UL(3-17)ØSRKL��á�)AB@
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°�./hMABPE[\M�õC�E F̀ig. 3-11@ºTIÇ>KL[)�õ@ITUq�L

[)[\KL��á�M_Et°�öêCe7�@KL(3-17)Ø);ºe�^deIàoM

ª?TUe�e[\<º�TUeE` 

9 ðSr)��á�M_Et°�öêCe7�@KL�.$&¶6)á�MÛÜá�@NT

Ue�e[\MLabc)àoMª?T�e|í^_E\hþPE[\M^îE P̀��>L

[)°æ�¢�@qeUKL��á�KÛÜá�°�öêC�ú;?�Imá�\���±

UeEIJL(3-15)uv(3-17)Ø)%�) kHMðSrµêC¸��L.�¤¥uv./hM
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Fig. 3-1 Schematic illustration of adhesive contact area. 

 

 

 

Fig. 3-2 Schematic illustration of abrasive wear with corn-shape tip. 
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Table 3-1 Code and preparation conditions of tested fibers. 

 

Code Filler 

 

Weight fraction 

of filler (wt%) 

Draw 

ratio 

Heat 

treatment 

Diameter 

(mm) 

PA6/DR1/U/0.70 - 0 1 - 0.70 

PA6/DR1/H/0.70 - 0 1 Done 0.70 

PA6/DR2/U/0.50 

 

- 0 2 - 0.50 

PA6/DR3/U/0.40 

 

- 0 3 - 0.40 

PA6/DR3/H/0.40 

 

- 0 3 Done 0.40 

ABW5%/PA6/DR1/U/0.70 

 

ABW 5 1 - 0.70 

ABW5%/PA6/DR1/H/0.70 

 

ABW 5 1 Done 0.70 

ABW5%/PA6/DR2/U/0.50 

 

 

ABW 5 2 - 0.50 

ABW5%/PA6/DR3/U/0.40 

 

 

ABW 5 3 - 0.40 

ABW5%/ PA6/DR3/H/0.40 

 

 

ABW 5 3 Done 0.40 

PET/DR1/U/0.30 

- 

- 0 1 - 0.30 

PET/DR1/H/0.30 

 

- 0 1 Done 

 

0.30 

 CNT0.5%/PET/DR1/U/0.30 

 

 

CNT 0.5 1 - 0.30 

CNT0.5%/PET/DR1/H/0.30 

 

CNT 0.5 1 Done 0.30 

CNT1%/PET/DR1/U/0.30 

 

CNT 1 1 - 0.30 

CNT1%/PET/DR1/H/0.30 

 

CNT 1 1 Done 0.30 
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Table 3-2 Crystallinity and crystallite orientation of matrix polymers and 

mechanical properties of fibers. 

 

Matrix Fiber Code 

!$ (
o
) Xc (%) 

 

Tensile  

modulus  

(GPa) 

Tensile  

strength  

(MPa) 

Tensile 

Elongation 

at break(%) 

Micro 

hardness 

(MPa) 

PA6/DR1/U/0.70 Random 22.9  2.58 100 420 74.2 

PA6/DR1/H/0.70 Random 24.2  2.66 125 400 80.7 

PA6/DR2/U/0.50 

 

48.6 24.2  2.95 165  34 67.8 

PA6/DR3/U/0.40 

 

19.8 24.6  3.93 310  21 65.1 

PA6/DR3/H/0.40 

 

16.2 28.6  4.09 358  17 71.4 

ABW5%/PA6/DR1/U/0.70 

 

Random 22.5  3.31  98 440 93.4 

ABW5%/PA6/DR1/H/0.70 

 

Random 20.2  3.53 105 410 101 

ABW5%/PA6/DR2/U/0.50 

 

 

50.4 22.7  3.91 195  38 86.3 

ABW5%/PA6/DR3/U/0.40 

 

 

19.8 25.1  4.28 280  25 81.4 

ABW5%/ PA6/DR3/H/0.40 

 

 

14.4 28.7  4.66 351  22 94,7 

PET/DR1/U/0.30 

- 

Random  4.2  2.01 

 

 92 350 65.3 

PET/DR1/H/0.30 

 

Random 22.3  3.92 

 

 72  10 81.2 

CNT0.5%/PET/DR1/U/0.30 

 

 

Random  2.9 

 

 2.44 105 420 70.1 

CNT0.5%/PET/DR1/H/0.30 

 

Random 20.3  4.94  79  14 84.4 

CNT1%/PET/DR1/U/0.30 

 

Random  6.7  2.29  98 380 73.1 

CNT1%/PET/DR1/H/0.30 

 

Random 24.2  4.05  76  13 88.9 
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Fig. 3-3 Equatorial WAXD profiles of PA6 based fibers. 
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Fig. 3-4 Equatorial WAXD profiles of PET based fibers. 
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Fig. 3-5 Variation of µ with draw ratio for (a) neat PA6 fibers 

(PA6/DR1-DR3/U-H/0.40-0.70) and (b) PA6 composite fibers 

(5wt%ABW/PA6/DR1-DR3/U-H/0.40-0.70) with and without heat 

treatment. Applied tension was 2.0 N for DR1, 1.0 N for DR2 and 

0.6 N for DR3. 
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Fig. 3-6 Variation of <Ws> with draw ratio for (a) neat PA6 fibers 

