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ᒳޑ܄৖ۯϷଯࡋаᙖҗ໒วଯம܌уख़ຎǴ׳ཀ᛽ߥϷᕉ܄НѳගଯǴჹًؓӼӄࢲΓॺғܭԃٰҗ߈    
Ǵٰ׷ ගϲًؓޑӼӄ܄ΨёၲډᇸໆϯϐբҔǴԖշܭӦౚ҉ុϐว৖ǶҁࣴزճҔ዗ΚᏢБԄीᆉ 19ǵ24wt%
ܭᒰϡનޑ Fe-Mn-Cس TWIP ᒳϐ᠄ৡૈǴЪ࿶җӝߎ೛ीǵᅙྡྷǵ዗߅ϷڰྋϯଏОǴჹ TWIP ᒳᡉ༾ಔᙃ
Ϸᐒఓ܄፦຾Չ௖૸Ǵჴᡍ่݀ᡉҢǴ࿶ଏОࡕǴᒳ׷ϣԖଏОᚈ඲ޑӸӧǴѳ֡඲ಈЁκεऊ 80umǴ࿶܎՜
၂ᡍࡕ T.S. x El.ёၲ 70000MPa%а΢Ъև౜܄ۯઇᚯǴฯࡋॶεऊࣁ HRB 80Ǵ่ᄬЬाؔࢂථҖ៓(γ࣬)ᆶ͍-
ഞҖණ៓ಔԋǶ  
ᜢᗖӷ: ዗߅ǵTWIP ᒳǵᡉ༾ಔᙃ 

 

