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1.1  
 
 ˮ꞊ ˯ψʼᴻ Ϭ◦ΠσΥϣʼᵕ ֫ Ϭ νṐᵣ πΚϥʻ꞊ ψˮ ΥϤ꞊ ˯ρ
ˮβϓϤ꞊ ˯τ ήϦϥΥʼςκϣϜˮ꞊ ˢМϳЅрϽˣ˯ ρˮ꞊˯χḧτ︡Ϥ Ϊϣ
Ϧϥʻ ΥϤ꞊ ψʼМϳЅрϽτᵰ ʼ꞊τ Υ︡Ϥ ΪϣϦʼζχḧϬ Υ Υ
Ϥ֫ βϥ ԁ̒ β̓ϓϤ꞊ ψʼᴗ ꞊Υ꞊ ρ βϓϤ֫ π βϥʻ ᾆẕπψʼ

ΥϤ꞊ ϬӌΞʻ 

 ΥϤ꞊ ψʼᵰ ʼ ʼỜϞάϧσςχ ʼΣϢό Ϭ ḧᶖτ βϥ
ⱱṀτϢμο  ήϦϥʻ ΥϤ꞊ χἹ꜠τψʼ 1.1τꜘβϢΞτʼ꞊τ ΰτ⌠
βϥжЅϯиᴻ Ϭ◦ΠϥˮжЅϯи꞊ ˯ρʼ꞊τ ΰτ⌠ βϥϯϺЄϯиᴻ Ϭ 
 
 

   

 
 (a) ṕ כֿ Ṗ (b) ṕ Ṗ 
 

צּ 1.1 [1] 
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◦ΠϥˮІжІЕ꞊ ˯ΥΚϥʻήϣτʼζϦηϦχ꞊ τ ΰοˮάϧ꞊ ˯ρˮỜ꞊ ˯
ΥΚϥθϛʼ 1.2τꜘβϢΞτʼ π4 τ ήϦϥʻ 

 ΥϤ꞊ ψʼꜛ ʼכּ כּ ʼ ʼ‚ἋṐσςχ Ṑᵣʼ ṓṐᵣʼ ‫ʾὖỲ
Ṑᵣʼ ʾὺ Ṑᵣ Ỳ̓ Ῥ⌠Ṑᵣʼ ӲṐᵣσςχԁ Ṑᵣʼ ṐᵣσςχήϘίϘσ
ᴷ τ► ήϦοΜϥʻάάπψʼ כּ τ► ήϦοΜϥ ΥϤ꞊ τνΜο ϓϥʻ

כּ πψʼ 1.3τꜘβϢΞτʼ Ϭ ήδϥ︠ Ṑʼ︠ Ṑπ ΰθ Ϭ
꞊τכּ βϥⱦּכ ʼζΰοּכ꞊τζϦηϦ ΥϤ꞊ Υ► ήϦοΜϥʻΜγϦχ
ΥϤ꞊ Ϝ‰ Τνӗ σ τ σ ᶤϬ μοΣϤʼζχᾮ ψ σςχ Ⱨᾮ
τϜνσΥϤΤφσΜθϛʼ Ϥ χΩ χԁντӡ ΪϣϦοΜϥʻ ᾆẕπ
ψʼ 1.3τꜘΰθ ΥϤ꞊ χ χʼּכ꞊꞊ Ϭ ρβϥʻ 
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אל 1.3 צּ [2] 
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כּ  ꞊꞊כּ ψּכ τϢμο⌠ βϥжЅϯиᴻ ρ “ χּכ χ Ϧσς
τϢμο βϥϯϺЄϯиᴻ Ϭ◦Πϥʻ 1.4τּכ꞊꞊ χᵵ Ϭꜘβʻּכ꞊꞊ ψʼ
2 χṟ Ϭ βϥᵰ ʼ ʼάϧρ ⱱṀΥԁ ρσμθ ʼϷϱиЄ˔иʼ
ϤΣϢόῇϐθτϢμο  ήϦοΜϥʻּכ꞊꞊ ΥжЅϯиᴻ Ϭ ᴻήϦσΥϣᵕ β
ϥρʼּכ꞊꞊ Υ︡Ϥ ΪϣϦοΜϥּכ꞊τᵕ ỚΫτϢϥθϩϙΥ βϥθϛʼּכ꞊꞊

χ ρּכ꞊꞊ χ꞊ ΰχ︡ Ϊӡ ϬὨ βϥῇϐθχ τΣΜο σ β
ϓϤ֫ τϢϥ β̓σϩκТйАЎрϽΥ γϥάρΥ ϣϦοΜϥ Т̒йАЎрϽψʼ
ˮ βϥ2ᾧ ḧτ σ ΰχ Υ ΠϣϦθρΦτ αϥ ρ˯ ṰήϦ
οΜϥ[3] ʻТйАЎрϽτϢμοỲ Υ ΰʼּכ꞊꞊ χ τ βϥρʼ꞊
Υ ΰθϤʼ ᶪ−Υ ᴟΰθϤβϥ Υ γϥʻήϣτʼּכ꞊꞊ χ꞊ ΰχ︡ Ϊ
ӡ χ ϬԏΦṞάβᴦ Ϝ―ΠϣϦϥʻּכ꞊꞊ χТйАЎрϽ ├ρΰοψʼ
ρῇϐθχḧτOзрϽ[4] Ϟ꞊ ∙ ϢϤ σᴍל χᵰ τЁЭΥ ἹήϦθЁЭ

Φ [5] Ϭ βϥ σςΥ ӛήϦοΜϥΥ Μ̓γϦϜТйАЎрϽ χ꞊
ϒχ Ϭ ♁βϥάρψᴦ πΚϥϜχχʼТйАЎрϽζχϜχχ Ϭ₢ τ

♁βϥάρψπΦοΜσΜʻϘθʼ ρῇϐθχḧτ Ϭ βϥάρψʼ Υ
Πϥ τʼ ο⌠ỘⱲτ︡ ΪЬІϬԏΦṞάβᴦ ΥΚϥʻΰΤΰσΥϣʼ
Ϭ ϞβάρσΨּכ꞊꞊ χТйАЎрϽ χ ├Ϭ„γϥ︣ τνΜοχᾆẕψᾋ

θϣσΜθϛʼζχᵫ ΥẐϛϣϦοΜϥʻάχάρΤϣʼ Ϭ Ϟήγτּכ꞊꞊
χТйАЎрϽ Ϭ ♁βϥάρψʼ כּ χήϣσϥӗ “ʼϋΜοψ χӗ

χΰ ϞЮрГЗрІχ ЀІЕᴟτ‟ᾅπΦϥρ―ΠϣϦϥʻ
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ᵰ  ϷϱиЄ˔и ϷϱиЄ˔и 

ⱱṀ 

 

άϧ Ϥ ῇϐθ 

꞊꞊כּ  

й˔и 

 ꞊כּ

כּ
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1.2  
 

1.2.1  

 
 ТйАЎрϽψʼ βϥ 2 ḧτΣΜο σ βϓϤ֫ Υ“ϩϦϥᴷ π β
ϥθϛʼꜛ ʼכּ כּ ʼ ʼ‚ἋṐσςχ Ṑᵣʼ ṓṐᵣʼ ‫ʾὖỲ Ṑᵣʼ

ʾὺ ṐᵣʼỲ Ῥ⌠Ṑᵣʼ ӲṐᵣσςχԁ Ṑᵣʼ ṐᵣσςχήϘίϘσᴷ π
ᶎ ήϦοΜϥʻάάπψʼТйАЎрϽτϢϥ Ⱨ ϬΜΨνΤấΫϥʻ 

 ꜛ πψʼḁכּ Ϭᵁכּ σςπכּ ẩ ΰθ∑τʼШϱ˔и꞊ χṟ τТй
АЎрϽ χԁ πΚϥṮⱨУзКиӊάϭΥ γϥάρΥ ϣϦοΜϥ[6, 7] Т̒йАЎ
рϽ χ ├ρΰοʼϽз˔Іχ κϡΞ−ϬзЎϳЭϽз˔ІΤϣ Ϟδϭ ӗ

τ ϦθϳйϯϽз˔Іτ  βϥάρΥ ῟πΚϥρήϦοΜϥ[7, 8] ʻ 
כּ  πψʼּכ꞊χּכ ʼⱦּכΣϢόּכ꞊꞊ ρχψϛΚΜ τТйАЎрϽΥ β
ϥʻ 1.5τּכ꞊ρּכ χψϛΚΜ χ ꜠ Ϭꜘβʻּכ ψʼּכ꞊ρ ϘϤωϛπ︡Ϥ Ϊ
ϣϦοΜϥΥʼψϛΚΜ πψּכ꞊χᵕ ỚΫτϢϥ꞊ ΰχ βϓϤ֫ Υ γϥθ
ϛʼТйАЎрϽϬ ήδϥ ԍτσμοΜϥʻ 1.6τּכ ℅τ ΰθТйАЎрϽϬ
ꜘβʻТйАЎрϽψּכ ℅χ τ σΦ Ϭ ήδϥθϛʼ ế Ϭ ΰΨ ᴞ
ήδϥʻ1960 ₇ϘπʼТйАЎрϽτϢϥ Φ τṞԍΰθּכ꞊ Υ ΰοΜθ
Υʼᾝ∕πψ ᴝ σςχ ᵗᾁ₰ʼּכ χϷ˔НМрϽӊ ʼ‰ ϦτϢϥ
ӊ ▪ ᴂ χ σςχ ῟σ ├Υ︡ϣϦϥϢΞτσμθθϛʼ τϘπ♩ϥⱧ ψ
ϕρϭςσΜ[9] ʻ 

 πψʼТйАЎрϽ τϢϥ Ⱨ [10, 11] Υ╩ᾋήϦϥʻ 1.7τТйАЎрϽ
τϢμο βϥ ФкЧж꞊χ ᴷ ϬꜘβʻФкЧж꞊ρФкЧжχψϛΚΜ
πψʼТйАЎрϽΥ βϥρʼζϦϬṞ τ Φ Υ ΰʼϞΥο τ♩ϥʻ
1.8τТйАЎрϽ τϢμο ΰθρήϦϥ Дϰ˔ЉиṐḩs 4120 kW 1̓30 minī1ˣ
χФкЧж꞊Ϭꜘβʻ τψР˔ЎЫ˔ϼΥ ϛϣϦϥʻᾝ∕πψʼФкЧжχ τ

σR Υ ΪϣϦθάρτϢμο Φ̓ Υ βϥᴦ ψ ΜρήϦοΜϥ ΰ̒Τΰσ
Υϣ ᴡ̓ϣΤχ τϢμοᵤ Υ βϥρ Ф̓кЧж꞊χФкЧжρχψϛΚΜ τʼ

1.9τꜘβϢΞσТйАЎрϽ τϢϥ ⇔σΦ Υ ΰʼ τ♩ϥάρΥΚϥʻⱳ
τʼ 1.10τТйАЎрϽτϢμο ᵗΰθ Дϰ˔ЉиṐḩχ Ὃ︣Ϭꜘβʻ φ

ωφχḧτψТйАЎрϽϬ ♁βϥθϛτ ›ỲχЄЭΥ ΜϣϦοΜθτϜΤΤϩϣ
γʼa σЕиϼΥἣ ΰᴥϩμθάρτϢμοʼ φ ωφτТйАЎрϽ Υ ΰʼ

τ♩μθρήϦοΜϥʻ 

 ФжрЕṐᵣπψʼЌ˔Рр ʼ ῖḊṀʼ Ṑ σςχήϘίϘσᴷ τ
ΣΜοТйАЎрϽΥ βϥ[12] ʻ ФжрЕṐᵣχТйАЎрϽψ ⱧᾮτνσΥ
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ϤΤφσΜθϛʼ ṍᾁ₰τϢμοιΪπσΨ Ⱳ ḗ♪τϢμοϜḚ ήϦοΜϥ[13]  ̒

 ‫Ṑᵣπψʼ ῡ χΰ ẐτϢμοʼ‫ ӊט ếк˔и꞊τ► ήϦϥ꞊
ΥβϓϤ꞊ Τϣ ΥϤ꞊ τ  ήϦοΜϥʻζχὫᴮʼ‫ ӊט ếк˔и꞊χ
ρχψϛΚΜ τТйАЎрϽΥ βϥϢΞτσϤʼ ρσμοΜϥ[14, 15] ʻ 
 ήϘίϘσᴷ τ ΜϣϦϥмϱбк˔ФτΣΜοϜʼТйАЎрϽ τϢμο β
ϥⱧ [16] ΥΚϥʻ 1.11τТйАЎрϽ τϢμο ΰθмϱбк˔ФϬꜘβʻмϱ
бк˔Фψ χ ΥϢϤ›ϩήϦο  ήϦοΣϤʼк˔Ф ●Ϟ ●ψ ΰ
οΜϥʻζχθϛʼмϱбк˔ФχỚΫ πψТйАЎрϽΥ ΰϞβΨʼ ᴷ τ

ΣϢόΦ Υ αʼ ᵗβϥʻ 

 
 

 
 

ךּטּ 1.5 [9] 

 
 

 
 

1.6 ︡ [9] 

ḱ
ṇ
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1.7 ︣ [10] 
 
 

 
 

1.8 ṕ 1.7 קּ Ṗ[11] 

 
 

 
 

קּ 1.9 [10] 
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1.10 ṇ [11] 

 
 

   
 
 (a)  (b)  

 
1.11 ︡ ṇ [16] 

 
 
1.2.2 ︣  

 
 ТйАЎрϽψʼ1911 τ Eden ϣτϢμοΩ τ ⁮ήϦθρΜϩϦοΜϥ[17] ʻζχ
ῇʼ1927 τ Tomlinson ΥТйАЎрϽ τḩβϥᾆẕὫᴮϬ ⁮ΰ[18] ʼ1939 τ
Tomlinson ϣψˮFretting Corrosion˯ρΜΞ ῎Ϭ► ΰοΜϥ[19] ʻζϦӟ‭ʼˮ Fretting˯ψ
ԁ τ ΜϣϦϥϢΞτσϤʼᾝ∕πψТйАЎрϽτϢμο γϥ ϬТйАЎрϽ

ʼТйАЎрϽτϢμο ế Υ ᴞβϥᾝ ϬТйАЎрϽ ρỸ ήϦοΜϥʻ
σΣʼˮ Fretting˯χ ῎ Ṝρΰοʼˮ ТйАЎрϽ˯ρˮТйАГϰрϽ˯Υ ΜϣϦο
ΜϥΥʼ πψЕжϱЩкЅ˔ꜝ [3] Ϟᶘ ῎ [20] τΰθΥΜʼˮ ТйАЎрϽ˯
Ϭ Μϥάρρβϥʻ 