(PA6/DR1-DR3/U-H/0.40-0.70) and (b) PA6 composite fibers 

(5wt%ABW/PA6/DR1-DR3/U-H/0.40-0.70) with and without heat 

treatment. Applied tension was 2.0 N for DR1, 1.0 N for DR2 and 

0.6 N for DR3. 
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Fig. 3-7 Variation of µ with filler contents for PET based fibers 

(PET/DR1/U-H/0.30, 0.5wt%CNT/PET/DR1/U-H/0.30, 1wt%CNT 

/PET/DR1/U -H/0.30). Applied tension was 0.3 N. 
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Fig. 3-8 Variation of <Ws> with filler contents for PET based fibers 

(PET/DR1/U-H/0.30, 0.5wt%CNT/PET/DR1/U-H/0.30 and 1wt% 

CNT/PET/DR1/U -H/0.30). Applied tension was 0.3 N. 
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Fig. 3-9 kHµ versus H for PA6 based fibers (PA6/DR1-DR3/U-H/0.40-0.70, 

5wt%ABW/PA6/DR1-DR3/U-H/0.40-0.70) and PET based fibers 

(PET/DR1/U-H/0.30, 0.5wt%CNT/PET/DR1/U-H/0.30, 1wt%CNT 

/PET/DR1/U-H/0.30) with and without heat treatment. 
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Fig. 3-10 <Ws> versus H for PA6 based fibers (PA6/DR1-DR3/U-H/0.40-0.70, 

5wt%ABW/PA6/DR1-DR3/U-H/0.40-0.70) and PET based fibers 

(PET/DR1/U-H/0.30, 0.5wt%CNT/PET/DR1/U-H/0.30, 1wt%CNT 

/PET/DR1/U-H/0.30) with and without heat treatment. 
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Fig. 3-11 Variations of (a) <Ws> with !  for (a) PA6 based fibers 

(PA6/DR1/U/0.70 and ABW5%/PA6/DR1/U/0.70) and (b) PET 

based fibers (PET/DR1/U/0.30 and PET/DR1/H/0.30) with various 

diameters shown in the figure. Wear time was 60 s. 
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Fig. 3-12 Variations of A/(*T) and proportion of worn cross-section area 

against initial cross-section area with wear time for (a) PA6 based 

fibers (PA6DR1/U/0.70 and ABW5%/PA6/DR1/U/0.70) and (b) 

PET based fibers (PET/DR1/U/0.30 and PET/DR1/H/0.30). Applied 

tension was 2.0 N for PA6 based fibers and 0.3 N for PET based 

fibers. 
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Fig. 3-13 Variation of <Ws> with wear time for (a) PA6 based fibers 

(PA6/DR1/U/0.70 and ABW5%/PA6/DR1/U/0.70) and (b) PET 

based fibers (PET/DR1/U/0.30 and PET/DR1/H/0.30). Values of 

Ws* are indicated by horizontal lines. Applied tension was 2.0 N for 

PA6 based fibers and 0.3 N for PET based fibers. 
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ÅÆ�#¼hiÉÊ�¼UL�t»¼Ë\UOtuJ[2]>vw.3xy+ÌÍ>�O�+#

$%&+'(JP�aY»¼Ë+Î½Z�O^UZÏÐrNaLO[3,4]bPA6 +»¼Ë+Ñ

ÒL=>� ÓÔ+ÕÖ»�+�×+ÑÒ\ØÙ>Ú+»{­®¯2°JYÑÒZØÙO[5,6]b

^+«J>­®¯2°Jh��#$%&'(+z{=Û«<�Ü>^N\ÝMÍJ�O^U

=ÞßZYtNOb~�>#$%&+'(Z�X`Yàá+­®¯2°+pqJU�az{

4<�L��Z�O^UYÏÐrNaLOb^+PQ�#$%&'(z{+ÑÒ=>ºId

��U#$%&+��>ºIdâ��ã#$%&Ô+äå12.ÑæçK>#$%&+èé.

��êë>ìíîËêhiÎË«ï+ÑÒ\��·¸�OUð@MNOb 

8 9"<=>ñ½komò (TCP)>óôõeHföô÷ô$�ø(ABW)hiùÑúûñÖ)

*(VGCF)+ 3��+#$%&\KLOb^NM+#$%&=>üýþ�e���I�Zÿ�

�aLObTCP hi ABW =>[!�\"`aLO#Z`MN[7,8]>RST2+pqJz{

4<�OU$%rNOtuJ9:;<&'`tbVGCF =>()üýþ+*+\"�Oø&

,m()#-ý.(CNF)+ 1�<�Ü>)*/U0�J1%#2m3&IZÛ4JÇ56k7

&8ê+Ë\U�aLO[9,10]bÚ+,-=Û4ø&,m()k7&8U�9`aLOZ>:

+ CNF J�;*<2.=*2.>?2Z[LtuJ@AB<+��2Z[L[10,11]bCD>
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CNF\'(`t[� ²�¡¢+:;ZE5J�FNa¾Ü>­®¯2Zpq�O^UZÏ

ÐZrNaLOZ[12,13]>$%rNO6¿+z{J=G�aL�L+ZÄê<�O[11,14]b

¹t>#$H÷�.H�êì¢J�;a)*=*+ZHrLtuJ>CNF\��rst)*

\]OtuJ= CNF+��2Z[L^UZIJrNObÚ+tuJ>CNF+'(Z)*+­

®¯2+éàJz{4<�O^U\ÏÐ`t?=KL<�O[15]b9"<= TCP>ABWhi

VGCF\'(`t PA6)*+,-./012.3425\�M|}`>#$%&+e���

I���W+��JNLa|}�Ob 

 