  ق߻ق߻ق߻ق߻ .1
ᆘՅ׷਑ࢂҞ߻ШࣚӚεᒳቷख़ाࣴวБӛϐ΃ǴӢԜቺ

୯ǵВҁᒳቷ߈ԃٰ֡ठΚܭ໒วрଯமࡋǵଯ܄ۯϐᒳ

ϡનబуၲߎǴӵВҁЇᏤᒳ៓཰රӛຬಒ඲ϯǴफ़եӝ׷

 ᒳ܄аᇸໆᇨว༟߾ॠݮǹቺ୯π཰زϐБӛࣴࡋຬଯமډ
Ξᆀ܄ۯᆶࡋёε൯ගϲம܄Ǵϐ੝܄ЬᏤǴճҔᇨว༟ࣁ

Ǵၲܫϐ௨ނࢉ෧ख़फ़եԦًؓٮёග׷ඵችࠠᒳࣁ ᆘՅډ

Ӧౚ҉ុϐว৖ǶԶᒳܭ੝ՅǴԖշޑᕉნ่ӝࢲ਑ᆶғ׷

ǴӢԜගܹᒳ៓π཰ӧӄౚ܄ഢёӣԏӆճҔϐ੝ڀ਑׷៓

ᒳ៓ᐕўว৖ǴவԐ߻தख़ाϐፐᚒǹаҞߚࢂஒ܄ݾᝡޑ

යݙख़ۯ৖܄ᓬؼϐଯᒰᒳډ 1950ਔය໒วрޑଯமࡋᆶ

ଯۯ৖࣬܄ᡂᇨว༟܄ᒳᆶ߈යޑᚈ඲ᇨว༟܄ᒳ׷Ǵё࣮

рᇨว༟܄ᒳǴࣁҞ߻ШࣚӚεᒳቷख़ाࣴวБӛϐ΋Ǵؓ

ًҔᒳϐว৖კ(1)Ǵӵკ ϐф܄ഢΑᇨว༟ڀࣁҢǴӢ܌1

ਏǴᚈ඲ᇨว༟܄ᒳஒࢂ҂ٰᒳ៓π཰ޑሦᏤਡЈϐ΋Ƕ 
ᚈ඲ᇨว༟܄(Twinning induced plasticity, TWIP)Ǻ߯ࡰ

྽ѦΚբҔਔǴ೽ϩ඲ಈౢғ୊ᘐᡂ׎ǴԜਔวғᚈ඲ᡂ׎

ϐ೽ϩᆶ҂วғᚈ඲ᡂ׎ϐ໔Ǵচη௨ӈ཮а᜔य़ჹᆀޑБ

Ԅև౜Ǵᚈ඲඲ࣚёຎࣁଯૈም୔ୱǴߔЗৡ௨౽୏Ǵջࣁ

ᡂ׎ᚈ඲Їଆזೲޑуπฯϯਏ݀(2)ǶԶᓍᕭޑጭۯஒ཮೏

ᓍᕭ୔ୱஒౢғӧќ΋ঁՏޑаќ΋ঁཥ܌ᛖǴߔ܈ᒨۯ

࿼ǴՠᓍᕭޑᘉණΞஒӆ΃ԛ೏ԜଯமࡋϷᡂ׎ᚈ඲ߔЗǴ

ӵԜӭԛޑᓍᕭᐒᄬᏤठ՜ߏ౗ޑගϲ(3)Ǵ೭൩܌ࢂᒏޑ

TWIP ਏᔈǶᡂ׎ᚈ඲ౢғਔǴ܎՜ᔈᡂᏤठזೲޑуπฯ

ϯ(4)Ǵ྽ᡂ׎ᚈ඲ᝩុౢғǴቚуޑᔈᡂᏤठᔈᡂฯϯޑቚ

уǴ೭Ψࢂ TWIP ਏᔈԖӵଯ໧ޑ܄চӢǶ 
TWIPᒳ཮ᒿ๱ᒰ֖ໆׯޑᡂԶև౜όӕޑᡉ༾่ᄬᆶ

ᐒఓ܄፦ǴҁჴᡍЬाࢂଞჹ TWIP ᒳϩձబу 19wt%ǵ

24wt%Ǵ௖૸ᒰჹ׷਑ޑᡉ༾่ᄬᆶᐒఓ܄፦ϐቹៜǶ 
 

 
Fig. 1 ًؓҔᒳϐว৖კ(1) 

2. ჴᡍБݤჴᡍБݤჴᡍБݤჴᡍБݤ 
ჴᡍࢬำЬाԖӝߎ೛ीǵ੿ޜᅙྡྷǵ዗ۯ߅ǵ዗ೀ౛ǵ

ᡉ༾ϩ݋ǵᐒఓ܄፦฻ӵკ གᔈᅙޜа੿ࢂҢǹҁჴᡍ܌2

ྡྷ᝗(VIM)຾ՉᅙྡྷǴᅙྡྷϷ᠗೷֡ӧො਻ݗΠ຾ՉǴ዆᠗

ԋ 500 mm×160 mm×160 mmޑ᠗ᒭǶځԋҽӵ߄  ҢǶ܌1
ᅙྡྷֹԋϐᒳख຾Չ 1250ʚǴྕ࡭ 1 λਔ֡፦ϯೀ౛Ǵ

ӆஒ׷਑዗߅ԋ 4.5mm׷݈ޑࠆǴֹࣁࡋྕ߅ 920ʚǶௗ๱

ஒ዗ࡼ׷݈߅аڰྋϯଏОೀ౛(ේ਻ߥៈ਻ᡏΠǴ1050ܭʚ
ྕ࡭ 20ϩដǴௗ๱аޜհБԄհࠅԿ࠻㵍)ӵკ  ҢǶ܌3

ஒଏОϐ 4.5mm዗ݮ݈߅๱ۯ߅БӛຊϪǴуπᇙբԋ

՜၂ТЁκӵკ܎՜၂ТǴ܎ ҢǴа܌4 6.67×10-3s-1܎՜ೲ

౗຾Չෳ၂Ƕ 
    ฯࡋ၂ᡍ٬ࢂҔࢶМฯࡋᐒϩձჹ዗ࡕ߅ϐ၂Т຾Չ

ฯࡋෳ၂Ǵ٬Ҕ಻ख़ 100kgfǴᓸ౩Ꮤࣁ 1/16”ϐᒳౚǶϩձ

ஒόӕᒰ֖ໆϐ၂ТǴᙖҗᢃশǵࣴᑃǵܙӀ฻؁ᡯǴനࡕ

ճҔᇑڅన(4% Nital)Ǵ຾Չᡉ༾่ᄬޑᢀჸǶᡉ༾่ᄬϩ݋

٬Ҕࢂ OMǵSEMϩձᢀჸ඲ಈЁκϷ܎՜ઇᘐय़฻Ǵӆճ

Ҕ XRD ຾Չ࣬᠘ۓǶ 
 

 