 Tomlinson Υ―ӛΰθТйАЎрϽ ♯ᾓṐχᵵ Ϭ 1.12 τꜘβʻ χὖΜ T Ⱬ
ἷТй˔Э A ψʼУкАϼϿ˔Ѕχ τ 3 ᾤχ‫Ẕ B C̓ D̓ τϢμο◦ΠϣϦοΜϥʻ‫Ẕ
B ρζϦΥ βϥ ψ‰ τᾆ ήϦοΣϤʼם∑τψ χ Υ E τϢμο

ήϦʼ χ‫Ẕ CʼD ψζϦϣϬ ήδοΣΨχτ σιΪχᴻ ΰΤ ⱱΰσΜʻ
ωφ ‫ J Ϭ τ ᵕ֫ πΦϥ F τϢμοʼТй˔Э A ψ‫Ẕ B χ χ  
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1.12 Tomlinson צּ ︡ [18] 

 
 
Ϥτ ήσᶑ Ϭ ΠϥάρΥπΦϥʻ F ψԁ χ π ϛἇ G χḧϬ ΰʼ
χ ψТй˔Э χ 2 χСр H χḧτ ήϦοΜϥʻᶑ χ ψʼСр H ρ ϛ
ἇ G χḧχẩ ΤϣẐϛϣϦϥ T̒omlinson ψ ά̓χ♯ᾓṐϬ Μο Т̓йАЎрϽ Υ

βϥΩ Υ 0.002 ɛm πΚϥρ ⁮ΰοΜϥ[18] ʻ 

 1937 τ Almen ψʼ ᴻπ ♁ΰοΜϥꜛ χכּ ΥϤ꞊ Υ Ϟꜛ πכּ ΰθ∑
τ βϥ τϢμο βϥάρϬ ⁮ΰοΜϥ[6] ά̒χ ψ ᵰ̓ḢΥУзКи
ӊάϭτⱨοΜθχπʼˮ ṮⱨУзКиӊάϭ˯ρ ΪϣϦοΣϤʼТйАЎрϽ χԁ
ντ Π ΫϣϦοΜϥΥʼ χיּ ЮϸИЇЭψӰσϥρβϥ ⁮ϜΚϥ[21, 22] ʻ 

 ⁯ τΣΜοψʼ1955 τ ϣτϢμοʼТйАЎрϽ τϢμο βϥӰ
ᴝτḩβϥםᾓΥ“ϩϦοΜϥ[23] ʻ 

 ТйАЎрϽ χЮϸИЇЭτνΜοψ Ψ ⁮ήϦοΣϤ[24ï30] ʼ βϥρⱳχ
ρΣϤπΚϥʻ βϥ 2 ᾧ ḧτ σ βϓϤ֫ Υ γϥρʼ τἹ ήϦ
οΜθ▒ᴟ Υ ᵗήϦϥʻ▒ᴟ χ ᵗτϢμο Υ ᾝβϥρʼ πổ ρӱ

ΥἣϤ ήϦϥổ ΥṞάϤʼ Υ βϥʻԁ χ ψ χᵰτ
ήϦϥΥʼ χᵰτ ήϦσΤμθ ψ τϯУйЄУ ϬϜθϣβʻζ
χῇʼ χ ψ τ βϥʻ 

 ТйАЎрϽτϢμο βϥ τνΜοϜ ⁮ήϦοΜϥ[27, 28, 30ï37] ̒‫
●χ ›δτϢμο ṓ π“ϩϦθТйАЎрϽχםᾓπψ Μ̓γϦϜ ᶬ χ▒ᴟ ˢ ˣ
ˢХЫЌϱЕ Ŭ̓ Fe2O3 χx Υ ΰ ζ̓χ▒ᴟ χ ◓Ἲψ 1 ɛm ӟᴞρ τ
⇔πΚϥʻ 

 ТйАЎрϽ τֲốϬẉϖβԍ◓ρΰοʼ ʼᴻ ʼἣ ΰ ΣϢό ΥấΫ
ϣϦϥΥʼFeng ρ Uhlig ΥΩ τζϦϣϬ ΰοΜϥ[31] ʻFeng ρ Uhlig Υ ΜθТйА
ЎрϽ ♯ᾓṐχᵵ Ϭ 1.13 τꜘβʻσΣʼFeng ρ Uhlig ψʼ‫ χד ♯ᾓ χ

●Ϭ ήδοʼ Ἱ πםᾓϬ“μοΜϥʻӟᴞπψʼᶆԍ◓τ ΰοάϦϘπ
τ“ϩϦοΦθםᾓὫᴮτνΜο ᵒβϥʻ 

 ТйАЎрϽ τẉϖβ χֲốτνΜοʼFeng ρ Uhlig ψʼ 1.14 τꜘβϢΞτʼ
Υ τ βϥρ ⁮ΰοΜϥ[31] ʻ ρ═ Ϝ‰ ϼкЭ꞊ ‫ SUJ2 Ϭ
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Μο Ἱ χТйАЎрϽ τḩβϥםᾓϬ“μθὫᴮʼ 1.15 τꜘβϢΞτʼ
Υ ᴥβϥτνϦοʼ Υ ᴥβϥάρϬ ⁮ΰοΜϥ[38] ʻ χὫᴮψʼӠ τϢ
μοϜꜘήϦοΜϥ[39] ʻήϣτʼ═ ψ Ἱ χТйАЎрϽ πψ ᶪ−χ ∕
Υ ΦΨֲốβϥρ◙ ΰοΜϥ[32] ʻ 

 
 
 

 
 

1.13 Feng Uhlig צּ ךּ [31] 

 
 
 
 

 
 

1.14 Feng Uhlig [31] 
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1.15 [38] 

 
 
 ԁ πʼHalliday ρ Hirst ψʼ‫ χד ρ Ϭ Μο Ἱ τΣΪϥТйАЎрϽ

χםᾓϬ“μθὫᴮʼ 1.16 τꜘβϢΞτʼ 100 ɛm ӟ πẍὣτ Υ ᴥβϥ
ρ ⁮ΰοΜϥ[27] ʻ ρ ϜʼṐᵣ  ‫ S25C χ♯ᾓ Ϭ Μο Ἱ
ΣϢό Ἱ πםᾓϬ“μθὫᴮʼ 1.17 τꜘβϢΞτʼ Υ 70 ɛm ῇϬẽτΰ
ο Υ ᴥβϥρ ⁮ΰοΜϥ[36, 40ï42] ά̒χ τνΜοʼ ρ ψʼ 70 ɛm
ӟᴞπψ▒ᴟ ʼ 70 ɛm ӟ πψ▒ᴟ τᴥΠοổ ρϯУйЄУ Υ₤∕
βϥθϛʼ ψẍὣτ ᴥβϥΤϣρΰοΜϥʻʒ ρḵ Ϝ Ṑ̓ᵣ  ‫ S45C χ
♯ᾓ Ϭ Μο Ἱ τΣΪϥТйАЎрϽ τẉϖβ χֲốτνΜο ϓοΣ
Ϥʼ Υ 50 ɛm ӟ τσϥρʼ Υ τ ᴥβϥρ ⁮ΰοΜϥ[43] ʻᶾ ρ
ḵ ψʼТйАЎрϽτΣΪϥ ρ Ἱ Τϣʼᾧ ӽʼᾧ ρβϓϤχ₤› ӽʼ
βϓϤ ӽχ╣νχ ӽτỸ ΰʼТйАЎрϽ τΣΪϥ Ӣ τνΜο ξΪ
θʻήϣτʼТйАЎрϽ ψ βϥ 2 χ‌ήχӸΜτϢϥֲốϬϕρϭς ΪσΜ
ρΰοΜϥ[44, 45] ʻ 
 ТйАЎрϽ τẉϖβᴻ χֲốτνΜοψʼᴻ χ ᴥτρϜσΜʼ Υ ᴥ
βϥρΜΞ ⁮Υԁ πΚϥ[31, 35, 38, 43, 46] ʻԁ ρΰοʼFeng ρ Uhlig χТйАЎр
Ͻ ♯ᾓτϢμο ϣϦθᴻ ρ χḩἰϬ 1.18 τꜘβʻϘθʼ ρ ψʼ᷃

╗τϢϥᴁ βϓϤ ╗ρԁ ΰβϓϤ ╗πψ Ṑ ΥӰσϥάρϬꜘΰʼ Υ
ΦΜᴁ βϓϤ χ ψᴻ χ 0.7 τ βϥρ ⁮ΰοΜϥ[46] ʻ 
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1.16 Halliday Hirst [27] 
 
 
 

 
 

1.17 Ohmae Tsukizoe [42] 
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1.18 Feng Uhlig [31] 

 
 
 ТйАЎрϽ τẉϖβἣ ΰ χֲốτνΜοψʼ ṍτẍὣσ Υ ΰʼϞΥ
ο τ ᴥβϥάρΥ ⁮ήϦοΜϥ[31, 35, 40, 43] ʻԁ ρΰο F̓eng ρ Uhlig χТй
АЎрϽ ♯ᾓτϢμο ϣϦθἣ ΰ ρ χḩἰϬ 1.19 τꜘβʻ ṍτẍὣσ

Υ βϥ ρΰοʼToth ψʼ ╗ Υ ṍπψ ΦΨʼⱲḧχὊᵃρρϜτӗ β
ϥάρϬấΫοΜϥ[35] ʻϘθʼἣ ΰ τϢϥ χ ᴟψ χ ΦήτϜӢ βϥ
άρΥ ⁮ήϦοΜϥ[40, 43] ʻ 

 ТйАЎрϽ τẉϖβ χֲốτνΜοψʼ Υ ήΜϕς Υ Μρ
βϥ ⁮Υ Μ[31, 35, 38, 46] ʻ 1.20 τ Feng ρ Uhlig χТйАЎрϽ ♯ᾓτϢμο
ϣϦθ ρ χḩἰϬꜘβʻ 

 ζχ ʼТйАЎрϽ τֲốϬẉϖβԍ◓ρΰοʼᴛ Ϟד ʼ ӤṓσςχḕẽΥ
ấΫϣϦϥ Т̒йАЎрϽ τẉϖβᴛ χֲốτνΜο H̓urricks ψʼ ‫χ♯ᾓ Ϭ
ΜοםᾓϬ“μθὫᴮʼТйАЎрϽ ψᴛ ρρϜτᾚ βϥρ ⁮ΰοΜϥ[47, 

48] ʻϘθʼᶾ ρḵ ϜʼṐᵣ  ‫ S45C ΣϢόІГрйІ‫ SUS304 χ♯ᾓ Ϭ
ΜοםᾓϬ“μθὫᴮʼ 1.21 τꜘβϢΞτʼТйАЎрϽ ψᴛ ρρϜτᾚ

ΰʼ300̆πψעᴛχ 1/10 ӟᴞτσϥάρϬ ⁮ΰοΜϥ[49] ʻТйАЎрϽ τẉϖβ
ד χֲốτνΜοʼFeng ρ Uhlig ψʼТйАЎрϽ ψ ד χ ᴥρρϜτᾚ β
ϥρ ⁮ΰοΜϥ[31] ʻ ρ ψʼ ρṐᵣ χ νχ βϥ⌠ τϢμ
οʼ ψ ד 30ï40%πΩ τσϥρ ⁮ΰοΜϥ[46] ʻ 
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1.19 Feng Uhlig ︡ [31] 

 
 
 

 
 

1.20 Feng Uhlig [31] 
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1.21 [49] 

 
 
 ТйАЎрϽτϢμο ế Ϭ ᴞήδϥТйАЎрϽ τḩβϥᾆẕτνΜοψʼ

⁯ πψ 1960 Τϣ 1970 τΤΪοʼ Ψχᾆẕ ᴮΥ ⁮ήϦοΜϥ[50ï61] ʻ
כּ τΣΜοψʼρϤϩΪּכ꞊ρּכ χψϛΚΜ τ βϥТйАЎрϽτϢϥ

Φ Υ ρσμοΜϥ[62ï67] ʻ 

 ТйАЎрϽ ế τẉϖβ χֲốτνΜοʼ ᴎρ ψʼ‰ ϦήϦθ
Ṑᵣ  ‫ S35C Ϭ ΜοТйАЎрϽ ♯ᾓϬ“μθὫᴮʼ ế ψ Υ
10 ɛm πΩ ρσϤʼζϦӟ πψТйАЎрϽ χֲốϬ Ϊο ΦΨσϥρ ⁮ΰο
Μϥ[54] ʻ 

 ТйАЎрϽ ế τẉϖβ χֲốτνΜοʼק ϣψʼ ‫Ϭ ΜοТйА
ЎрϽ ♯ᾓϬ“μθὫᴮʼ Υ Μϕς ế Υ ᴞβϥρ ⁮ΰοΜϥ[58] ʻ
άχ ψʼ Υ Μρ ╗ Υ ΦΨσϤʼ σΦ Υ βϥθϛρΰοΜϥʻ 

 ψϛΚΜ χТйАЎрϽ ế Ϭΰ ήδϥ ρΰοʼ ϣϞ ᴎϣψʼת
ᴟ Υ ῟πΚϥρ ⁮ΰοΜϥ[68, 69] ̒ת ᴟ τϢμο τἹ ήϦϥᴟ

› ΥТйАЎрϽτϢμο βϥ Φ τ βϥ ΌϬ‰ϛϥθϛρΰοΜϥʻ 
 Ϙθʼ ᴎϣψʼЩІχ ΥψϛΚΜ Τϣ ΰθἹ ʼβσϩκϷ˔НМрϽτ
βϥρʼЩІρ꞊χḧχ Υ ήΨσϥ[53] θϛʼТйАЎрϽ χ Υ τᾚ
βϥρ ⁮ΰοΜϥ[70] ʻζχθϛʼ ḅ כ꞊ρּכχּכּ χψϛΚΜ τΣΜοψʼ
1.22 τꜘβϢΞτʼּכ ЩІχ Υּכ ℅χ ϢϤּכ꞊ ״ τЄТЕήδϥάρτϢ
μοʼТйАЎрϽ χ Ϭ ΰοΜϥ[71] ʻ 
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וֹףּ 1.22 ṇ [71] 

 
 
 ϣψʼϷ˔НМрϽχϕΤʼк˔жНИЄрϽᴥῬ[72] ϜТйАЎрϽ τ ΰ
ο ῟πΚϥάρϬ ⁮ΰοΜϥ[15] ʻк˔жН˔ИрϽᴥῬτϢμο꞊χ τ ήϦ
ϥ▪ ӊ ᴂ Υ ế Ϭ‰ϛϥθϛρΰοΣϤʼםṐχ‫ ӊט ếк˔и꞊τ
ήϦοΜϥʻ 
 ήϣτʼТйАЎрϽτϢμο βϥ Φ Ϭ ᾚήδϥ ρΰοʼ ∩ϣψʼ