4 - 2 Oí 

 

4 - 2 - 1 ì¢+çB 

 

8 @AJ=>P`Q`.8R&úËK+S[T� PA6(Uökø>M1040)\KLtb@A+3

425>V ÆL>W�= 2-2-1 <�`tXÜ<�Ob#$%&J=>0Y*+ 1.3 µm>e

���I�ZÌ�1>ZW�4.9 g cm
-3+TCP(INHANCE)>0Y*+ 1 µm>e���I�10-60>

ZW� 3.0 g cm
-3+ ABW([\½ú>TNN-3267)>0Y*+ 150 nm>e���I� 10-500>Z

W� 2.2 g cm
-3+ VGCF(]^_D>VGCF-S)\KLtbTCP+»¼=>V ÆLZ 0.430 nm

+`�¼<�ObABW=>V ÆLZ a = 0.768 nm>b = 1.50 nm>c = 0.566 nm+a�¼<�

Ü>c/Zô$�ø&+úû�é\éLaLObVGCFb<=>ñÖcåZd4`a¾Ü>Ú

+ c /=)*/Ue*��é\BfJ�g`aLObh#$%&+ijk_ lmn(SEM)

o\ Fig. 4-1J��b 

8 PA6�lâIhi PA6Jh#$%&Zpq< 5 wt%'(rNaLOrmsômg�lâI

ÍM>t�+uv<#$%&/PA6²�#$H÷hi²�)*\çB`tbPA6�lâIhi

rmsômg�lâI\ 80
 o
C< 24 hZwxy`tz>#$%&+{|�WZ 0}5 wt%U�

O~�<��`tb^N\��úË�\KLa 250
 o

C J(3`a��`>úË�­ 10 MPa

< 1 min>rMJ 100 MPa< 1 min�l�`a#$H÷JúË`tb*�J>#$H÷\��

+Õ\��rst���J��rsa��`tb#$%&+��2\[uOtuJ>çB`

t#$H÷\�Í���`a��`tzJ>��#$H÷\úË�O�ç\ 2��Ü�`tb

ö&I PA6JY�«+3��\��tuJ>^+�ç\��tb^+#$H÷\��`>�

��� 250 
o
C>)þH*+ 1.5 mm> Q| 1 g min

-1>¡¢Ü£� 2 m min
-1+¤¥<��`a
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*+¦ 0.5 mm+)*\çB`tb~§+)*J=>¨Æû�<>200 
o
C>15 min +3xy\

�`tbh)*+5|�WJÂ�O¶d�Whip©¶d�tÜ+ªåd\ Table 4-1J¹U

utb 

8 PA6 J 2 ��+#$%&\�«J'(`t¬ý8dâg)*+çB=>Zwxy`t 2 �

+rmsômg�lâI\5|�W+�­Z 5 wt%U�O~�<��`tb��`t�lâ

IÍMàá+uv<)*\çB`tb 

8 ®a+ì¢=¯3°&o&B<±²`>®a+³Æ+´J��< 24 hZwxy`tb 

 

4 - 2 - 2 ³Æ 

 

8 2-2-2}2-2-6J�`t�µJ´�a>p)*/0ìí>�¶3�·>hi¸¹ X<�º\

��tbt6`>p)*/0ìí+ìíî= 309U`tbºId��hi#$%&+èé=>

�©¹+»LU`a³Æ`t¸¹ X<�º���gÍM¼½`tb^+³Æ=>�?­L²

\¾ö¿À&o&à+ÁÆ+�º¹J¨Æ`>ÂÂÃÄU�OèÅ<ì¢\�Æ�O^UJ

P�a��tb 

 

4 - 3 »{UðÇ 

 

4 - 3 - 1 #$%&'( PA6)*+,-hi3425 

 

8 PA6+»¼ÛË<�O !¼hiÉÊ�¼=>�«+�º¹JWAXD�ºÈ&�\ØÙOZ>

3xyJPÜ "¼JÆÉ�OÍªQÍ<��\ÊË�O^UZ<ÌObFig. 4-2J "¼>!¼

+� Ó\��b" ¼<=>Í�éJéLa0�JÇ56� Ó,-\¢�a¾Ü>ÎÏ+

�LÕÖ»�ZØÙOtuJ>34JÐYÅÆ<�Ob!¼=>�~�é\éLa0�JÇ5

6� Ó,-\¢�a¾Ü>efg§�<ÑÙN�ZMÕÖ»�\ØÙOtuJ>" ¼J�

;ÒÓ34JÈÅÆ<�O[5]b 

8 Fig. 4-3J�`t PA6)*hi²�)*+ WAXDÔÕ�é�R#$&HJ¾La>�º¹

20.5
o+È&�= "¼+ 200·Ö>24.0

o+È&�= "¼+ 002hi 202·Ö+{�Ü>21}22
o

+È&�=>3xy�OU×Ø�O^UÍMÉÊ�¼+ 001·ÖJÙ�rNOb¹t>TCP/PA6

²�)*+�º¹ 36.5
o+È&�= TCP+ 111·Ö>ABW/PA6²�)*+ 16.0>26.0>33.0

o
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+È&�=ÚNÚN ABW + 120>220>240 ·Ö>VGCF/PA6 ²�)*+ 26.0
o+È&�=