 

 

 

 

 

 

 

             

 

 

 

 

  Fig. 2 ჴᡍࢬำ 
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Table 1 ϯᏢԋҽ (wt%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   

Fig. 3 ዗ۯ߅Ϸ዗ೀ౛ࢬำ 

 

 

                 Fig. 4 ܎՜၂ТҢཀკ 

 

᠄ৡૈϐ዗ΚᏢीᆉ 

   ᠄ৡૈࡰࢂ྽΋ֹ᏾ৡ௨ϩှٿࣁ೽ϩৡ௨ਔǴٿ೽ϩ

ᔈᡂޑ᏾ৡ௨ֹܭᔈᡂૈᕴӝλޑ ǴૈӢԜٿ೽ϩৡ௨ϐ໔

Ӹ΋௨ѾΚٿ٬೽ϩৡ௨ϩ໒Ǵफ़եس಍ޑᔈᡂૈǶҗЎ᝘

ӣ៝ёޕӢࣁคፕᚈ඲܈ ε-ഞҖණ៓೿ࢂӢࣁ᠄ৡ܌ᄬ

ԋǴӢԜ Olson and Morrisonගр ε-ഞҖණ៓ޑ᠄ৡૈёҔ

ӧӧനஏ୴ᑈѳय़΢׎ԋٿቫ hcp᠄ৡ่ᄬϐኳԄٰीᆉ
(4)ǶӵΠԄ܌Ԅ 

Γ=2ρ△Gγ→ε＋2σ 

ρ : density of atoms in a close packed plane (111) in moles per 

unit area  

∆Gγ→ε : difference of molar free energy (γ and ε phases) 

σ : coherent interfacial energy (γ and ε phases) 

 