כּ ꞊χψϛΚΜכּ τ ᵔϛμΦχ ᵠלϬ ΰοТйАЎрϽ Ϭ ♁β
ϥάρϬ ӛΰοΜϥ[73ï75] ʻ 

 

 

1.3  
 
 1.2.2 π‮ ϓθТйАЎрϽτḩβϥ ᾆẕχ ΨψםᾓעйЦиπΚϤʼԁ χ Ὧ
ΣϢόԁ χḕẽᴞπ“ϩϦοΜϥʻΰΤΰσΥϣʼּכ꞊꞊ Υם∑τ► ήϦϥ ὯϞḕ
ẽψԁ πσΨʼⱲˑ⁭ˑρ ᴟβϥʻϘθʼТйАЎрϽ ψ βϥ 2 ḧχ

χֲốϬ Ϊϥάρψ ϣΤτήϦοΜϥϜχχʼᾆẕּיέρτ♯ᾓṐϞםᾓ ὯΥӰσ
ϥθϛʼםᾓὫᴮτωϣνΦΥᾋϣϦϥʻϠΠτʼТйАЎрϽ ψ τ ϣΤτήϦ
οΜϥρψΜΠσΜʻΰΤϜʼ ᾆẕχ Ψψ χ ᴣΥ Ӭσ Ἱ π“ϩϦο
ΣϤʼ ᾆẕπ ρβϥּכ꞊꞊ χ ρῇϐθχ τΣΪϥТйАЎрϽχ Ἱ

ʼβσϩκ Ἱ ρψӰσϥʻήϣτʼ Ἱ πχ♯ᾓψ 2 ḧχ ӊΥỡ
ԁσ π“ϩϦοΜϥΥʼם χּכ꞊꞊ χ ρῇϐθχḧχ ӊΥỡԁσ Ϭ
ꜘΰοΜϥΤψ πΚϥʻӟ χάρΤϣʼם χּכ꞊꞊ Ϭ ΜοᾆẕϬ“Ξάρψ

τ ӪṰπΚϥʻ 

 Ϙθʼ כּ τΣΜοψʼάϦϘπτּכ꞊ρּכ χψϛΚΜ τ βϥТйАЎрϽ
τḩβϥᾆẕψ“ϩϦοΜϥΥʼּכ꞊꞊ χ ρῇϐθχ π βϥТйАЎ

рϽ τḩβϥᾆẕψ“ϩϦοΜσΜʻ 

 ζάπ ᾆẕπψʼם χּכ꞊꞊ Ϭ Μο ρῇϐθχḧχ ӊ Ϭ ΰʼ
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ӊΥּכ꞊꞊ χТйАЎрϽτẉϖβֲốτνΜο ϣΤτβϥρρϜτʼּכ꞊꞊
χ ρῇϐθχ π βϥТйАЎрϽ χ ♁τνΜοχᾁ Ϭ ρβϥʻ 

 

 

1.4  
 
 ψӟᴞτꜘβ 7 Τϣ  ήϦϥʻ 1.23 τ χ  ϬꜘβρρϜτʼᶆ
χᵵ Ϭӟᴞτ ϓϥʻ 

 1 ˮ ˯πψʼ ᾆẕχ ὂΣϢόḩ βϥ χᾆẕτνΜο ϓʼ χ
ρ  Ϭꜘβʻ 

 2 ˮТйАЎрϽ τẉϖβ ӊχֲố˯πψʼּכ꞊꞊ χ ρῇϐθχ
π βϥТйАЎрϽϬ ♁βϥθϛχ ᾋϬ ϥθϛτʼּכ꞊꞊ τΣΪϥТйА

ЎрϽχ™ᾝ♯ᾓϬם☼ΰʼТйАЎрϽτϢϥּכ꞊꞊ χ Ϭ ₰βϥʻϘθʼּכ
꞊꞊ χ ρῇϐθχḧχ ӊϬ ΰʼ ӊΥּכ꞊꞊ χТйАЎрϽ τ
ẉϖβֲốτνΜοᾁ βϥʻ 

 3 ˮ ὓᵠ τϢϥТйАЎрϽ ♁├χᾁ ˯πψʼ 2 π ϣϦθ ᾋτ
ṁξΜοʼ ϛτӊ ΥπΦϥιΪỡԁτσϥϢΞσῇϐθχἹ Ϭ ᾢ ᵔ τ
Ϣμοᾁ βϥʻⱳτʼ ᾢ ᵔ ὫᴮτṁξΜο♯⌠ΰθῇϐθρם χּכ꞊꞊ Ϭ

Μοʼ ρῇϐθχḧχ ӊ Ϭ βϥρρϜτʼ ᵕ ♯ᾓϬם☼βϥά
ρτϢμοʼ―ӛΰθῇϐθἹ χТйАЎрϽ ᾚϒχ῟ᴮτνΜοᾁ βϥʻ 

 4 ˮ∙ τϢϥТйАЎрϽ ♁├χᾁ ˯πψʼῇϐθχ ρχ
τ 3 χל‌ Ϭ ΰʼТйАЎрϽ τ βϥ ♁῟ᴮτνΜοᾁ βϥʻ 

 5 ˮТйАЎрϽ τ βϥЈϽЮрЕ  ל‌ χ ♁῟ᴮ˯πψʼ 4 π
ϣϦθ ᾋτṁξΜοʼῇϐθχ ρχ τЈϽЮрЕ  ϬϜνל‌ Ϭ

ΰʼТйАЎрϽ τ βϥ ♁῟ᴮτνΜοᾁ βϥʻ 

 6 ˮ ὓᵠ ρ∙ Ϭ ϙ›ϩδθТйАЎрϽ ♁├χᾁ ˯πψʼ 3

ρ 5 χ ᴮϬ ϘΠοʼ ὓᵠ ρ∙ Ϭ ϙ›ϩδϥάρτϢμοʼТйАЎ
рϽ τ βϥ ♁῟ᴮτνΜοᾁ βϥʻ 

 7 ˮὫ ˯πψʼ ᾆẕπ ϣϦθ ᴮϬ ᶧΰθ πʼ₈ῇχᴿ τνΜοϜ ϓ
ϥάρτϢμοʼ χὫ ρβϥʻ 
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1.23  

1

ʾ ᾆẕχ ὂ
ʾТйАЎрϽχ Ⱨ ρ χᾆẕ
ʾ ᾆẕχ

2
ТйАЎрϽ τẉϖβ ӊχֲố
ʾТйАЎрϽχ™ᾝ♯ᾓ
ʾТϰиЭ꜠ӊ ЈрЂϬ Μθ ӊ
ʾּכ꞊꞊ χТйАЎрϽ ЮϸИЇЭχ

4
∙ τϢϥ
ТйАЎрϽ ♁├χᾁ
ʾל‌ χ
ʾ ᵕ ♯ᾓΣϢόὫᴮ
ʾ∙ τϢϥᴿ

5
ТйАЎрϽ τ βϥ
ЈϽЮрЕ  ל‌ χ ♁῟ᴮ
ʾЈϽЮрЕ  ל‌ χ
ʾ ᵕ ♯ᾓΣϢόὫᴮ

6
ὓᵠ ρ∙ Ϭ ϙ›ϩδθТйАЎрϽ ♁├χᾁ

ʾ♯⌠ΰθῇϐθϬ Μθ ᵕ ♯ᾓΣϢόὫᴮ
ʾТйАЎрϽ ♁├χ ӛ

7
Ὣ
ʾ ᾆẕχ ᴮ
ʾ₈ῇχᴿ

3
ὓᵠ τϢϥ

ТйАЎрϽ ♁├χᾁ
ʾ ᾢ ᵔ τϢϥῇϐθἹ χᾁ
ʾ―ӛΰθῇϐθϬ Μθ ӊ
ʾ ᵕ ♯ᾓΣϢόὫᴮ
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2  

︣  
 

 

 

2.1  

 
 1.1 π ϓθϢΞτʼ כּ ꞊꞊כּ ψʼּכ τϢμο⌠ βϥжЅϯи
ᴻ ρ “ χּכ χ ϦσςτϢμο βϥϯϺЄϯиᴻ Ϭ◦Πϥʻּכ꞊꞊
ΥжЅϯиᴻ Ϭ ᴻήϦσΥϣᵕ βϥρʼּכ꞊꞊ Υ︡Ϥ ΪϣϦοΜϥּכ꞊ τ
ᵕ ỚΫτϢϥθϩϙΥ βϥθϛʼּכ꞊꞊ χ ρּכ꞊꞊ χ꞊ ΰχ︡ Ϊ
ӡ ϬὨ βϥῇϐθχ τΣΜοТйАЎрϽΥ γϥʻТйАЎрϽτϢμ
οỲ Υ ΰ ꞊꞊כּ̓ χ τ βϥρʼ꞊ Υ ΰθϤʼ ᶪ−Υ
ᴟΰθϤβϥ Υ γϥʻήϣτʼּכ꞊꞊ χ꞊ ΰχ︡ Ϊӡ χ ϬԏΦṞ
άβᴦ Ϝ―ΠϣϦϥʻּכ꞊꞊ χТйАЎрϽ ├ρΰοψʼ ρῇϐθχḧ
τ O зрϽ[4] ϞЁЭ Φ [5] Ϭ βϥ σςΥ ӛήϦοΜϥΥ Μ̓γϦϜ
ТйАЎрϽ χ꞊ ϒχ Ϭ ♁βϥάρψᴦ πΚϥϜχχʼТйА
ЎрϽζχϜχχ Ϭ₢ τ ♁βϥάρψπΦσΜʻϘθʼ ρῇϐθχḧ
τ Ϭ βϥάρψʼ Υ Πϥ τʼ ο⌠ỘⱲτ︡ ΪЬІϬԏΦ
Ṟάβᴦ ΥΚϥ ΰ̒ΤΰσΥϣʼ Ϭ ϞβάρσΨ ꞊꞊כּ̓ χТйАЎ
ррϽ χ ├Ϭ„γϥ︣ τνΜοχᾆẕψᾋ θϣσΜθϛʼζχᵫ ΥẐϛ
ϣϦοΜϥʻ  

כּ  τΣΜοψʼ1.2.2 π‮ ϓθϢΞτʼּכ꞊ρּכ χψϛΚΜ τ βϥ
ТйАЎрϽτḩβϥᾆẕ[71] ψ“ϩϦοΜϥΥʼּכ꞊꞊ χ ρῇϐθχ
τ βϥТйАЎрϽτḩβϥᾆẕψ“ϩϦοΜσΜʻζάπʼּכ꞊꞊ χТйА
ЎрϽϬ ♁βϥθϛχ ᾋϬ ϥθϛτʼϘγּכ꞊꞊ τΣΪϥТйАЎрϽχ™
ᾝ♯ᾓϬם☼ΰ Т̓йАЎрϽτϢϥּכ꞊꞊ χ Ϭ ₰ΰθ ⱳ̒τ ꞊꞊כּ̓
χ ρῇϐθχḧχ ӊ Ϭ ΰʼ ӊΥּכ꞊꞊ χТйАЎрϽ

τẉϖβֲốτνΜοᾁ ΰθʻ 
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2.2  

 

2.2.1  

 
 ™ᾝ♯ᾓτ► ΰθ꞊ ψʼ כּ ꞊꞊כּ ρΰο ḅ ⧵Τϣכּ כּ
ϘπῲΨ► ήϦοΜϥϽз˔І Ἱ βΜάϧ꞊ד πΚϥʻ 1.4 τꜘΰθ
꞊꞊כּ χם χϸАЕЯДиϬ 2.1 τꜘβ ™̒ᾝ♯ᾓτ► ΰθ꞊ χᵰἺʼ Ἲ
ΣϢό χᶆ ψʼζϦηϦ 220 mmʼ 120 mm ΣϢό 155 mm πΚϥʻ χ∙ל
ψṐᵣ  ›Ỳ‫s SNCM420 χx ∙πΚϤʼ χ‌ήψ 58ï62 HRCs 653ï

746 HV ˣπΚϥʻԁ ʼῇϐθχ∙לψṐᵣ  ‫ S45C χ σϣΰ∙π
ΚϤʼ‌ήψ 167ï229 HBWˢ173ï243 HV ˣπΚϥʻּכ꞊꞊ χ πΚϥῇ
ϐθχ∙לτψ ‫ϘθψṐᵣ  ►‫Ϭ βϥάρΥ◙ ήϦοΜϥ[77] ʻ
άϦψʼῇϐθΥּכ꞊꞊ χ꞊ ΰχӡ ϬὨ βϥθϛχ πΚϤʼῇϐθτ꞊

χϢΞσ ΥϤ Ϟ ΥẐϛϣϦσΤμθάρΥ ρ―ΠϣϦϥʻ
σΣʼ ρῇϐθψּכ꞊τ ϘϤωϛπ︡Ϥ ΪϣϦοΣϤʼ χיּ Υד

ΰτ βϓϤ֫ Ϭ“ΞάρψσΜ Ϙ̒θʼ ρῇϐθχ τψ ζ̓ϦϣϬּכ
꞊τ︡Ϥ Ϊϥ∑τּכ꞊χ ϒχΤαϤϬ ♁βϥθϛτʼῡή 5 ɛm χзр▒ת

Υ☼ήϦοΜϥʻ  

 2.2 ΣϢό 2.3 τ™ᾝ♯ᾓ χּכ χ ρ ῇ̓ϐθχ ρχ
ˢӟᴞ ῇ̓ϐθ ρΜΞ χxᵰḢΣϢό Ớ ϬζϦηϦꜘβʻ τψ
ᾆ⌡₥Υ ϛϣϦϥʻ Ớ ψᶴ꜠ᵓּז ∩ᾆẕ ή Ṑs ἷ꜠ʿ SE3500ˣ
Ϭ Μο Ἲ ΰχ Ἲ ΤϣᵰἺ τΰΪο ΰθʻ ΣϢόῇϐθ

χ▄ ỡ ή Ra ψζϦηϦ 0.41 ɛm ΣϢό 0.78 ɛm πΚμθʻ  

 
 

 
 