VGCF b+ñÖcåd4+ 002 ·ÖJÙ�rNOb#$%&�WZ[LÌª^NM+·ÖÈ

&�Z�L^UZÛÜrNOb 

8 Fig. 4-3ÍMFÍOPQJ>Ý3xy PA6)*hiÝ3xy ABW/PA6²�)*J=ÉÊ�

¼ZËúrNaLOb^NM+)*\3xy�O^UJP�a>ÉÊ�¼Z " ¼JÆÉ`a

LOb¹t>3xy\`��aY>TCP/PA6²�)*hi VGCF/PA6²�)*<= "¼ZË

úrNaLObPA6 \��êëÍM���OÄEJ¾La>�O�+#$%&Z " ¼\&'

4JËú�OÀÁU`açK�O^UZÏÐrNaLO[3,4]bTCPhi VGCF=^+PQ�

ÀÁz{\YNZ>ABW J=Ú+z{Z�L^UZFÍObDTA ³ÆJP�aJut»¼

½��>�Þ��hi»¼½�\ Table 4-1 J��bÀÁz{\YN TCPhi VGCF\'(

`t PA6=Ý'( PA6PÜY[L��<�¶ÍM»¼½`aLOb"¼ZËúrNaLO)

*=>ÉÊ�¼+�ºÈ&�ZßÇrNO PA6)*hi ABW/PA6 ²�)*J�;a>ÒÓ

[L�Þ��\�`aLOb»¼½�=>PA6 )*hi²�)*+LXNJNLaY3xy

JP�alàJpq�OZ>TCPhi VGCF+'(JPOpq=áMN�Lb 

8 h�)*B+ PA6 ºIdâ��hi#$%&+èé\|}�OtuJ>PA6 J»`a=�

º¹ 20.5
o+ "¼+ 200·Ö>TCPJ»`a= 36.5

o+ 111·Ö>ABWJ»`a= 16.0
o+ 120

·Ö>VGCFJ»`a= 26.0
o+ 002·Ö+È&�©Å<+�º��\�©¹+»LU`a³

Æ`tbABW+(120)å=ô$�ø&+úû/Je*<�Ü>VGCFb+ñÖcåd4+(002)

å= VGCF+û/Ue*<�O^UÍM>^NM+·Ö+���gÍM#$%&+û/�é

+�g\±O^UZ<ÌOb�¾>h#$%&+·Ö= PA6+·ÖU{��aØÙOZ>�

�+�â=�FXJ>èé+E�\Æ24J|}`tbPA6)*hi#$%&\ 5.0 wt%ãä

²�)*JNLa+�º���g\ Fig. 4-4 J��bPA6 )*hi²�)*+ºIdâ��

PA6 =>èéZ�L^UZFÍOb^N=>��£�ZHrLtuJ��«Jå(rNOæ

­ZHrL^UJçè�Obe���I�ZÌ� 1<�O TCPJNLaYèé=áMN�Lb

~�>e���I�Z[L ABWhi VGCF=)*/�éJ&'4Jèé`aLOb 

 

4 - 3 - 2 #$%&'( PA6)*+/012 

 

8 p)*/0ìíJP�aJuth�)*+V2W>éêæ­>��>¥�w�hi¥�ë

#\>#$%&5|�WJÂ`a Fig. 4-5J��b#$%&\'(�O^UJP�a>V2W
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hiéêæ­Zpq`aLObe���I�Z[�)*/�éJèé�Oìé\"�O ABW

hi VGCF\'(`t��J=>e���I�ZÌ� 1+ TCP\'(`t��J�;a>V

2Whiéêæ­+p(Zlà<�Ob^+^UÍM>#$%&+e���I�Z[L��

J=>)*Jå(`t/0æ­Z#$%&ãºIdâ��äå+s5�æ­\í`a#$%

&J"zJîïrN>Ú+»{>)*+V2WZpq`tUðÇrNOb 

8 #$%&'([� +V2W\>t�+ 3N+ñ¯H\KLa|}�Ob 

 

Serial model: 

! 

1

E c

=
Vm

Em

+
Vf

E f

8 (4-2) 

Parallel model: 

! 

Ec = EmVm + E fVf  (4-3) 

Halpin-Tsai model [16]: 

! 

Ec = Em

(1+"#Vf )

(1$"Vf )
 (4-4) 

 

Ec >Em hi Ef =>ÚNÚN²�¡¢>ºId��hi#$%&+V2W<�Ü>Vm hi

Vf=ºId��hi#$%&+¶d�W<�Ob#=²�¡¢+�½ËëJòó�Os%À&

o<�Ü>ô)*Zõ®èé`t²�¡¢JNLa=e���I�+ 2 ö+°<�Ob(4-4)

ï+$=÷ï<ø@MNOb 

8

!
"

+

#
=

mf

mc

EE

EE

/

1/
 (4-5) 

8

àù+ 3N+ïJP�ah�²�¡¢+/0V2W\­ú`tbTCPhi VGCF+V2WU

`a>ÚNÚNÄûJÏÐrNaLOO³°+0Y<�O 450 GPa[8]hi 350 GPa[9]\­ú

JKLtb¹t>ABW+V2WU`a>üýMZÏÐ`aLO 390 GPa\­úJKLt[7]b 

8 h�#$%&'( PA6)*+V2W+­ú°U³Æ°\5|�WJÂ`a Fig. 4-6J��b

TCP '()*JNLa=>Halpin-Tsai ñ¯HU*þñ¯HÍMÿ³rNOV2W+­ú°Z

Ì�~!`a¾Ü>Ú+°=³Æ°JYCL°<�Ob³Æ°ZÇþñ¯H<=��*þñ

¯HJCL°\�`aLO^U=>TCP +e���I�Z"<�OtuJ>#$%&ZºI

dâ��+ÎË\"zJ#$`aL�L^U\�%`aLObABW '( PA6 )*JNLa

=>V2W+³Æ°=Çþñ¯HÍM]MNO­ú°J�M;aà`��LZ>#$%&+
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e���I�Zð&rNaLO Halpin-Tsai ñ¯HJ'(�­ú°U=Ì�~!`aLOb