3. ่݀ᆶ૸ፕ่݀ᆶ૸ፕ่݀ᆶ૸ፕ่݀ᆶ૸ፕ 

3.1 ᒰϡનჹ᠄ৡૈϐቹៜ 
ҁჴᡍࢂӧۓྕۓڰΠׯᡂᒰ֖ໆ຾Չ᠄ৡૈीᆉϐ௖

૸ǴਥᏵЎ᝘(5)ࡰрǴᒰϡનჹ᠄ৡૈԖ࣬྽ำޑࡋቚуǴ

Զ᠄ৡૈׯޑᡂௗ໔཮ቹៜ่ډᄬǴਥᏵЎ᝘(6)ࡰрǴ᠄ৡ

ૈեډଯϐᡂϯࣁ α’-ഞҖණ៓→ε-ഞҖණ៓→ᚈ඲→೽ϩ

ৡ௨→ৡ௨ϐ่ᄬᜢ Ƕ߯ճҔ዗ΚᏢБԄीᆉ 19Mnک 24Mn
ϐ᠄ৡૈࣁ 17.7mJ/m2ک 29.2mJ/m2Ƕ 

 
3.2ᡉ༾ಔᙃ 

TWIP ᒳ዗ޑ߅ᡉ༾ಔᙃӵკ 5 ҢǴёᢀჸၰؔථҖ܌

៓඲ಈࣁ฻ື඲ϐࠠᄊǴ฻ື඲ޑр౜ࢂӢࡋྕ߅ֹࣁऊ

920ʚǴ࿶዗߅ᡂ׎ϐࡧѳؔථҖ៓Ԗى୼ޑਔ໔ک㵍ࡋǴ

ठǶ࿶܌кϩ຾Չӆ่඲ૈځ٬ 1050ʚྕ࡭ 20 ϩដڰޑྋ

ଏО׷ϐᡉ༾ಔᙃǴёว౜࣬ډ྽ӭޑଏОᚈ඲ӵკ 6 ܌

ҢǴ྽ᒰ֖ໆࣁ 19wt%ቚуډ 24wt%ਔǴ඲ಈЁκவ 87.4um
ቚуԿ 75.2umǴҗԜёޕᒰ֖ໆቚу඲ಈЁκԖΠफ़ϐᖿ

༈Ǵӵკ  ҢǶ܌7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
     Fig. 5 TWIPᒳ࿶዗ࡕ߅ϐᡉ༾ಔᙃ(a)19Mn (b)24Mn 
 
 
 
 
 
 
 
 
 
 

 19Mn 24Mn 

C 0.62 0.6 

Mn 19.2 24.7 

Si 0.24 0.22 

Al 0.007 0.006 

P 0.021 0.020 

S 0.008 0.007 

N 0.011 0.009 

B 0.0001 0.0001 

Fe Bal Bal 

(a)  

(b)  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 TWIPᒳ࿶዗߅ଏОࡕϐᡉ༾ಔᙃ(a)19Mn (b)24Mn 
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Fig. 7 ዗߅ଏОᒳ׷ϐѳ֡඲ಈЁκ 

 
 
 

3.3 XRDϩ݋ 
ճҔ XRD ϩ݋ TWIP ᒳϐ่඲ᄬ೷Ǵϩޑࡕ݋ኧᏵӆ

٬Ҕ JCPDS card຾ՉКჹǴӵკ 8 ޕҢǴёள܌ 19Mnᆶ

24MnЬाؔࢂථҖ៓(γ)࣬ಔԋǴ೭ࢂҗܭᒰϡન཮ᛙؔۓ

ථҖ៓(7)Ǵబу΋ۓКࡕٯᒳ׷ӧྕ࠻ΠؔࣁථҖ៓่ᄬǴ

Զ຾΃؁ዴᇡࢂցԖځѬ่ᄬǴஒ௟ඔࡋفᕭλࣁ 42~54
а؂ϩដࡋ ډЬाԵໆ݋଺ϩࡋف຾Չ௟ඔǴᒧ᏷೭ࡋ0.5

ε-ഞҖණ៓Ϸޥಈ៓่ᄬޑЬाᓬᒧ peckǴว౜ډ 19Mnᒳ
ύԖ༾ໆ׷ ε-ഞҖණ៓่ᄬǴԶ 24Mnᒳ׷ύؒว౜ ε-ഞҖ

ණ៓่ᄬǴҗԜё௢ᘐᒰ֖ໆޑబу཮ගଯ᠄ৡૈǴ྽᠄ৡ

ૈቚуࡕ໔ௗ཮ቹៜ ε-ഞҖණ៓࣬ޑᙯඤǶ 
 

 
 

 
Fig. 8 ዗߅ଏОᒳ׷ϐ XRD ϩ݋(a)؂ϩដ ؂ ௟ඔ (b)ࡋ2

ϩដ  ௟ඔࡋ0.5

 

 ՜၂ᡍ܎3.3
TWIP ᒳ࿶ڰྋϯଏОϐ܎՜܄፦КၨǴ܎՜ೲ౗೛ࣁۓ

6.67×10-3S-1ӵკ ҢǴ19Mnᆶ܌9 24Mn܎לޑமࡋϩձࣁ

872.5 MPaᆶ841.7 MPaǴջᒿ๱Mn֖ໆቚуǴל՜மࡋ(T.S.)
ᖿ༈ǴᆶޑԖΠफ़߾ R. Song฻Γزࣴ܌ϐ่݀࣬಄(8)ǹY.S.
εऊӧ 280MpaǴᒰ֖ໆޑቚу٠คܴᡉӦৡ౦Ǵ՜ߏໆ(Total 
El.)Бय़Ǵ19Mnᆶ 24Mnϩձࣁ 78.1%ᆶ 83.7%ǴT.S.×El.ࣁ
ᔈΚ-ᔈᡂԔጕΠ܌х֖ޑय़ᑈǴёҔٰ߄Ң׷਑໧܄ϐ٩