2.1 ︡ [76] 
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2.2.2  

 
 ™ᾝ♯ᾓτψ῝׃∞ ›Ṫ ᾆẕ Υ βϥּכ꞊꞊ Ẇ♯ᾓ Ϭ

Μθʻ 2.4 τּכ꞊꞊ Ẇ♯ᾓ χᵵ Ϭꜘβʻ πψם χ כּ
꞊꞊כּ τʼԁ Ϙθψ ᴻ ρΰοʼжЅϯиᴻ ΣϢόϯϺЄϯиᴻ Ϭ ᴻ
ήδσΥϣᵕ ♯ᾓϬΩ 2 ᾤϘπ Ⱳτ“Πϥ Ϭ ΰοΜϥʻ♯ᾓ ψּכ꞊
꞊ χ ♯ᾓ [78] τʼ♯ᾓ꞊ τ ᴻβϥжЅϯиᴻ ΣϢόϯϺЄϯиᴻ
ψ ὓ▄ [79] τṁξΜοʼζϦηϦ ΰθʻ 2.1 τ♯ᾓ ὯϬʼ 2.5 τ™
ᾝ♯ᾓχ֫ ОЌ˔рϬζϦηϦꜘβʻ֫ ОЌ˔рψʼּכ꞊꞊ χ ᵔᾁ₰Υ“ϩ
Ϧϥԁ σ “ẩ πΚϥ 60  km ˢ χ ᵕ Υ 231.5Ĭ106 ᵕ ˣτ

βϥϘπ Ⱳ̓ὓᵕϤρ ⱲὓᵕϤχἣϤ ΰρΰθ σ̒Σʼ֫ χ꞊ ᵰ χ
ᴛ ψ ♯ᾓ χṛᶊ ˢ Ӥᴛ ˴70 K ӟᴞˣπʼ Ӥᴛ τ ΰοΩ‰π

40 K ΰθʻ  

 

2.2.3  

 
 2.6 ΣϢό 2.7 τ™ᾝ♯ᾓῇχּכ χ ρ ῇ̓ϐθ χᵰḢΣϢ
ό Ớ ϬζϦηϦꜘβʻзр▒ת χψΨ τϢμοΜγϦχ τϜ Υ
ϛϣϦʼ τψ ᶬ τ ΰθϽз˔ІΥ ΰοΜϥʻТйАЎрϽ ψ
ԁ τ ᶬ χ▒ᴟ ˢ ˣs ХЫЌϱЕʼŬ Fe2O3ˣρΜϩϦοΜϥ[80] θϛʼТйА
ЎрϽ ΥϽз˔Іτ₤ βϥρʼϽз˔Іψ ᶬ τ βϥʻᵕ ♯ᾓῇχ
ῇϐθρ ΰοΜθ τψ ᶬ τ ΰθϽз˔ІΥ ΰοΜϥάρ
Τϣʼ ρῇϐθ χ ψТйАЎрϽ πΚμθρΜΠϥʻ
2.6(c) χ Ớ Τϣʼ χТйАЎрϽ ψ Ἲ ΰχᵰἺ π ΦΜ
άρΥϩΤϤʼ ήψΩ 0.06 mm πΚϥʻԁ ʼ 2.7(c) τꜘΰθῇϐθχ
ТйАЎрϽ Ϝ Ἲ ΰχᵰἺ π ΦΨʼ ήψΩ 0.11 mm πΚϥʻ
ТйАЎрϽ ψד ΰχΜγϦχ τΣΜοϜ Ἲ ΰχᵰἺ π ΦΜἱ
ΰτΚμθʻσΣʼ Ớ χ ӡ ψ 2.2(c) ΣϢό 2.3(c) ρ απΚϥʻ  
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2.1  

 

♯ᾓᴻ  
жЅϯи  87.4 kN 

ϯϺЄϯи  Ñ14.7 kNˢ5 s έρτ 5 s ḧ ᴻˣ  

Ω‰ᵕ  1930 minī1 

ᵕ ΰ  ⱲὓᵕϤʼ ⱲὓᵕϤˢ120 min έρτ ˣ  

Ẁ  ˢ 10 m/sˣ 

 
 

 
 

(a)  

 

 
 

(b)  

 
2.5 ṇ  
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Ⱳḧʼmin

ᵕ
ʼ

m
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2.3  

 

2.3.1  

 
꞊꞊כּ  χ ρῇϐθχḧχ ӊρТйАЎрϽ χ χḩἰϬ
₰βϥθϛʼ ḧχיּ ӊ Ϭ Tekscan, Inc. ТϰиЭ꜠ӊ ὓ ЄІГ
ЭϬ Μο ΰθʻ 2.8 τ ӊ χ τ► ΰθЈрЂϬꜘβ Ј̒рЂ
χἹ ψ ρῇϐθχ ρ Ἱ ρσϥדḕ τ ⌠ΰθʻЈрЂψ 2 χЪ
зϵЎйрГйТЌй˔ЕˢPETˣ Є˔Еπ  ήϦοΣϤʼᴥϩϥ χ Φήτᴂ
αο ṓ Ό Υ ᴟβϥḇӊ ϱрϼΥζϦηϦχЄ˔ЕτԊ╓ήϦοΜϥ ʻ
ЈрЂχῡήψ 0.1 mm πΚϥʻЈрЂχ▫ Ϭ 2.2 τꜘβʻ π► βϥЈр
ЂЄ˔Еχԁ τψ 52 χ ớΥד ΰτ 6.80Áḧᶖπʼ τψ 25 χ ớΥ
Ἲ ΰτ 0.8 mm ḧᶖπζϦηϦԊ╓ήϦοΣϤʼάϦϣχᶊ◓ τ ΪϣϦθ ớχ
ῖ Υᾤ χᾁ ρσμοΜϥʻβσϩκʼЈрЂχᾁ ψ 1300ˢ= 52 Ĭ 25ˣ
πΚϥʻ 2.8 τꜘΰθ Ԋ Υ ớπΚϥ ᶆ̒ᾁ χ ṓ Ό Ϭὓ βϥάρ
τϢμοʼ ΰθӊ χ Φήρ Υ ϣϦϥ σ̒Σ Ј̓рЂЄ˔Еχ ρΰο
ᶆᾁ χḇ ΥӰσϥθϛʼΚϣΤαϛṌ χᴻ ϬᴥΠο  Ϭ“μθʻ  

 
 
 

 
 

2.8  

 
 
 
 
 
 
 
 

ЌУ 
ớ 
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2.2  

 
Ω ᾁ ᴦ ӊ  Ω 172.375 MPa 

ớḧᶖ  
ד ΰ  6.80Á 

Ἲ ΰ  0.8 mm 

ớ  
ד ΰ  52  

Ἲ ΰ  25  

ᾁ  1300  

ᾁ  
ᵰἺ  159.6 mm 

Ἲ  123.1 mm 

ῡή 0.1 mm 

 ˶3.5 % 

ᵔ  0.6 MPa 

 

 

2.3.2  

 
 ӊ ψʼ ρῇϐθχḧτЈрЂϬ ΰθ ꞊ Ϭ♯ᾓ
χ︠꞊τӊ ΰθῇʼ꞊ ΣϢό ЁЭϬᵒΰοжЅϯиᴻ χϙϬᴥΠοם☼ ΰ
θʻ ꞊ ψ ™̓ᾝ♯ᾓτ► ΰθ꞊ ρ αᾦό ‹ˢ꞊ χ σςχ▫ Ϭ

βṜ‹ χxϜχϬ► ΰθ Ϙ̒θ ж̓Ѕϯиᴻ χ ΦήΥ ӊ τẉϖβֲ
ốϬᶎ βϥθϛʼжЅϯиᴻ χ ᴻ ὯϬ 0 kNˢ ᴻˣ̓ 30 kNʼ50 kN ΣϢό
70 kN ρΰθʻήϣτʼ︠꞊χӡ τϢϥ ӊχ ᴟϬᶎ βϥθϛʼ︠꞊Ϭᵕ
ήδο 90Áḧᶖπ ӊ ϬζϦηϦ ΰθʻ 2.9 τЈрЂχ︡ Ϊ Ϭʼ

2.10 τ꞊ ΣϢό ЁЭϬ ΰθ ệϬζϦηϦꜘβʻσΣʼ ꞊
ΥжЅϯиᴻ Ϭ Ϊϥ Ϭ ᴻ ρΜΜʼ ♯ᾓχ ᴻ ψר ΰχ ρσϥ  ̒
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וֹ 2.9  

 
 

 
 
 

2.10  
 

 

2.3.3  

 
 2.11 τʼ ꞊ τжЅϯиᴻ ϬᴥΠσΜ ᴻ ˢ0 kNˣτΣΪϥ

ӊ χ ὫᴮϬꜘβ σ̒Σ Ј̓рЂЄ˔ЕχЌУχӡ τψᾁ ΥσΜθϛʼ
ζχӡ χӊ ψ ϣϦσΜˢ 2.8 ╥ ˣ̒ ρῇϐθχḧχ ӊψ τϩ
θμο ΰοΣϤʼ τ Ἲ ΰχᵰἺ τ‰Μ ӊΥ ϛϣϦϥʻжЅϯи
ᴻ ΥᴥϩϣσΜ ›ʼד ΰτψỡԁσ ӊΥ βϥρ ήϦϥΥʼ

ӊ ψỡԁπσΜ ά̒χ π︠꞊Ϭ 90Áḧᶖπᵕ ήδο ӊ Ϭ
ΰθὫᴮʼ ӊ τ ᴟΥ ϛϣϦσΤμθάρΤϣʼ ӊψ︠꞊χᵕ  

PC Д˔Ќ  ǁƖƪǄƤƿ 

︠꞊ 

жЅϯиᴻ  
ЁЭ 

꞊  

ᴻ  

ᴻ  

꞊  ТϰиЭ꜠ӊ ЈрЂ 

︠꞊ 

ῇϐθ 

ЈрЂЄ˔Е 
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ᴻ  

 
ᴻ  

 
2.11 ṕ 0 kNṖ  

 
 
τϢϥֲốϬ Ϊγʼ ꞊ Ϭ︠꞊τӊ ΰθ∑χ ρῇϐθχ πὨ
Ϙϥρ―ΠϣϦϥ Ϙ̒θ ж̓Ѕϯиᴻ ϬᴥΠθ ›τΣΜοϜʼ ӊψ ρῇ
ϐθχ χֲốϬ Ϊθʻζάπʼ ꞊ τжЅϯиᴻ Ϭ ᴻΰθρΦ
χ︠꞊χθϩϙτρϜσΞ ӊχ ᴟϬᶎ βϥθϛτʼжЅϯиᴻ Ϭ ᴻΰ
θ ›χ ӊΤϣжЅϯиᴻ 0 kNˢ ᴻˣχ ӊϬ₯ΰԏΜθ ᴟ Ϭ
Ẑϛθʻ  

 2.12 τ ꞊ τжЅϯиᴻ Ϭ ᴻΰθρΦχ ӊχ ᴟ Ϭꜘβʻж
Ѕϯиᴻ Υ ᴥβϥτνϦοʼ ᴻ χ ӊψᾚ ΰʼ ᴻ χ ӊΥ

ᴥΰοΜϥʻήϣτʼΜγϦχᴻ ὯτΣΜοϜ ӊχ ᾚψ Ἲ ΰχᵰ
Ἲ π ΦΨʼ 2.11 τꜘΰθжЅϯиᴻ 0 kN χ ӊ τΣΜο ᴻ χ
‰Μ ӊϬꜘΰθӡ ρԁ ΰοΜϥʻσΣʼ ꞊ Ϭ♯ᾓ χ︠꞊τ
ӊπӊ ΰθρΦχӊ ψ 210 kN πΚμθθϛʼάχρΦχ ρῇϐθχḧχ

ӊψὓ▄ 25 MPa ρσϥʻ 2.11 τꜘΰθ χ ỡ ӊΥ 25 

MPa πΚμθάρΤϣʼЈрЂψ꞊ χӊ Ϭϕϖ 100 % ΪοΜθρϙσδϥʻ
Ϙθʼ ỡ ӊψᴥΠθжЅϯиᴻ χ ΦήτӢ δγʼϕϖԁ χ 25 MPa

πΚμθʻ  

 ⱳτʼ 2.13 τжЅϯиᴻ 70 kN χρΦτ︠꞊Υԁᵕ βϥ∑χ ӊχ ᴟ
Ϭꜘβʻ ӊχ ᴟϬᶎ ΰθӡ ψʼ 2.11 τꜘΰθ ӊ τΣΜο
Ἲ ΰχΩ ϬꜘΰθᵰἺΤϣ 5.3 mm χ A ρ B πΚϥʻ ӊψ︠꞊
χᵕ τρϜσμο ᾙ τ ᴟΰοΣϤʼ ᴻ ρ ᴻ χ₯ψ 30˙40 MPa π
Κϥʻ  

150 MPa 

0 MPa 

B  A  
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צּ 2.13 ︣  

 

 

2.4  

 

2.4.1  

 
 ӟᴞπψʼ ϛτּכ꞊꞊ χ ρῇϐθχ τΣΪϥ βϓϤ֫ τνΜ
ο ϓθῇʼ™ᾝ♯ᾓτϢμο ϣϦθῇϐθχТйАЎрϽ ρ ḧχיּ
ӊ ρχ ᴂτνΜο―╔βϥʻ  

 2.14 τжЅϯиᴻ χ ᴥτρϜσΞʼ ᴻ τ βϥ ᴻ χ ӊχ
ˢ˹ ᴻ χ ӊ˗ ᴻ χ ӊˣχ ᴟϬꜘβʻ2.3.3 π‮ ϓθϢΞ

τʼ ỡ ӊΥжЅϯиᴻ χ ΦήτϢϣγϕϖԁ πΚμθτϜΤΤϩϣγʼ
ӊχ ψжЅϯиᴻ χ ᴥτνϦο ᴥΰοΜϥʻάχάρΤϣʼ

ӊψжЅϯиᴻ τṞԍβϥּכ꞊χθϩϙτϢμο ᴟβϥρ―ΠϣϦϥʻ 2.15 τ
жЅϯиᴻ Ϭ Ϊθּכ꞊꞊ χ ꜠ ϬꜘβʻσΣʼ ꜠ ψּכ꞊χθϩϙϬᾹ

ΰοϩΤϤϞβΨ ᾝΰθϜχπΚϤʼ ᴻ χ Υ τσϥάρψσΜʻ
꞊꞊כּ τжЅϯиᴻ Υᴥϩϥρʼּכ꞊χ꞊ Υӊ ήϦοΜϥ ψ ⱱκωϤ
ρσμοθϩϚθϛʼ ᴻ χ ӊΥ ᴻ ϢϤ‰Ψσϥ ή̒ϣτʼ ᴻ χ

ψῇϐθτ ΰοᵰἺ τʼ ᴻ πψ Ἲ τ ӡβϥρ―ΠϣϦϥʻζχὫ
ᴮʼ ρῇϐθχ τψ ΰχ σ ӡΥ γϥθϛʼּכ꞊Υᵕ β
ϥρʼ ψ ΰχ βϓϤ֫ Ϭ“ΞάρτσϥʻжЅϯиᴻ Υ ΦΜ
ρּכ꞊χθϩϙψ ΦΨσϤʼ ρῇϐθχ χ βϓϤτϢϥ Ϝ Φ
Ψσϥρ―ΠϣϦϥ ά̒χάρΤϣ ꞊꞊כּ̓ χТйАЎрϽχ ♁├ρΰο ꞊χכּ̓
θϩϙϬ Πϥάρψ ῟πΚϥρ―ΠϣϦϥʻΰθΥμοʼּכ꞊χθϩϙϬ Πϥ 