ABW Zz{4JºIdâ��+ÎË\#$`aLO^UZFÍOb~�>VGCF '( PA6

)*<=>V2W+³Æ°=>*þñ¯HJPO­ú°PÜY[LZ>Halpin-Tsai ñ¯HJ

PO­ú°J�;a�L°\�`aLObHalpin-Tsai ñ¯HJ'(�­ú=>#$%&Z)

*/Jõ®èé`aLO^U\)Æ`a��tZ>VGCF= Fig. 4-4J��PQ�èé�g\

YNtuJ>VGCF'( PA6)*+V2WZ­ú°PÜY�L°\�`tUðÇrNO.èé

�gJPOV2W+��=>ABW J�;ae���I�+[L VGCF J¾Lalà<�O

^UZFÍO. 

8 PA6 )*+¥�w�hi��=>LXN+#$%&\'(`t��J¾LaY��`aL

Ob����+Iè\|}�OtuJ>#$%&'(²� PA6)*+���gÞ·hi SEM

ßÇ\��tb���gÞ·=9"å* A+uvJ´�a��tb(A-7)ï<ªrNO+ý8

H�RâI+ìÌU,îÍM#U"\Ju>(A-8)>(A-9)ïPÜ��+0Y<!>hiÎ?-L CV

\Jut»{\ Table 4-2J��b(A-8)ïJ'(LaJut0Y��=>Fig. 4-5(a)J�`t

³Æ��+0Y°UÌ��«<��tb#$%&+�W+p(J.�a��+Î?-LZ�

�`aLO^UÍM>#$%&+�W+p(J.�a��Z���OUUYJ>��+AM

NÌZ/K�O^UZFÍOb+ý8Hs%À&o+°U(A-5)ïÍM>ÚNÚN+)*+0

1W�\Jut»{+~?\ Fig.4-7 J��2æ­3%4<¥¦�O01+LW�\��£<=>

0.5 wt%VGCF'()*\5Ì>#$%&+'(JP�a�æ­6J3#I`aLOb^+»

{=>#$%&+'(Z/0¥�+7èU�O01\ØÙaLO^U\�%`aLObÝ3

xy PA6)*hiÝ3xy²�)*+/0¥�å+ SEM8Z\ Fig. 4-8J��b#$%&\

'(`t PA6)*=924J¥�`aLO« ZFÍOb Fig. 4-8J�`t#$%&'()

*+¥�å\:q`t SEM8Z\ Fig. 4-9J��b¥�åJ=#$%&Z;<�tU=FN

O>L+?�>¥åÍM@ÌQ`aLO#$%&ZáMNO.¹t>#$%&UºId��+

äåZAâ`aLO« ZßÇrNObV2W+³ÆBC<�O/0DXÏZ�LEF<=>

#$%&/ºIdâ��äå+»�Z*GrNaLOZ>/0DXÏZL 100 %Jï�OÄE

<äåZAâ`>Aâ`t§�Z01U��a)*Z¥��OtuJ>#$%&\'(�O

^UJP�a��hi¥�w�Z��`tUðÇrNOb 

8 LXN+)*JNLaY>3xy\��UV2Whi��Zpq`>¥�w�Z��`a

LOb^N=>ÉÊ�¼ÍM " ¼H+ÆÉhi»¼½�+pqJçè�Oz{<�OUðÇ

rNO[5,13]b"¼\Ëú�OÀÁz{\YN TCPhi VGCF\ 0.5hi 1.0 wtI'(`tÝ
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3xy)*J¾La=>#$%&Zæ­\�J�Oz{J(@a>ÉÊ�¼ÍM " ¼HKF

�t^UJPOz{ZÃÄ`ttuJ>#$%&'(JP�a�M4qÌLV2W+p(Z

]MNaLO 

8 2�+#$%&\'(`t¬ý8dâg)*+/0V2Whi��\ Fig. 4-10hi 11J�

�b¬ý8dâg)*+V2Whi��=>Ú+)*Jã¹NO 2 ��+#$%&\ÚNÚ

Npq< 5 wtI'(`t)*+V2Whi��J>2 ��+#$%&+�WJæÙt{Ïå

¿\`a(ú`t°UÌ�L`L. 