ᏵǴT.S.×El.Ξϩձࣁ 68101MPa%ᆶ 70456 MPa%Ǵ௢ෳ 19Mn
ܭϟڋᐒ׎Ӣ᠄ৡૈၨեǴᡂࢂၨଯࡋம܎ל ε-ഞҖණ៓ᆶ

ᚈ඲ᐒڋϐ໔Ǵՠၨୃӛ ε-ഞҖණ៓ࡺமࡋၨଯ࣬ჹ՜ߏໆ

཮ၨեǴ24MnӢ᠄ৡૈပӧᚈ඲ᡂ׎ᐒڋύǴ܌а 24Mn
ޑ T.S. ×El.཮ᓬܭ 19MnǶ 

ࡋ਑ம׷ϐቚуǴࡋ਑ӧதྕуπਔǴᒿуπำ׷ឦߎ

Ψ཮ᒿϐቚуǴ೭ᅿ౜ຝᆀࣁуπฯϯ(work hardening)܈ᔈ

ᡂฯϯ(strain hardening)Ƕӵკ ޕҢǴё܌10 TWIP ᒳ܎՜

၂ᡍޑ௃ݩǴуπฯϯࡰኧ(n-value)ᒿᔈᡂቚуԶזೲቚу

നࡕᖿۓܭॶǴа 5-45%ϐኧᏵӣᘜжΕϐ σ=kεnϦԄջё

ளډ nॶǴ྽ᒰ֖ໆࣁ 19MnቚуԿ 24MnǴnॶεऊࣁ 0.57
٠คϼεϐৡ౦Ƕ 
    ࿶܎՜၂ᡍࡕϐᔈΚᔈᡂԔጕკว౜ډ 
Portevin -LeChatelier (PLC)౜ຝǴӵკ ܌ҢǴਥᏵЎ᝘܌11

ҢǴԜ౜ຝΞᆀϐ୏ᄊਔਏᔈᡂ(DSA)ǴԜ౜ຝ཮ӧե᠄ৡ

፦܄ᐒఓޑ׷ၸำύр౜Ǵჹᒳ׎࿶җᡂ׷ථҖ៓ᒳؔޑૈ

཮Ԗ࣬྽ำࡋϐቹៜǶӧե᠄ৡૈӝޑߎᡂ׎ၸำύǴᅹᒰ

চηಔӝ཮ߔᛖ೽ϩৡ௨ྖ౽Ǵ྽೽ϩৡ௨೯ၸֽ೽࿼ඤϷ

໔ሜচηޑՏηਔǴځΖय़ᡏՏ࿼ஒ཮ׯᡂࣁѤय़ᡏՏηϐ

FCC่ᄬǴӧ࣬ӕྖ౽ѳय़΢೽ϩৡ௨཮ډڙᔈΚԶ౽୏Ъ

໣ύൂډ΋ѳय़΢Ǵуπฯϯᒿϐගଯ(9)Ƕӧ 19Mn ᔈΚᔈ

ᡂԔጕკύǴᢀჸډ PLC౜ຝЪܴࡐᡉǴ24Mnޑ PLC౜ຝ

࣬ჹၨ১ǹ௢ෳӢ 19Mn᠄ৡૈ࣬ჹၨեǴ٬ளৡ௨ၨܰϩ

೽ϩৡ௨ᆶΖय़ᡏ่ᄬ࿘᝻ӢԜౢޑࡕ೽ϩৡ௨Ǵϩှࣁှ

ғ PLC౜ຝǴ24Mnҗܭ᠄ৡૈၨଯ٬ளৡ௨ၨόܰϩှࣁ

೽ϩৡ௨Ǵ܌а PLC౜ຝ෧১Ƕ 
၂Т࿶܎՜၂ᡍࡕǴճҔ SEM ჹ၂Тઇᘐय़ᢀჸǴӵ

კ 12 ᅿٿઇᚯǴ೭܄ૄکઇᚯ܄ۯࣁ਑ёϩ׷ҢǶ΋૓܌

όӕᒰ֖ໆޑᒳࣣ׷և౜ dimple܄ۯઇ຋ޑ੝ቻǴځύёᢀ

ჸډ 19Mnۯ඲ઇᚯޑ඲ಈၨεǴ24Mn඲ಈၨλǴ19Mnޑ

(a)   