0 

50 

100 

150 

ӊ
ʼ

M
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B  

A  



34  

 

 
 0 20 40 60 80 

жЅϯиᴻ ʼkN 

 
לּ 2.14  

 
 

 
 
 

2.15  
 
 
︣ χԁνρΰοʼּכ꞊χּכ꞊꞊ ρχψϛΚΜ χ ἺϬ ΦΨβϥάρΥấΫϣ
Ϧϥʻ  

 ⱳτʼ2.2.3 ꞊꞊כּʼτΞϢθΰꜘπ‮ τΣΪϥТйАЎрϽχ™ᾝ♯ᾓχὫᴮʼ
ρῇϐθχ τТйАЎрϽ Υ ΰʼΜγϦϜ Ἲ ΰχᵰἺ π

ΰΤμθʻϘθʼ2.3.3 ʼτΞϢθΰꜘπ‮ ρῇϐθχḧχ ӊ Ϭ ΰ
θὫᴮʼ ḧχיּ ӊχ ᴟψ Ἲ ΰχᵰἺ π‰Τμθʻ ӽρӊ

χ ᴂϬᶎ βϥθϛτʼ™ᾝ♯ᾓτϢμοТйАЎрϽ Υ ΰθῇϐθχ
Ớ Ϭʼ ḧχӊיּ ρχ ᴂτνΜοᾁ βϥʻ  

ӊ
χ

ʼ
%
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 2.16(a) τжЅϯиᴻ 70 kN τΣΪϥӊ χ ὫᴮϬʼ (b) τ™ᾝ♯
ᾓτϢμοТйАЎрϽ Υ ΰθῇϐθ χ Ớ Ϭꜘβʻӊ χ

꞊ψ ᴻ χ ӊΤϣ ᴻ χ ӊϬ₯ΰԏΜθ ʼβσϩκ ӊ
χ Ϭ ΰοΜϥʻῇϐθχТйАЎрϽ Υ ΰΜ ӽψ ӊχ Υ
ΦΜᴷ ρϕϖԁ ΰοΜϥʻ1.2.2 π‮ ϓθϢΞτʼТйАЎрϽ χ ṍ ᵬ
ψổ πΚϥθϛʼ ṍ ᵬτΣΪϥ V ψ Archard χ꜠[81] τϢμοẐϛ
ϣϦϥʻ  

 
 V = ZPL/(3H) (1) 

 
꜠(1)τΣΜοʼ  Z ψ ἰ ʼP ψᴻ ʼL ψβϓϤẩ ʼH ψ ϣΤΜϕΞχ∙
χ‌ήπΚϥʻ꜠(1)Τϣʼᴻ Υ ΦΨσϥρ ψ ᴥβϥʻΰθΥμοʼ ӡ

ΚθϤχᴻ ʼβσϩκ ӊχ Υ ΦΜᴷ πТйАЎрϽ Υ ΰ
Ψσμθ 2.16 χὫᴮψ πΚϥρΜΠϥʻϘθʼХиБ ΰθ 2 ᾧ ḧχ

τ ΰχ ᴻ Υᴥϩϥρʼ ρ ΥἣϤ ήϦϥ ӽπψ Υ γ
ϥΥʼ τ βϥ ӽπψ ψ ασΜάρΥ ⁮ήϦοΜϥ[82] ʻῇϐθχТ  

 
 
 

  
 

(a) ṕ 70 kNṖ 
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йАЎрϽ Υᾒ σ ӽψ τ ρ ΰοΜθ ӽπΚϥάρΤϣʼ ρ
ῇϐθχ τΣΪϥ ψ ḧχיּ ΰχ βϓϤ֫ τϢμο αθρ
ΜΠϥʻ  

 ӟ χάρΤϣʼּכ꞊꞊ χТйАЎрϽψʼּכ꞊χθϩϙτϢϥᵕ ỚΫτṞԍ
ΰθʼ ρῇϐθχ τΣΪϥ βϓϤ֫ τϢμο ΰʼ ӊχ

Υ ΦΜ ӽπТйАЎрϽ Υ ΰΨσϥρ―ΠϣϦϥʻ 
 

2.4.2  

 
 ♯ᾓ χ︠꞊τ ꞊ Ϭӊ βϥρʼ 2.11 τꜘΰθϢΞτʼ ρῇϐθ
χḧχ ӊψ τϩθμο ΰʼ τ Ἲ ΰχᵰἺ τ‰Μ ӊΥ
ϛϣϦθʻζάπʼ ᾢ ˢӟᴞʼFEM ρΜΞˣᵔ Ϭ Μοӊ τϢϥῇϐθ
χ ἹΣϢόᴂ Ϭᶎ ΰθʻ  

 2.17 τᵔ ЯДиϬꜘβʻᵔ ЯДиψʼ χἹ Ϭ ṫΰθУкАϼʼῇϐ
θΣϢόּכ꞊ϬζϦηϦ χ π  ήϦʼζϦηϦΥ z ꞊τ πΚ
ϥάρΤϣ ד̓ ΰχ 1/16 ϬЯДиᴟΰθʻ ψ 19332ʼ ψ 23410 π
ΚϥʻσΣʼᶆ ∙χ ἰ Ϭ 210 GPaʼЪϯЊр Ϭ 0.3 ρΰθʻᴻ Ὧψῇ
ϐθρ βϥ χ χ τ 200 kN Ϭ ᴻ ρΰο ΠθʻϘθʼẽ
ᵦ Ὧρΰοʼ ῇ̓ϐθΣϢόּכ꞊χד ΰϬῺ ΰ ή̓ϣτּכ꞊ЯДиχ₮
χ Ϭḁ Ὼ ρΰθʻ ЯДиπψᶆ ḧχ ╗Ϭ― ΰοΜσΜʻ  

 2.18(a) τᵔ ὫᴮϬ꞊ ΰᴂ χ ρΰοꜘβ ῇ̒ϐθψּכ꞊χГ˔О Ϭδ
Ϥ ΥϥάρτϢμο⁷ Ԋ π Ἲ ΰτᶈ ΰοΣϤʼζϦτρϜσΜ χ
꞊ ΰᴂ Υ Ἲ ΰχᵰἺ π‰ΨσμοΜϥάρΥϩΤϥʻβσϩκʼ ӊ
ψῇϐθχ ἹτӢ βϥʻΰθΥμοʼῇϐθχἹ Ϭ  βϥάρτϢμο

ӊχ Ϭ ήΨπΦϦωʼּכ꞊꞊ τ βϥТйАЎрϽϬ ♁πΦϥρ―Π
ϣϦϥʻⱳτʼ 2.18(b) τ 2.18(a) χ χᶈ ʼσϣότ ρῇϐθχ

τΣΪϥ FEM ᵔ χᵔ ρТϰиЭ꜠ӊ ЈрЂτϢμο ϣϦθםᾓ Ϭ
ᶓΰθὫᴮϬꜘβʻםᾓ ψ 2.11 τꜘΰθ Ἲ ΰχӊ χ ỡ πΚϥʻ

ᵔ Υםᾓ ρϕϖ αἱΰϬꜘΰοΜϥάρΤϣʼ ЯДиψ πΚϥρ―Π
ϣϦϥʻ  
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 2.4.1 π‮ ϓθϢΞτʼ ӊχ Υ ΦΜ ӽρТйАЎрϽ Υ ΰΜ
ӽψԁ ΰοΜθʻ 2.11 τꜘΰθϢΞτʼТϰиЭ꜠ӊ ЈрЂτϢμο ϣϦ

θ ӊ ψד ΰτỡԁπψσΤμθΥʼάχ ρΰοʼ ꞊ Ϭ︠
꞊τ︡Ϥ Ϊθ∑χ ρῇϐθχ χ︡ Ϊ ϞᴥῬ χֲốΥ―ΠϣϦ
ϥʻFEM ᵔ χᵔ ρТϰиЭ꜠ӊ ЈрЂτϢμο ϣϦθםᾓ Υϕϖ αἱ
ΰϬꜘΰθάρΤϣʼFEM ᵔ ψ χֲốϬ ΪσΜӊ Υ ϣϦϥ ῟
σ︣ ρΜΠϥʻ 
 
2.4.3  

 
 άάπψʼּכ꞊꞊ χ ρῇϐθχ τΣΪϥТйАЎрϽ χ Юϸ
ИЇЭτνΜο ϓϥʻ  

 2.4.1 π‮ ϓθϢΞτʼּכ꞊꞊ τжЅϯиᴻ Υᴥϩϥρʼ ⱱκωϤχּכ꞊ψ
θϩϙʼ ρῇϐθχ τ ΰχ σ ӡΥ γϥʻζχ πּכ꞊
Υᵕ βϥρʼᵕ ỚΫτϢμο ΰχ βϓϤ֫ Υ τΣΜο“ϩϦ
ϥʻ βϓϤ֫ ψ ΣϢόῇϐθχζϦηϦχ τ☼ήϦθзр▒ת
Ϭ ήδʼϞΥο τỲ χ Ϭ ᾝήδϥʻ1.2.1 π‮ ϓθϢΞτʼ

ṍ ᵬχТйАЎрϽ ψ χ Υổ ϬṞάβάρτϢμο
γϥ ΰ̒θΥμοʼ ᾝΰθ Υổ ρӱ ϬἣϤ βρʼ Υ ΰοϯУ
йЄУ ϬԏΦṞάβʻϯУйЄУ ψ ΰΜ Ϭήϣτ βϥθϛʼ
ΰΜ ϬԏΦṞάβ σ̒Σʼ ΰθ ψ ṓ χ▒ ρᴟ›ΰοʼ Ψχ

Υ ᶬ χ▒ᴟ ˢ ˣs ХЫЌϱЕʼŬ Fe2O3ˣτσϥϜχρ ήϦϥʻӟ τ
ϓθʼ ήϦϥТйАЎрϽ χЮϸИЇЭϬ 2.19 τꜘβʻ  
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2.5  

 
 πψʼ כּ ꞊꞊כּ χ ρῇϐθχ τ βϥТйАЎрϽϬ

♁βϥθϛχ ᾋϬ ϥθϛτʼּכ꞊꞊ χТйАЎрϽ™ᾝ♯ᾓϬם☼ΰʼּכ꞊
꞊ τ βϥТйАЎрϽτνΜο ₰ΰθʻήϣτʼּכ꞊꞊ χ ρῇϐθχ
ḧχ ӊ Ϭ ΰʼּכ꞊꞊ χТйАЎрϽ τẉϖβ ӊχֲốτ
νΜοᾁ ΰθʻζχὫᴮʼⱳχ ᾋΥ ϣϦθʻ  

ם (1) χּכ꞊꞊ Ϭ Μο™ᾝ♯ᾓϬם☼ΰθὫᴮʼ ρῇϐθχ ΣϢό
Ͻз˔Іχ χ ΤϣםṐρ χТйАЎрϽ Υ™ᾝήϦθʻ  

(2) ΣϢόῇϐθ χ Ớ ΤϣʼТйАЎрϽ ψΜγϦϜ
Ἲ ΰχᵰἺ π ΦΜʻ  

(3) ρῇϐθχḧχ ӊψ τ ΰοΣϤʼ τ Ἲ ΰχᵰἺ τ‰
Μ ӊΥ ϛϣϦθʻϘθʼжЅϯиᴻ Υᴥϩϥρʼּכ꞊꞊ χ ᴻ ρ

ᴻ π ӊψӰσϤʼ ᴻ χ ӊΥ ᴻ ϢϤ‰Ψσϥʻ  

(4)  (1)χ™ᾝ♯ᾓτϢμο ϣϦθῇϐθχТйАЎрϽχ ӽψ ӊχ
Υ ΦΜ ӽτϕϖԁ ΰθʻ  

꞊꞊כּ (5) χТйАЎрϽψʼּכ꞊χᵕ τρϜσμο γϥ χ βϓϤ
֫ τᴥΠοʼ ӊχ χֲốϜ Ϊϥʻ  

꞊χθϩϙΥכּ (6) ӊτֲốϬẉϖΰθάρΤϣʼּכ꞊꞊ χТйАЎрϽχ
♁├ρΰοʼּכ꞊χθϩϙϬ Πϥάρψ ῟πΚϥʻΰθΥμοʼּכ꞊χθ

ϩϙϬ Πϥ︣ χԁνρΰοʼּכ꞊χּכ꞊꞊ ρχψϛΚΜ χ ἺϬ ΦΨ
βϥάρΥấΫϣϦϥʻ  

(7) FEM ᵔ τϢμο ϣϦθᵔ ψТϰиЭ꜠ӊ ὓ ЄІГЭτϢμο
ϣϦθםᾓ ρϕϖ αἱΰϬꜘΰθάρΤϣ F̓EM ᵔ ψ ρῇϐθχ

τΣΪϥ ἹϞᴂ ᵔ τ ΰο ῟σ︣ πΚϥʻ  
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3  

 
 

 

 

3.1  

 
 2 πψʼּכ꞊꞊ χ ρῇϐθχ τ βϥТйАЎрϽϬ ♁βϥ
θϛχ ᾋϬ ϥθϛτʼם χּכ꞊꞊ Ϭ ΜθТйАЎрϽχ™ᾝ♯ᾓϬ“Μʼ

ρῇϐθχ Ϭᶎ βϥρρϜτʼ ρῇϐθχḧχ ӊ Ϭ
ΰʼ ӊΥТйАЎрϽ τẉϖβֲốτνΜο ₰ΰθ ζ̒χὫᴮʼ ρ

ῇϐθχ τ βϥТйАЎрϽ ψʼּכ꞊τӊ ήϦθῇϐθχ ἹΥ
ρχ τֲốβϥάρτϢμοʼ ρῇϐθχ χ Ἲ ΰχӊ
Υ ỡԁτσϤʼ ӊΥ‰ΨσϥᵰἺ π ΰΨσϥάρʼּכ꞊χθϩϙτϢ