 

4 - 4 »7 

 

8 9"<=>TCP>ABW hi VGCF \'(`t PA6 )*+,-.3425./012\�

M`a>#$%&+e���I���W+��JNLa|}`tbPA6 )*JËúrNOÉ

Ê�¼=3xy�O^UJP�a "¼JÆÉ�OZ>3xy\`��aY>TCP� VGCF\

'(`t)*J=>#$%&+ÀÁz{JP�a>" ¼ZËúrNaLt.^+^U\·¸`

a>TCP hi VGCF \'(`t PA6 =Ý'( PA6 PÜY[L��<�¶ÍM»¼½`a¾

Ü>�Þ��YÒÓ[L°\�`tb~�>»¼½�=>3xyJP�alàJpq`tZ>

TCP hi VGCF +'(JPO»¼½�+pq=áMN�Í�tbÝvw)*J¾La>PA6

»¼+èé=#$%&+">JPMX�LZ>~�>#$%&+èéJ»`a=>e���

I�Z[L ABWhi VGCF=)*/�éH+[Lèé\�`tb 

8 #$%&+'(JP�a PA6)*+V2Whiéêæ­Zpq`tZ>Ú+ìé=e��

�I�Z ABW hi VGCF \'(`t��<là<��tb/0DXÏZHrLBC<=>

)*Jå(`t/0æ­Z#$%&ãºIdâ��äå+s5�æ­\í`a#$%&J"

zJîïrNOtuJ>)*+V2W=pq�OUðÇ`tbVGCF\'(`t PA6)*J

NLa=>9Oí<çB`t)*PÜYrMJ VGCF +èé\[uO^UJP�a>�Ù

VGCF '(|<Y>/0V2W\rMJpqrsO^UZMN<�OUÿ³`tbPA6 )*

+¥�w�hi��=#$%&+'(JP�a��`tb/0DXÏZ�LEF<=>#$

%&/ºIdâ��äå+»�Z*GrNOZ>/0DXÏZL 100 %Jï�OÄE<äåZ

Aâ`>Aâ`t§�Z01U��a)*Z¥��OtuJ>��hi¥�w�Z���O

UðÇ`tb²�)*J3xy\��U>ÉÊ�¼ÍM " ¼H+ÆÉhi»¼½�+pqJ

P�a>/0V2Whi��Zpq`>¥�w�Z��`tb2 ��+#$%&\'(`t



 76 

¬ý8dâg PA6)*+V2Whi��=>#$%&\pq<'(`t)*+V2Whi�

�ÍM>2��+#$%&+�W+{Ï\å¿0YU`aÿ³rNO°\�`tb 

 

å* A )*+���gÞ·µ 

 

8 p)*+/0��JÂ`a=>01+�gJ'(LtO­4�¢ÜPLZ�rNaLO

[17]b01+óQÛWUÚ+01Zª+E�+��\YNÍJP�a���gZR¹Ob0

1+óQÛW=t�+ceSmÄEJ´QY+U�Ob 

 

(1) 01+óQÛW=)*/JT�a~«<�Ob 

(2) 01+óQÛW=:+01+óQÛWU=>»-<�Ob 

(3) 01+��=Ú+©ÅUÑ»Z�Lb 

 

^NM+¤¥ÍM>ûr L+)*J!U+01ZóQ�OÛW=÷ï<ø@MNOb 

 

! 

P =
1

k!
("L)k exp(#"L)  (A-1) 

 

"=)*+p©ûrJã¹NO01L>��F�01W�<�Ob^+ïÍM>ûr L +)

*Jã¹NO01L=÷ï+PQJ]MNOb 

 

! 

n = "L  (A-2) 

 

k = 0U`a@MNO P0=>ûr L+)*Z¥�`�LÛW\ª�b´�a>ûr L+)*

Z¥��OÛW=> 

 

! 

F =1" exp("#L)  (A-3) 

 

U�Ob)*+¥�ÛW=01W�Jòó`aLOb 

8 )*+/0��Z WeibullV+ý8HW�gJ´QU�Ob^+��>ûr L +)*Z!t
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�+æ­<¥��OÛW=÷ï<ªrNOb 

 

! 

F(") =1# exp #
L

L0

$ 

% 
& 

' 

( 
) 
"

*

$ 

% 
& 

' 

( 
) 

+, 

- 
. 
. 

/ 

0 
1 
1 
 (A-4) 

 

t6` L0=XYJ&;OZ[ûr<��a>9:;<= 1m U�Ob">#=+ý8Hs%À

&oU\AN>"=Ëês%À&o>#=]�s%À&o<�Ob)*+*+=~ÆU`aL

Ob(4-3)>(4-4)ïÍM>01W�$=)*JçK�O/0æ­!+»LU`a>÷ï<ø@M

NOb 

 

! 

" =
1

L
0

# 

$ 
% 

& 

' 
( 
)

*

# 

$ 
% 

& 

' 
( 

+

 (A-5) 

 

"hi#Z�ÍNA>!t�+æ­<¥¦�Op©ûr�tÜ+01L\ádYO^UZ<ÌOb 

8 )*+/0��Z+ý8H�gJ´QÍªQÍ=÷+PQJ^;O^UZ<ÌOb¹Xì

û LZ~Æ+ÛL+)*JNLa]tp)*/0��\HrLvJÇ;>#__+��!#J

Â�O¥�ÛW$i\ÂÂì¢`d�gµJPÜðÆ�Ob 

 

! 

F
i
=
i " 0.5

N
 (A-6) 

 

^^<>%=ì¢+aL<�Ob÷J¥¦ÛW$(!)ÍM­ú`t ln(-ln(1-F(!)))\/0æ­+

ÂLJÂ`a�RâI`t«J>¥¦ÛWZ+ý8H�gJ´@A*<»-Z]MNOb 

[ ] !!
"

#
$$
%

&
+'=''

0

lnlnln))(1ln(ln
L

L
F ()*)* 8  (A-7) 

^+PQ��RâI\+ý8H�RâIU\bb^+�RâI+,îUìÌÍM">#ZJu

MNOb¹t>��+0Y<!>hiÎ?-L CV=t�+ï<ø@MNOb 

 

! 