(b)   

(a)   

(b)  



dimpleుࡋၨభǴ24Mnޑᅁ෮ރಔᙃၨࣁጏஏǴ௢ෳᆶᚈ

඲่ᄬԖᜢᖄ܄ǴӵՖᙖҗᚈ඲่ᄬቹៜᐒఓ܄፦ஒុࡕܭ

ϩ݋ుΕࣴزǶ 
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  Fig. 9 ዗߅ଏОᒳ׷ϐ܎՜၂ᡍ(a)܎՜மکࡋफ़ҷமࡋ  
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Fig. 10 ዗߅ଏОᒳ׷ϐᔈᡂฯϯࡰኧ 

 

 

 
Fig. 11 ዗߅ଏОᒳ׷ϐ PLC౜ຝ(a)19Mn (b)24Mn 

 
 

 
 

 
Fig. 12 ዗߅ଏОᒳ׷ϐ܎՜ઇᘐय़(a)19Mn (b)24Mn 

  
3.5 ฯࡋ၂ᡍ 

TWIP ᒳϐฯࡋॶ٬ࢂҔࢶМฯࡋᐒ຾Չෳ၂Ǵ่݀ӵ

კ 13 ҢǴ྽ᒰ֖ໆவ܌ 19wt%ቚуԿ 24wt%ਔǴฯࡋவ

HRB83.5Πफ़Կ HRB79.7ǴฯࡋԖั༾Πफ़ޑ౜ຝǴ೭ᆶЎ

᝘(10)࣬՟Ƕа᠄ৡૈޑᢀᗺԶقǴቚуᒰ֖ໆஒ཮ගଯ᠄ৡ

ԋ׎ࡺॶǴޑૈ ε-ഞҖණ៓ޑໆ཮Πफ़ǴӢԜ྽ᒰ֖ໆቚу

Կ 24wt%ਔǴε-ഞҖණ៓࣬Кٯ཮եܭ 19MnǴԜ่݀ޔௗϸ

ᔈܭฯࡋॶϐ߄౜Ƕ 
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Fig. 13 ዗߅ଏОᒳ׷ϐฯࡋॶ 

 

4. ่ፕ่ፕ่ፕ่ፕ 
1.ᒰ֖ໆׯᡂჹ TWIP ᒳ࿶዗߅ଏОࡕ཮ౢғଏОᚈ඲ǹଏ

Оࡕϐ඲ಈЁκऊϟܭ 75 - 90µmǶ 
2.җ܎՜၂ᡍёޕǴ࿶዗߅ଏОࡕϐόӕᒰ֖ໆޑ TWIP
ᒳǴ19Mn ᆶ 24Mn ࣁϩձࡋ՜ம܎ޑ 844 Mpaᆶ 797 
MpaǹYSεऊࣣࣁ 330MpaǹTotal El.Бय़Ǵ19Mnᆶ 24Mn
ϩձࣁ 78.1%ᆶ 83.7%ǴT.S. x El.Ξϩձࣁ 68101MPa%ᆶ
70456 MPa%Ƕ 

3.XRDᙅ৔่݀ёޕǴTWIP ᒳЬाؔࣁථҖ៓(γ࣬)ಔᙃǴ

ύځ 19Mnᒳ׷ύԖ༾ໆ ε-ഞҖණ៓่ᄬǶ 
4.TWIP ᒳ࿶ࢶМฯࡋ၂ᡍࡕว౜Ǵᒿ๱ᒰ֖ໆቚуฯࡋԖ

Πफ़ϐᖿ༈Ǵฯࡋॶεऊϟܭ HRB 79~83Ƕ 
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