ϥᵕ ỚΫτṞԍΰθʼ ρῇϐθχ τΣΪϥ βϓϤ֫ τᴥΠοʼᵕ
τρϜσμο βϥ ӊχ χֲốϜ ΪϥάρϬ ϣΤτΰθʻ  

 ТйАЎрϽ Ϭ ♁βϥθϛτψʼˮ ὓᵠ ˯Ϟˮ∙ ˯τνΜοᾁ β
ϥ ΥΚϥ[83] ʻ πψʼˮ ὓᵠ ˯χḢ Τϣʼּכ꞊꞊ χ ρῇϐθχ

τ βϥТйАЎрϽ Ϭ ♁βϥ︣ τνΜοᾁ ΰθʻТйАЎрϽ
ψʼ2.4.1 θΰꜘπ‮ Archard χ꜠[81] Τϣʼ ӊΥ Ψσϥρᾚ βϥψγπ

Κϥ ά̒χάρΤϣ ᵰ̓Ἲ χ ӊϬ ΨβϥρρϜτʼ χ Ἲ ΰχӊ
ϬỡԁτβϦω Т̓йАЎрϽ Ϭ ᾚπΦϥρ―ΠϣϦϥʻζάπʼ ϛτ

ρῇϐθχ χӊ ΥπΦϥιΪỡԁτσϥϢΞσῇϐθχἹ Ϭ FEM ᵔ
τϢμοᾁ ΰθʻⱳτʼFEM ᵔ ὫᴮτṁξΜο♯⌠ΰθῇϐθρם χּכ꞊꞊
Ϭ Μοʼ ρῇϐθχḧχ ӊ Ϭ βϥρρϜτʼ ᵕ ♯ᾓϬ

βϥάρτϢμοʼ♯⌠ΰθῇϐθχТйАЎрϽ☼ם τ βϥ ♁῟ᴮτνΜ
οᾁ ΰθʻ  
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3.2  

 

3.2.1 ︡  

 
 Ἲ ΰχӊ χỡԁᴟχᾁ ψʼ 2 π► ΰθּכ꞊꞊ ρ αᾦό ‹
χϽз˔І Ἱ βΜάϧ꞊ד Ϭ ρΰθˢ 2.1 ╥ ˣ̒  

 

3.2.2  

 
 2.4.2 π‮ ϓθϢΞτʼּכ꞊τּכ꞊꞊ Ϭӊ βϥρʼᾝ χῇϐθψּכ꞊χГ˔
О ϬδϤ ΥϥϢΞτΰο Ἲ ΰτᶈ ΰʼ ρῇϐθχḧχ ӊψᵰἺ

π‰Ψσϥ ά̒χάρΤϣ ῇ̓ϐθΥ Ἲ ΰτᶈ ΰοϜ ῇ̓ϐθχ ἹΥ ρ
χ τֲốΰσΪϦωʼ ӊχΩ ψ ᴞΰοʼϢϤỡԁσӊ Υ
ϣϦϥρ―ΠϣϦϥʻζάπʼᾝ χῇϐθχϷϱиЄ˔иΰϟΞ τד ΰχ
 Ϭ Ϊοῇϐθχ″ Ϭ ᴞήδϥάρτϢμοʼ ӊϒχῇϐθχ Ἱχֲ
ốϬ ΰʼ Ἲ ΰτπΦϥιΪỡԁσӊ Υ ϣϦσΜΤϬᾁ βϥʻ χ

ήϞӡ ʼ ψӊ τֲốϬẉϖβρ―ΠϣϦϥθϛʼFEM ᵔ τϢμοΩ
Ϝỡԁσӊ Υ ϣϦϥἹ Ϭⱳᾁπ‮ βϥʻ  

 

3.2.3 ṕFEMṖ  

 
 FEM ᵔ Ϭ Μοʼּכ꞊꞊ Ϭּכ꞊τӊ ΰθ∑τ γϥῇϐθχ ἹΣϢόӊ

Ϭᶎ ΰθʻ 3.1 τᵔ ЯДиχԁ Ϭꜘβʻᵔ ЯДиψʼ2.4.2 ρ‮ ʼ
χἹ Ϭḛ ᴟΰο ṫΰθУкАϼʼῇϐθΣϢόּכ꞊ϬζϦηϦ

ˢԁ ʼ᾿ Ϭ ˣχ π  ΰθʻϘθʼζϦηϦΥ z ꞊τ πΚϥ
άρΤϣʼד ΰχ 1/16 ϬЯДиᴟΰʼζχ τ χῺ Ϭ Πʼּכ꞊ЯД
иχ₮ χ Ϭḁ Ὼ ρΰθʻσΣʼᶆ ∙χ ἰ Ϭ 210 GPaʼЪϯЊр
Ϭ 0.3 ρΰ ᶆ̓ ḧχ ╗Ϭ― ΰοΜσΜʻᴻ Ὧψῇϐθρ βϥ χ

χ τ 200 kN Ϭ ᴻ ρΰο Πθʻᵔ τ Μθ ᾢ Ѐ˔Жψ
NX Nastran V8.5 πΚϥʻ 3.2 τῇϐθχϷϱиЄ˔иΰϟΞ τ Ϭ Ϧϥ χ
ᵔ ὫᴮϬ꞊ ΰᴂ χ ρΰοꜘβʻ ΥσΜ ›ʼ ḮπꜘΰθϷϱиЄ˔и
ΰϟΞ χ꞊ ΰᴂ Υ‰ΜάρΥϩΤϥʻ  
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3.1  

 

 
  

 
 

3.2 FEM  
 

 
 ϛτʼ χ ήϬᾁ βϥθϛ ῇ̓ϐθχ ρχ Τϣ꞊ ΰτ 6 mm Ϧ
θӡ τʼᵰἺ Τϣ ή 3 mmʼ6 mmʼ9 mm χ Ϭ ΪοʼζϦηϦ ᴣΰθʻσ
Σʼ χ ψʼ ⌡ᴥῬτϢμο Ϭ ΪϥάρϬ ΰʼ2 mm ρΰθʻ χᴥῬӡ

ψϷϱиЄ˔иΰϟΞ πΚϥΥʼ πψӊ χỡԁᴟτ︠ḴϬ Μθ
θϛ Ϸ̓ϱиЄ˔иχ► ᴦ τνΜοψ― ΰοΜσΜʻ 3.3 τ꞊ ΰᴂ χᵔ
ὫᴮϬʼ 3.4 τ FEM ᵔ ὫᴮΤϣ ϣϦθ ρῇϐθχ χ Ἲ ΰχӊ

ϬζϦηϦꜘβʻ 3.4 τψʼ 3.2 χ FEM ᵔ ὫᴮΤϣ ϣϦθ ΥσΜ ›
χӊ χὫᴮϜꜘΰοΜϥʻ χ ήϬ ΨβϥτνϦοʼ ӊχΩ Ϭ
ꜘβӡ ψ Ἲ τӱ ΰʼ ӊϬ Ϊϥ ӤΥῲΨσμοΜϥ ή̒ϣτʼ
ӊχΩ ψ Ϭ ΪϥάρτϢμοΜγϦϜ ᴞΰοΣϤʼ χ ήΥ 6 mm χ
›τΩϜᾒ πΚϥʻ  

 

ῇϐθ 

 

 ꞊כּ

ᴻ  
200 kN 

q z 
r 

ϷϱиЄ˔и 
ΰϟΞ  

q z 
r 

150 MPa 

0 MPa 
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(a) אלḲ3 mm 

 
 

 
 

(b) אלḲ6 mm 

 
 

 
 

(c) אלḲ9 mm 

 
3.3 FEM  

 

q z 
r 

150 MPa 

0 MPa 
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 Ἲ  Ἲ ΰ ᵰἺ  
 

3.4 FEM פּ  

 

 
 ⱳτʼ χᴥῬӡ Ϭᾁ βϥθϛʼῇϐθχ ρχ Τϣ꞊ ΰτ 6 mmʼ
12 mmʼ18 mm Ϧθӡ τ Ϭ ΪοʼζϦηϦ ᴣΰθʻσΣʼ χ ήψ
ӊχΩ ΥΩϜ ᴞβϥ 6 mm ρΰθʻ 3.5 τ꞊ ΰᴂ χᵔ ὫᴮϬʼ 3.6 τ
FEM ᵔ ὫᴮΤϣ ϣϦθ ρῇϐθχ χӊ ϬζϦηϦꜘβʻ 3.6
τψ ΥσΜ ›χὫᴮϜꜘΰοΜϥʻ ρχ Τϣ 6 mm Ϧθӡ τ Ϭ

Ϊϥρ  ̓ΥσΜ ›χὫᴮρ ᶓΰοʼ ӊχΩ Υ ᴞβϥρρϜτʼ
ӊχΩ Ϭꜘβӡ ψ Ἲ τӱ ΰʼ ӊϬ Ϊϥ ӤΥῲΨσμοΜ

ϥʻԁ ʼ Τϣ 12 mm ρ 18 mm Ϧθӡ τ Ϭ Ϊϥρʼ ΥσΜ ›χὫ
ᴮρ ᶓΰοʼ ӊχΩ ψ ᴞΰʼ ӊϬ Ϊϥ ӤΥῲΨσμοΜϥ
Ϝχχʼ ӊχΩ Ϭꜘβӡ ψ ϩϣσΜʻ  

 

 

 
 

(a) ּפ Ḳ6 mm 

 
3.5 FEM  

 
 

σΰ
3 mm
6 mm
9 mm

  ή 

0 

20 

40 

60 

80 

100 

ӊ
ʼ

M
Pa

 

150 MPa 

0 MPa 
q z 
r 

2 mm 
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(b) ּפ Ḳ12 mm 

 
 

 
 

(c) ּפ Ḳ18 mm 

 
3.5 FEM ṕ Ṗקּ  

 
 
 

 
 Ἲ  Ἲ ΰ ᵰἺ  
 

3.6 FEM פּ  

 
 

σΰ
6 mm
12 mm
18 mm

q z 
r 

150 MPa 

0 MPa 

Τϣχẩ  

0 

20 

40 

60 

80 

100 

ӊ
ʼ

M
Pa

 

2 mm 
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 Ωῇτʼ χ Ϭᾁ βϥθϛ ῇ̓ϐθχ ρχ Τϣ꞊ ΰτ 6 mm Ϧ
θӡ χ 1 ᴷ ʼ6 mm ρ 12 mm χ 2 ᴷ ʼ6 mmʼ12 mmʼ18 mm χ 3 ᴷ τ Ϭ
ΪοʼζϦηϦ ᴣΰθʻσΣʼ χ ήψ ӊχΩ ΥΩϜ ᴞβϥ 6 mm ρ
ΰθʻ 3.7 τ꞊ ΰᴂ χᵔ ὫᴮϬʼ 3.8 τ FEM ᵔ ὫᴮΤϣ ϣϦθ ρ
ῇϐθχ χӊ ϬζϦηϦꜘβʻ 3.8 τψ ΥσΜ ›χὫᴮϜꜘΰο
Μϥ  ̒χ Ϭ ϞβτνϦοʼ ӊχΩ ψ ᴞΰʼ ӊΥ αϥ Ӥ
ψῲΨσμοΜϥʻ  

 ӟ χᾁ ὫᴮΤϣʼῇϐθχϷϱиЄ˔иΰϟΞ τד ΰχ Ϭ Ϊϥά
ρτϢμο ӊχΩ ψ ᴞΰʼᾁ ΰθ ᴥῬ Ὧχ πψῇϐθχ ρ
χ Τϣ꞊ ΰτ 6 mm 1̓2 mm 1̓8 mm Ϧθӡ χ 3 ᴷ τζϦηϦ ή 6 mm
χ Ϭ ΪϥάρΥӊ χỡԁᴟτ ῟πΚϥρ―ΠϣϦϥʻσΣʼῇϐθχϷ
ϱиЄ˔иΰϟΞ τד ΰχ Ϭ Ϊϥάρχὧ ρΰοʼ χ χ꞊ ΰ
ᴂ Υᴂ τϢμο ΦΨσϥάρΥấΫϣϦϥʻϘθʼ ӊχΩ Ϭ
ᴞήδϥθϛτ χ Ϭ Ϟβρʼ  χ꞊ ΰᴂ ψ ΦΨσϥΥʼ π
ᾁ ΰθ FEM ᵔ ὫᴮτΣΪϥ  χ꞊ ΰᴂ ψΩ 225 MPa πΚϤ Ṑ̓ᵣ 

‫ S45C χ‭ Ϭ ΠσΜάρψᶎ ΰοΜϥʻ 

 
 
 

 
 

(a) Ḳ1  

 
3.7 FEM  

 
 
 
 
 
 

150 MPa 

0 MPa 
q z 
r 
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(b) Ḳ2  

 
 
 

 
 

(c) Ḳ3  

 
3.7 FEM ṕ Ṗקּ  

 
 
 

 
 Ἲ  Ἲ ΰ ᵰἺ  
 

3.8 FEM פּ  

0
1
2
3

q z 
r 

150 MPa 

0 MPa 

0 

20 
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80 
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ӊ
ʼ

M
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2 mm 
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3.2.4  

 
 3.2.3 ᾁπ‮ ΰθ FEM ᵔ Ὣᴮχ πʼῇϐθχϷϱиЄ˔иΰϟΞ χ
ρχ Τϣ꞊ ΰτ 6 mmʼ12 mmʼ18 mm Ϧθӡ χ 3 ᴷ τζϦηϦ ή 6 
mm χ ˢ 3.7(c) ╥ ˣϬ ⌡ᴥῬτϢμο ΪϥρʼΩϜỡԁσӊ Υ ϣϦ
ϥάρΥϩΤμθʻζάπʼΩϜỡԁσӊ τσϥῇϐθϬ♯⌠ΰθʻ 3.9 τ♯
⌠ΰθῇϐθχᵰḢϬꜘβʻ  

 

 
  ρχ 
   

 
 

3.9 ︡  
 

 

3.2.5  

 

(a) ּף  

 ♯⌠ΰθῇϐθϬ Μοʼּכ꞊꞊ χ ρῇϐθχḧχ ӊ Ϭ ΰθʻ
ӊ χ τψʼ 2 π► ΰθϜχρ αТϰиЭ꜠ӊ ὓ ЄІ

ГЭϬ Μθˢ2.3 ╥ ˣ̒  

 ӊ ψʼ ρ♯⌠ΰθῇϐθχḧτЈрЂЄ˔ЕϬ ΰθ
꞊ Ϭּכ꞊꞊ Ẇ♯ᾓ χ︠꞊τӊ ΰʼ ЁЭϬ ΰθ꞊ Ϭᵒΰοʼж
Ѕϯиᴻ χϙϬᴥΠοם☼ΰθ ж̒Ѕϯиᴻ χ ᴻ ὯϬ 0 kNs ᴻˣ̓ 30 kNʼ
50 kN ΣϢό 70 kN ρΰθʻσΣʼ ꞊ Ϭ♯ᾓ χ︠꞊τ ӊπӊ ΰθρΦ
χӊ ψ 230 kN πΚμθʻ 3.10 τЈрЂЄ˔Еχ︡ Ϊ Ϭꜘβʻ  
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וֹ 3.10  