" = #$
1

%
+1

& 

' 
( 

) 

* 
+ 
L

L
0

, 

- 
. 

/ 

0 
1 

21/%

8  (A-8) 
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! 

CV = "
2

#
+1

$ 

% 
& 

' 

( 
) "

1

#
+1

$ 

% 
& 

' 

( 
) 

* 

+ 
, 

- 

. 
/ 

2

01
1 

2 
3 

4 3 

5 

6 
3 

7 3 

1/ 2

8  (A-9) 

 

t6`>%=cmº»L<�Ob8
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Table 4-1 Volume fraction and surface area per unit volume of TCP/PA6, 

ABW/PA6 and VGCF/PA6 composite fibers.  

 

TCP/PA6 ABW/PA6  VGCF/PA6 Weight  

fraction 

of fillers (%) 

Volume 

fraction of 

fillers(%) 

Surface area 

per unit 

volume  

(mm
2
/mm

3
) 

 

Volume 

fraction of 

fillers(%) 

Surface area 

per unit 

volume  

(mm
2
/mm

3
) 

 Volume 

fraction of 

fillers(%) 

Surface area 

per unit 

volume  

(mm
2
/mm

3
) 

0.5 0.0011 5.29  0.0018 7.49  0.0024 65.3 

1.0 

 

0.0023 10.6  0.0037 14.9   0.0049 130 

2.5 

 

0.0058 26.9  0.0094 37.8   0.0123 329 

5.0 

 

0.0119 54.8  0.0192 76.8   0.0250 668 
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Fig. 4-1 SEM images of TCP's, ABW's and VGCF's separated from PA6 

matrix by calcination. 
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Fig. 4-2 (a) Molecular structure of PA6 and schemes of hydrogen bonds in (b) 

!& and (c) "-crystalline forms of PA6. 
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Fig. 4-3 Equatorial WAXD profiles of untreated and heat-treated (a) PA6 

fibers, (b) TCP/PA6 composite fibers, (c) ABW/PA6 composite 

fibers and (d) VGCF/PA6 composite fibers. Weight fractions of 

fillers were 1.0 and 5.0 wt%. Profiles have been shifted vertically to 

prevent overlap. 
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Table 4-2 Crystallization temperature (Tc), melting temperature (Tm) and 

crystallinity ($c) of untreated and heat-treated TCP/PA6, ABW/PA6 

and VGCF/PA6 composite fibers. 
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Fig. 4-4 Azimuthal WAXD profiles of (a) 200 diffractions of PA6 " phases in 

heat-treated PA6 fibers and heat-treated composite fibers and (b) 111 

diffraction of TCP's, 120 diffraction of ABW's and 002 diffraction of 

VGCF's in heat-treated composite fibers. Weight fraction of fillers 

was 5.0 wt%. Azimuthal angle is 0
o
 at equatorial direction. Profiles 

have been normalized with the maximum intensities. 
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Fig. 4-5 (a, b) Tensile modulus, (c, d) tensile yield stress, (e, f) tensile 

strength, (g, h) elongation at break and (i, j) work of fracture versus 

weight fraction of fillers for (a, c, e, g, i) untreated and (b, d, f, h, j) 

heat-treated TCP /PA6, ABW/PA6 and VGCF/PA6 composite fibers. 
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Fig. 4-6 Tensile modulus versus weight fraction of fillers for untreated (a) 

TCP /PA6, (b) ABW/PA6 and (c) VGCF/PA6 composite fibers. 

Curves represent tensile moduli predicted with serial, parallel and 

Halpin-Tsai models. 

 



 88 

 

 

 

 

0

20

40

60

80

100

80 100 120 140

D
e
fe

c
t 
d
e
n
s
it
y
 /
 m

-1

Stress / MPa

PA6
TCP/PA6
ABW/PA6
VGCF/PA6

0.5 wt%

2.5 wt%

 

 

Fig. 4-7 Defect density versus stress for untreated PA6 fiber, TCP /PA6, 

ABW/PA6 and VGCF/PA6 composite fibers. Weight fractions of 

fillers were 0.5 and 2.5 wt%.   
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Table 3-3 Coefficient of variation (CV)8 and average strength (<! >) of 

untreated TCP/PA6, ABW/PA6 and VGCF/PA6 composite fibers. 

These values were calculated by using Weibull parameters. 

 

TCP/PA6 ABW/PA6  VGCF/PA6 Weight fraction 

of fillers (%) CV <%> 

MPa 

 

CV <%> 

MPa 

 CV <%> 

MPa 

0 0.15 114.4  0.15 114.4  0.15 114.4 

0.5 0.14 113.8  0.12 108.9  0.12 120.3 

1.0 

 

0.12 108.5  0.13 107.5   0.098 117.5 

2.5 

 

0.078 104.9  0.054 98.59   0.062 114.8 

5.0 

 

0.075 96.36  0.061 95.32   0.055 106.4 
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Fig. 4-8 SEM images of tensile fracture surfaces of untreated PA6 fibers and 

untreated TCP/PA6, ABW/PA6 and VGCF/PA6 composite fibers.  
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Fig. 4-9 Magnified SEM images of tensile fracture surfaces of untreated PA6 

fibers and untreated TCP/PA6, ABW/PA6 and VGCF/PA6 

composite fibers.  
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Fig. 4-10 Tensile modulus versus weight fraction of fillers for untreated (a) 