 

 

(b)  

 3.11 τʼ ꞊ τжЅϯиᴻ ϬᴥΠσΜ ᴻ ˢ0 kNˣτΣΪϥ
ӊ χ ὫᴮϬꜘβ σ̒Σ Ј̓рЂЄ˔ЕχЌУχӡ τψᾁ ΥσΜθϛʼ

ζχӡ χӊ ψ ϣϦσΜˢ 2.8 ╥ ˣ̒ ρῇϐθχḧχ ӊψ τϩ
θμο ΰοΜϥϜχχ ד̓ ΰπỡԁσ ϬꜘΰοΜσΜ Ϙ̒θʼ Ἲ ΰχ
ᵰἺ πϞϞ‰ΜἱΰΥ ϛϣϦϥʻ꞊ Ϭ︠꞊τӊ ΰθρΦτ ρῇϐθχ

Υỡ τ ΰοΜϦωʼד ΰτỡԁσ ӊ Υ ϣϦϥρ―ΠϣϦ
ϥΥʼם∑τψζϦηϦχ χᴥῬ Ϟӊ Ⱳχ︡ Ϊ χֲốϬ Ϊϥθ
ϛʼ 3.11 χϢΞσ ỡԁσ τσμθρ―ΠϣϦϥʻάάπʼ ӊ χᶆ
ᾁ τΣΪϥ ӊϬ ԁד π ỡΰοẐϛθ Ἲ ΰχӊ Ϭ 3.12
τꜘβʻσΣʼ τψϷϱиЄ˔иΰϟΞ τ ΥσΜᾝ χῇϐθχӊ
ϜꜘΰοΜϥʻϷϱиЄ˔иΰϟΞ τ Ϭ ΪθάρτϢμοʼ ӊχΩ

ψ ᴞΰʼ Ἲ ΰχ ״ ựχ ӊΥ ΰοΜϥάρΥϩΤϥʻάχά
ρΤϣʼῇϐθχϷϱиЄ˔иΰϟΞ τ Ϭ ΪθάρτϢμοʼ Ἲ ΰχӊ

ΥỡԁτựξΜθρΜΠϥʻ  

 ⱳτʼ ꞊ τжЅϯиᴻ Ϭ ᴻΰθρΦχ︠꞊χθϩϙτρϜσΞ
ӊχ ᴟϬ ϓϥθϛτʼжЅϯиᴻ Ϭ ᴻΰθ ›χ ӊΤϣ 3.11 τꜘΰ
θжЅϯиᴻ 0 kN χ ӊϬ₯ΰԏΜθ ᴟ ϬẐϛϥάρτϢμοʼӊ Ⱳχ

ρῇϐθχ χֲốϬ Ạΰθʻ 3.13 τʼ ꞊ τжЅϯиᴻ Ϭ
ᴻΰθρΦχ ӊχ ᴟ ϬꜘβʻжЅϯиᴻ Υ ᴥβϥτνϦοʼ ᴻ

χ ӊψᾚ ΰʼ ᴻ χ ӊΥ ᴥΰοΜϥ ά̒άπ Ϸ̓ϱиЄ˔иΰϟ
Ξ τ ΥσΜᾝ χῇϐθχ ӊχ ᴟ τνΜοψ 2.12 Ϭ╥ ήϦθΜ  ̒

︠꞊ 

♯⌠ΰθῇϐθ 

ЈрЂЄ˔Е 
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ᴻ  

  
ᴻ  

 
3.11 ṕ 0 kNṖ  

 
 

 
 Ἲ  Ἲ ΰ ᵰἺ  
 

3.12  
 
 
ϷϱиЄ˔иΰϟΞ τ ΥσΜ ›ʼжЅϯиᴻ Υ ᴥβϥτνϦοʼ Ἲ
ΰχᵰἺ χỉΜ Ӥπ ӊΥ ᴟΰοΜϥΥʼϷϱиЄ˔иΰϟΞ τ Ϭ

ΪθάρτϢμοʼ Ἲ ΰχῲΜ Ӥπ ӊΥ ᴟβϥϢΞτσμθάρΥ
ϩΤϥʻήϣτʼ 3.13(c) ΣϢό 2.12(c) τꜘΰθʼжЅϯиᴻ 70 kN Ϭ ᴻΰ
θρΦχ ӊχ ᴟ τνΜοʼ ԁד χΩ ΤϣΩ Ϭ₯ΰԏΨάρ
τϢμοẐϛϣϦϥ Ἲ ΰχ ӊχ Ϭ 3.14 τꜘβʻϷϱиЄ˔иΰϟΞ

τ Ϭ ΪθάρτϢμοʼ ӊχ χΩ Υ ήΨσμοΜϥάρΥ
ϩΤϥʻ  

 ӟ χάρΤϣʼῇϐθχϷϱиЄ˔иΰϟΞ τד ΰχ Ϭ Ϊοʼ
ρῇϐθχ χ Ἲ ΰχӊ ϬỡԁτựξΪϥρʼ ӊχΩ Υ
ᴞΰʼζϦτρϜσμο ӊχ χΩ Ϝ ήΨσϥὫᴮΥ ϣϦθʻ  

 ΚϤ
 σΰ

150 MPa 

0 MPa 

0 

20 
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1 mm 
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 ᴻ  ᴻ  

   
 ᴻ  ᴻ  
 
 (a) 30 kN (b) 50 kN 

 
 
 ᴻ  

  
 ᴻ  
 
 (c) 70 kN 
 

3.13  

 

 

50 MPa 

0 MPa 

ī50 MPa 
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 Ἲ  Ἲ ΰ ᵰἺ  
 

3.14 ṕ 70 kNṖ 
 

 

(c)  
 3.2.3 π‮ ϓθϢΞτʼFEM Ϭ Μοᵔ ΰθὫᴮʼῇϐθχϷϱиЄ˔иΰϟΞ

τ Ϭ Ϊϥρʼ ρῇϐθχ χ Ἲ ΰχӊ Υỡԁσ τự
ξΨάρΥϩΤμθʻάχᵔ ὫᴮϬ ϘΠοʼ3.2.4 ʼΰ⌠♯Ϭθϐῇπ‮ ḧχיּ

ӊ Ϭ ΰθʻάάπψʼFEM τϢμο ϣϦθᵔ ρТϰиЭ꜠ӊ
ЈрЂτϢμο ϣϦθ Ϭ ᶓβϥ σ̒Σ 3̓.2.3 ψπ‮ FEM ᵔ χᴻ ὯϬ
200 kN χ ᴻ ρΰοὓ▄ΰθΥʼ ꞊ Ϭ♯ᾓ χ︠꞊τ ӊπӊ ΰ
θρΦχӊ Υ 230 kN πΚμθάρΤϣʼFEM ᵔ τΣΜοϜάχ Ϭ Μο
™ὓ▄ΰθʻ  

 3.15 τӊ χᵔ ρ Ϭꜘβʻ ψʼ 3.11 τꜘΰθ ᴻ
π ϣϦθ ӊ χᶆᾁ τΣΪϥ ӊϬ ԁד π ỡΰοẐϛθʼ

Ἲ ΰχӊ πΚϥʻӊ ψᵔ ρ πϕϖ αἱΰϬꜘΰοΣϤʼ
χΩיּ ψϕϖ ΰΨʼ Ἲ ΰχ ״ ϢϤϞϞᵰἺ τӡ ΰοΜϥʻ  

 ӟ ΤϣʼFEM ᵔ Ϭ ΜοῇϐθχἹ  τϢϥӊ χ ᴣϬ“ΞάρΥ
πΦϥρΜΠϥʻ  

 

 

 
 Ἲ  Ἲ ΰ ᵰἺ  

3.15 ṕ 70 kNṖ 

 ΚϤ
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3.3  

 

3.3.1  

 
 ♯⌠ΰθῇϐθΥТйАЎрϽ χ ♁├ρΰο ῟ΤϬᶎ βϥθϛʼם χ
꞊꞊כּ Ϭ Μθ ᵕ ♯ᾓϬ“μθʻᵕ ♯ᾓτ► ΰθ꞊ ψʼ 2 πᾁ
ΰθ꞊ ρ αᾦό ‹χϜχπΚϥʻ 3.16 τ♯ᾓ χּכ χ χᵰḢ
ρ Ớ Ϭʼ 3.17 τ♯ᾓ χῇϐθ χᵰḢρ Ớ ϬζϦηϦꜘβʻΜ
γϦχ τϜʼзр▒ת τϢϥῡή 5 ɛm χ Υ☼ήϦοΣϤʼ
τψᾆ⌡₥Υ ϛϣϦϥʻ Ớ ψ ή ṐϬ Μο Ἲ ΰχ Ἲ Τϣ
ᵰἺ τΰΪο ΰθʻ ΣϢόῇϐθ χ▄ ỡ ή Ra ψζϦη
Ϧ 0.42 ɛm ΣϢό 0.84 ɛm πΚμθʻ  

 

ףּ 3.3.2  

 
 ᵕ ♯ᾓτψʼ 2.4 τꜘΰθּכ꞊꞊ Ẇ♯ᾓ Ϭ Μθʻ ᵕ ♯ᾓχ
♯ᾓ ΣϢό♯ᾓ Ὧψ 2.2.2 ρ‮ απΚϤ ꞊꞊כּ̓ χ ᵔᾁ₰Υ“ϩϦϥԁ

σ “ẩ πΚϥ 60  km ˢ χ ᵕ Υ 231.5Ĭ106 ᵕ ˣτ βϥϘ
πᵕ ♯ᾓϬ“μθʻσΣʼ֫ χ꞊ ᵰ χ ᴛ ψ Ӥᴛ τ ΰοΩ‰π
51 K ΰθʻ  

 

3.3.3  

 
 3.18 τ♯ᾓῇχּכ χ χᵰḢρ ή Ϭʼ 3.19 τ♯ᾓῇχ
ῇϐθ χᵰḢρ ή ϬζϦηϦꜘβʻ ή ψᶴ꜠ᵓּזϺ˔ϵ
рІ ‰ ϱржϱрФкТϮϱи Ṁˢἷ꜠ʿLJ V7080ˣϬ Μοד ΰτ

ΰθʻ  

 ΜγϦχ τϜ Υ ϛϣϦʼ τψ ᶬ τ ΰθϽз˔ІΥ ΰοΜ
ϥάρΤϣʼ ρῇϐθ χ ψТйАЎрϽ πΚμθρΜΠϥʻ

ψῇϐθρ ΰοΜθ ӽπ ΰοΜϥʻԁ ʼῇϐθ ψ Ἲ
ΰχ ΤϣᵰἺ״ χ π ΰοΜϥʻ  
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(a)  

 
 

  
 

(b)  
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 (a)  (b) אל  

 
3.18  

 
 

    
 
 (a)  (b) אל  

 
3.19  

 
 

ᵰ  
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 3.18 ΣϢό 3.19 τꜘΰθ ή τΣΜοʼ ΥΩϜ ΰΜρ ΰθ
ӽˢ χ Ԋ ˣχ Ḣ╔ρ Ớ Ϭם☼ΰθʻσΣʼᵕ ♯ᾓ ʼ

ρῇϐθψד χ ӡ π῀Μτ ΰοΜθʻ 3.20 ΣϢό 3.21 τʼ♯ᾓῇχ
ΣϢόῇϐθ χᶈ אּ ρ Ớ Ϭꜘβʻ 3.20 τꜘΰθ

χТйАЎрϽ ψ Ἲ ΰτΣΣϢζỡԁπΚϤʼ ήψΩ 0.06 mm
πΚϥʻԁ ʼ 3.21 τꜘΰθῇϐθ χТйАЎрϽ ψ Ἲ ΰχᵰἺ
π ΰΨʼ ήψΩ 0.07 mm πΚϥʻῇϐθ χТйАЎрϽ ψד

ΰχΜγϦχ τΣΜοϜ Ἲ ΰχᵰἺ π ΰΜἱΰτΚϤʼ 3.19(b) τ
ꜘΰθ ή χὫᴮρϕϖԁ ΰοΜϥʻ  

 

3.3.4  

 
 3.3.3 ʼτΞϢθΰꜘπ‮ ρῇϐθ τ ΰθТйАЎрϽ ψ
ד ΰπỡԁπσΤμθʻάχάρψʼ3.2.5 ʼθΰꜘπ‮ ꞊ Ϭ︠꞊τӊ
ΰθρΦχ ӊΥד ΰπỡԁπσΤμθάρˢ 3.11 ╥ ˣρḩ ΰοΜϥ
ᴦ Υ―ΠϣϦϥʻζάπʼᵕ ♯ᾓῇχТйАЎрϽ ρ ӊ χӡ
ḩἰϬᶎ ΰθράϧʼ ή χ π ΥΩϜ ΰΤμθ ӽˢ 3.19 χ

Ԋ ˣρʼ ꞊ Ϭ︠꞊τӊ ΰθ∑τ‰Μ ӊϬꜘΰθӡ ˢ 3.11
χ Ԋ ˣψԁ ΰοΜθʻήϣτʼᵕ ♯ᾓῇχῇϐθ χ Ớ ˢ 3.21
╥ ˣρʼ 3.11 χ Ԋ τΣΪϥ Ἲ ΰχӊ ρχ ᴂϬ ϓοϙϥρʼ
3.22 τꜘβϢΞτʼТйАЎрϽ Υ ΰΜ ӽψ ӊΥ‰Μᴷ ρϕϖԁ
ΰοΜϥάρΥϩΤϥʻӟ Τϣʼּכ꞊꞊ χ ρῇϐθχ τ βϥТй
АЎрϽ χ ψʼ꞊ Ϭּכ꞊τӊ ΰθ∑τ βϥ ρῇϐθχḧχ

ӊχ ΦήχֲốϬ Ϊϥρ―ΠϣϦϥʻ  
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(a) ṕ 0 kNṖ 
 
 

 
 Ἲ  Ἲ ΰ ᵰἺ  
 

(b)  
 

3.22  
 

 

3.4  

 
 2 τΣΜοʼῇϐθ χТйАЎрϽ ӽΥ ρῇϐθχḧχ

ӊχ Υ ΦΜ ӽρϕϖԁ βϥάρϬᶎ ΰθʻάχάρΤϣʼ ρῇϐ
θχ χ Ἲ ΰχӊ ϬỡԁτựξΪϣϦϦωʼ χיּ τ βϥ
ТйАЎрϽ Ϭ ᾚπΦϥᴦ ΥΚϥʻ3.2 π ϓθϢΞτʼῇϐθχϷϱи
Є˔иΰϟΞ τד ΰχ Ϭ Ϊοʼ ρῇϐθχ χ Ἲ ΰχӊ