TCP/ABW/PA6, (b) TCP/ABW/PA6 and (c) ABW/VGCF/PA6 

composite fibers. 
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Fig. 4-11 Tensile strength versus weight fraction of fillers for untreated (a) 

TCP/ABW/PA6, (b) TCP/ABW/PA6 and (c) ABW/VGCF/PA6 

composite fibers. 
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;ªhHRS9�D¦�OhÁ�b�8];$�]RA,aÍHwRÂ]^7G�¥w\¦

$�aÍÊ^Ò�ÌC8�¦ª@^W.¯N,¥o9��;A��LH�C8¦Hw�ò$



 98 

%4W.¯N9��;�Ê�]�¥O�ûR8�9^rs];./�8¦H`a,�Ê�]

,ÿC�^rsg?,¼C 1/faÍHw6e^W.¯NO;ªhR8�9��¸ª�:R��

�^�¥O�ûRñò�M,5\Z}�RÊ !s aÍHw��;^rs];./�8¦H`a

9ñò,^É�M9�:R���^�¥O�ûRñò�M,5\Z}�RÊ !s /f aÍHw7

,�����\9��8¦�;��Æ9��FGH4^x,6��ñò,rs9�¦4H�

æ¦����Þ�¥OARª];6Hw!s /f 4��6�ò�^�Ê��¦��O�:¦68

rs]¦6�òaÍÊ !̂s f�ijklmj./9ïLH�ò,�0,T�8¦ÊVHw23

a�^�h¦�C8];^H^g!s ^@A !s /fO�A^Fª9 Ws ,��Ê9<Ws >OI6;j

ùyzOáâLHwFig. 5-49^1� ,$%&'O()]RÜÇ*+,3ab�^kHµL¦

�F g!s ^@A µ/<Ws >L¦�F !s /fO H9ï];º]Rw 

3 Fig. 5-49b6;^3ab�@A H�^6@GA�¥9qLHpqO$L78O��];^

_}Ð�tB9ÍHwx,Ð�BC�*+,� 9�ª@K 0.5aÍH784�¸Hw 

3 g �W.¯N,¥oa�`H�&�'­aÍÊ^H @A !s �ñò,Ò0O$L�&�'­

aÍHw��;^H8 !s ,±t�564^7Gª,�C8 g,±t�P68á:ªGHw7

,RS^ ¡\9�^H9�H kHµL¦�F g!s ,��� !s ,±ï\¦��O$]^W.¯

N,±è9�H kHµ,��� g,±ï\¦��O$];6H8¢¦L784a�Hw 

3 Fig. 5-49º]R H9�H kHµ,��¸ª ÂBW@A VGCFO()]RÜÇ*+a� $̂

%&'M?4�)]; H 4��LH8^!s 4£0,&¤9¥�;��LH784�¸HwH

8 !s ,¦,±t� 7̂Gª46@GA�¥9qLHpqO$];6H789�HwH8 !s ,
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5 - 4 y2 
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Fig. 5-1 H of fibers versus H of films for untreated and heat-treated 

VGCF/PA6 composites fibers and films with various weight 

fractions of VGCF’s. 
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Fig. 5-2 SEM images of wear surfaces of untreated PA6 fibers and untreated 

TCP/PA6, ABW/PA6 and VGCF/PA6 composite fibers. Weight 

fraction of fillers was 5.0 wt%. Wear tests were carried out under 

tension of 0.39 N for 60 s using #320 and #800 abrasive paper. 
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Fig. 5-3 (a, b) Microhardness (H), (c, d, e, f) coefficient of friction (µ) and (g, 

h) average wear rate (<Ws>) versus weight fraction of fillers for (a, c, 

e, g) untreated and (b, d, f, h) heat-treated TCP/PA6, ABW/PA6 and 

VGCF/PA6 composite fibers. Wear tests were carried out using #320 

and #800 abrasive paper. 
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Fig. 5-4 (a) Tensile yield stress, (b, c) kHµ and (d) µ<Ws>-1 versus H for 

untreated and heat-treated TCP /PA6, ABW/PA6 and VGCF/PA6 

composite fibers with various weight fractions of fillers. Wear tests 

were carried out using #320 and #800 abrasive paper. 
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Fig. 5-5 Microhardness (H) versus weight fraction of fillers for (a) 

TCP/ABW/PA6, (b) TCP/VGCF/PA6 and (c) ABW/VGCF/PA6 

composite fibers. 
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Fig. 5-6 Coefficient of friction (µ) versus weight fraction of fillers for (a) 

TCP/ABW/PA6, (b) TCP/VGCF/PA6 and (c) ABW/VGCF/PA6 

composite fibers. 
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Fig. 5-7 Average wear rate (<Ws>) versus weight fraction of fillers for (a) 

TCP/ABW/PA6, (b) TCP/VGCF/PA6 and (c) ABW/VGCF/PA6 

composite fibers. 
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Fig. 5-8 (a, c and e) kHµ and (b, d and f) µ<Ws>-1 versus weight fraction of 

fillers for (a and b) TCP/ABW/PA6, (c and d) TCP/VGCF/PA6 and 

(e and f) ABW/VGCF/PA6 composite fibers. 
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Fig. 5-9 (a, c and e) kHµ and (b, d and f) µ <Ws>-1 versus H for (a and b) 

TCP/ABW/PA6, (c and d) TCP/VGCF/PA6 and (e and f) 

ABW/VGCF/PA6 composite fibers. 
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