ϬỡԁτựξΪϥρʼ ӊχΩ Υ ᴞΰʼζϦτρϜσμο ӊχ
χΩ Ϝ ήΨσϥάρΥϩΤμθʻζάπʼ 2 π ϣϦθᵕ ♯ᾓῇχ

 ΥσΜᾝ χῇϐθ τνΜοϜ ή Ϭ ΰ 3̓.3 π ϣϦθὫᴮ
ρ ᶓΰθʻ  

 3.23(a) τ ΥσΜᾝ χῇϐθ χ ή ʼ (b) τ Ϭ Ϊθῇ
ϐθ χ ή ˢ 3.19(b) ρ αˣϬζϦηϦꜘβʻσΣʼ 3.23(a) τ

χᴷ ΥΚϥΥʼάϦψ ₰χθϛτ ΰθθϛπΚϤʼάχ ӽχ
ψ 2.7 τꜘΰθρΣϤπΚϥʻῇϐθ ψ χ τΤΤϩϣγ π  
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 (a) ︡  (b) ּט  

 
אל 3.23  

 
 
ΰοΜϥϜχχʼ Ϭיּ ᶓβϥρʼ Ϭ Ϊθῇϐθ χ Υὖ πΚϥά
ρΥϩΤϥʻ  

 ⱳτʼῇϐθχϷϱиЄ˔иΰϟΞ τΣΪϥ χ τϢϥϽз˔І ϒχ
ТйАЎрϽ χ₤ Ϭ ₰βϥθϛʼᵕ ♯ᾓῇτּכ꞊꞊ χּכ χ

Τϣʼ ⱱṀ χ ΣϢόάϧ τ ΰοΜθϽз˔ІϬ⅜︡ΰʼ
ᶴ꜠ᵓּזзϹϼ ₰ἷὒΊ X Ϭ Μο Ϭ ΰο ᶓΰθʻζχὫ
ᴮϬ 3.1 τꜘβʻσΣʼּכ꞊꞊ τ► ήϦθϽз˔Іχ Ϭ ᴣʾ βϥθϛ
τʼ ›Ṫ ᾆẕ Υ ϛϥḚ ṁ ϬṜΰοΜϥ[84] ʻάχḚ ṁ ψם
∑τ “ΰθּכ χּכ꞊꞊ Τϣ⅜︡ΰθϽз˔Іχ Ὣᴮ[85] τṁξΜο ϛϣ
ϦθϜχπΚϥʻ  

 ⱱṀ χ ΣϢόάϧ Τϣ⅜︡ΰθϽз˔Іχ ψΜγϦϜῇϐθ
τ Ϭ ΪθάρτϢμο ᴞΰοΜϥʻ τ ῇ̓ϐθρχ τựΜ ά̓ϧ
Τϣ⅜︡ΰθϽз˔Іχ χ ᴞΥᾒ πΚϤ Ḛ̓ ṁ χ 1.0 wt%ϬᴞᵕμοΜ
ϥʻ  

 
3.1 ︡ ṇ  

 
 ⱱṀ χ  άϧ  

 ΚϤ  0.14 wt% 0.16 wt% 

 σΰ  0.21 wt% 2.88 wt% 

Ḛ ṁ  Ò 1.0 wt% 

0 

0.2 

0.1 

(mm) ₰χθϛτ  
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 ӟ χάρΤϣʼῇϐθχϷϱиЄ˔иΰϟΞ τ Ϭ Ϊο ρῇϐθχ
χ Ἲ ΰχӊ ϬỡԁτựξΪϥρʼ ρῇϐθχ τ βϥТ

йАЎрϽ Ϭ ᾚπΦϥρ―ΠϣϦϥʻ  

 

 

3.5  

 
 πψʼῇϐθχϷϱиЄ˔иΰϟΞ τד ΰχ Ϭ Ϊοʼ ρῇϐ
θχ χ Ἲ ΰχӊ ϬỡԁτựξΪϥάρϬ ӛΰθʻζχ῟ᴮϬᶎ
βϥθϛτʼ ӊ ρ ᵕ ♯ᾓϬם☼ΰθὫᴮʼӟᴞχ ᾋΥ ϣϦ
θʻ  

(1) ρῇϐθχ χ Ἲ ΰχӊ ΥπΦϥιΪỡԁσ τσϥϢ
ΞσῇϐθχἹ Ϭ FEM ᵔ Ϭ Μοᾁ ΰθὫᴮʼῇϐθχϷϱиЄ˔иΰ
ϟΞ τד ΰχ Ϭ Ϊϥρʼ ρῇϐθχḧχ ӊχΩ ψ
ᴞΰʼ Ἲ ΰχӊ Υỡԁσ τựξΨάρΥϩΤμθʻ  

(2) FEM ᵔ πᾁ ΰθ πΩϜỡԁσӊ Υ ϣϦϥ ὯπῇϐθϬ♯⌠ΰʼ
ρῇϐθχḧχ ӊ Ϭ ΰθʻζχὫᴮʼFEM ᵔ Ὣᴮρ χ

ӊ Υ ϣϦθʻ  

(3) ϷϱиЄ˔иΰϟΞ τ Ϭ ΪθῇϐθχТйАЎрϽ ӽψʼ Υσ
Μᾝ χῇϐθρ ʼ ӊχ Υ ΦΜᴷ ρϕϖԁ ΰθʻ  

(4) ᵕ ♯ᾓχὫᴮʼ Ϭ Ϊθῇϐθ χТйАЎрϽ ψʼ ΥσΜ
ᾝ χῇϐθ χ ϢϤϜὖ πΚμθ Ϙ̒θ ῇ̓ϐθρχ τựΜʼ
άϧ Τϣ⅜︡ΰθϽз˔Іχ ψ ΥσΜᾝ χῇϐθρ ᶓΰο
ήΤμθʻ  

 ӟ χάρΤϣʼϷϱиЄ˔иΰϟΞ τד ΰχ Ϭ Ϊοʼ ρῇϐθ
χ χ Ἲ ΰχӊ ϬϢϤỡԁσ τΰθῇϐθψʼּכ꞊꞊ χ ρ
ῇϐθχ τ βϥТйАЎрϽ χ ♁├ρΰο ῟πΚϥάρΥϩΤμ
θʻ  
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 Í 
 �  
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�� CrN �z PVD 	t� i�y�²	��r�M�–� �–�­�¢�¨�ñ�Õ�ê�–�Ä�¡�ñ�®�Q�v�“�n�q
T�œ�b�j�}�¹

�®�ß�ñ�Æ�Ñ�� CrN �œ�z�~�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�s�‹�9�~�›�•�j
 ‚ 	ð�Ú�v�½�ñ�®�·�Ä�ñ


c�ß�Á�µ�ã�í�¢�â�•
��–�b�j	ß�8�r CrN �•
T�œ�d�–�^�s�v�“�n�q��
T�`�—�–�}�ß�Á�µ
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� '�}�¢�¤�Ç�ë�Á�Õ�ê�Á�Æ�¥�W
É�¥�b�q
±�Ú�y���Ê
S�W���u�š�—�–�j�Œ�~
T�œ�›�v�›�•�j
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ú�è�“�o�r�M�– 60 �¬  km 
î�r�¤�¼�¢�y
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±�Ú�;�U�z	,�• �; �U�v�2�b�q�9�ö�r
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 ‚ 	ð�Ú�U�“�~	� �¢�� �y�¼�¢�I �|�Ú�y�•���s�•�å
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þ
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É
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…
ö�b�j�›�•�j
 ‚ 	ð�Ú�y�•�å�z�Ó�ê�Á

�¿�ñ�®�•�å�r�M�n�j �s�O�S�–�}�› �•�j 
 ‚ 	ð�Ú�y�•�å�z
¸�®�r
E
^�b�q�O�–�W�~�•�v�9

�•���r�¸�b�O�} �²�O�~�¼�¢�I�|�Ú�y�•�å�z�›�•�j�s
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E
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þ
Ï�v�U�O�q�~�Ó�ê�Á�¿�ñ�®�•�å�W�h�¸

�u�W	v�¤
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è�¥�s�2
•�u�W	v�¤
&�¦�y�-�»
è�¥�y�h�—�i�—�v�o�O�q�~
±�Ú���q

�s�‡�Ú�Ä
¤�����•�ð�¬�b�j �}�u�U�~�u�:�¾�i�¦�~�›�•�j�s�¼�¢�z��	,	Ï�y�‹�’
î�r�•�O
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‚	ð�b�q�O�j�}  
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 &5.9 �U�“�~
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�Ú�U�“�~�¼�¢�I�|�Ú�y�¨�I�ú
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T���O�´�y�¦���V�”�•

�����v�V�\�q
E
^�b�q�U�•�~�•�å
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�W�”�•�����v
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þ
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‚	ð�b�q�O�j�}  
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 &5.17 �U�“�~
& 5.18 �v�¾�i�›�y�›�•�j
 ‚ 	ð�Ú�U�“�~�¼�¢�I�|�Ú�y�¨�I�ú
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¤�•�h�—�i�—�Ö�d�}
& 5.17 �v�Ö�b�j�›�•�j
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^�b�q�U�•�~�•�å
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�� �›�•�j
 ‚ 	ð�Ú�•
…
ö�b�j �Ê���Ñ�� DLC �œ�W�u�:�¾�i�›�v�”���b�q�O�–�V�•�®�ß�d�–
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¸�v�z�Z�o�b�j�^�s�W�®�ß�r�X�–�}�u�U�~�¼�����v DLC �œ�W�”
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 � �ô  (b) � � �+�¥	� 	À
�  
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5.5.1 
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þ
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Ï�V�”�~�Ó�ê�Á�¿�ñ�®�•�å�W�h�¸�u

�W	v�¤
|�»
è�U�“�~�š�»
è�¥�s�2
•�u�W	v�¤�-�»
è�¥�y�h�—�i�—�v�o�O�q�~
±�Ú���q�s
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þ�&�v�”���b�q�O�–�^�s�W�®�ß�r�X�–�}�²�O�~�¹�®
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þ�z�Ê�� �Ñ

�� DLC �œ�r
…
ö�b�q�O�u�O�•�y�“�•���O�}�•�v�~�›�•�j�s�y
‚	ð
è�v�Û�O�~�^�˜�I�|


è�V�”�@	��b�j�®�è�–�·�y�0
þ�y���>�W�h�¸�r�M�•�~��� i �.	 l�•�y 1.0 wt%�•�>�u�n�q

�O�–�}�²�O�~�¹�®�ß�ñ�Æ�Ñ�� CrN �œ�y�0
þ�z�~�Ê���Ñ�� DLC �œ�U�“�~�Ù�ï�œ�•
…�œ�b

�q�O�u�O�s�=�y�›�•�j�y�0
þ�s�†�‡�‹�c�•�•�Ö�b�q�O�–�}  

��

��


� 5.2� � 	Ú
á
å�a	Ï 	* �<
� 	 � 	 � 	b	œ�4	k	-�³	À  

��

 � / � Í �- �¬
è�y�¼��  �^�˜�I � | 
è  

�¹ �®�ß�ñ�Æ�Ñ�� DLC �œ 0.13 wt% 0.34 wt% 

�Ê�� �Ñ�� DLC �œ 0.26 wt% 2.43 wt% 

�¹ �®�ß�ñ�Æ�Ñ�� CrN �œ 0.24 wt% 2.99 wt% 

�Ù�ï
…�œ�u�b 0.21 wt% 2.88 wt% 

� � � i � . 	 l �•  �” 1.0 wt% 

��

��

5.7� � 
 …� Ä 

��

�� �H	Ï�u�:�¾�i�y�C�N�~�•�����q�v�“�n�q�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�s�Ê���Ñ�� DLC �œ

�r
…
ö�b�j�›�•�j�y�O�e�—�v�•�Ó�ê�Á�¿�ñ�®�•�å�W�ß�Œ�”�—�j�W�~ EDX �v�“�–�k
Ë
þ


u�V�”�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�z�u�:�¾�i�›�y�›�•�j
 ‚	ð�Ú�v�”���b�q�U�•�~�•�å
��`


þ
Ï�V�”�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…
ö�b�j�›�•�j�y�•�å�W�Ê���Ñ�� DLC �œ�r
…
ö

�b�j�›�•�j�y�•�å�“�•�2
•�r�M�n�j�} �‰�j�~5.6 
‡�r	^�„�j�“�Q�v�~ �¹�®�ß�ñ�Æ�Ñ�� DLC

�œ�r
…
ö�b�j�› �•�j �• �=�O�j 	��â�â	#�y�¼�¢�V�”�@	��b�j�®�è�–�· �v���‰�—�–�0
þ�z

�Ê���Ñ�� DLC �œ�r
…
ö�b�j�•�y�“�•���V�n�j�}�^�—�”�y�C�N�z�~�›�•�j�y�Ó�ê�Á�¿�ñ

�®�•�å�W�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�v�“�n�q���p�r�X�–�^�s�•�Ö�b�q�O�–�}�²�O�r�~ DLC

�œ�y�·�¥
S�•�´	Ï�`�f�–�j�Œ�v�¦��
Ü�•��
T�b�j�v�•�V�V�š�”�e�~�Ê���Ñ�� DLC �œ�r


…
ö�b�j�› �•�j �•�=�O�j	��â�â	#�y�¼�¢�V�”�@	��b�j�®�è�–�·�v�� �‰�—�–�0
þ�z�Ù�ï

�œ�•
…
ö�b�q�O�u�O�s�=�y�›�• � j �y�0
þ�s�†�‡�‹�c�•�r �M�n�j�} �^�y�^�s�V�”�~ DLC

�œ�y�· �¥
S�•�´ 	Ï�` �f �–�°�N�z�¦ ��
Ü�y�� 
T�“�•�¹ �®�ß�ñ�Æ�Ñ���?�y�†�Q�W�I�X�V�n
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� j�s�O�S�–�}�•�>�v�~�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�v�“�n�q	��â�â	#�y�Ó�ê�Á�¿�ñ�®�•�å�W

���p�b�j� i � � �v�o�O�q�á�q�d�–�}  

�� 	��â�â	#�•	��â�v�{�Ø�d�–�s�~ 2.4.2 �ô�r	^�„�j�“�Q�v�s�=�y�›�•�j�z	��â�y�Ä�–�Ï


è�•�f �•	Ï �W�–�“�Q�v�b�q
T���O�´�v�¨�I �d�–�j�Œ�~�›�•�j 
 ‚ 	ð�Ú�W�#�� �d�– �}�` �”

�v�~ 4.3.3 �ô�r�Ö�b�j�“�Q�v�~�›�•�j
 ‚	ð�Ú�•
…
ö�b�j�Ê���Ñ���y�Ù�ï�œ�z	��â�y�u�:

�Ä�]�v�s�•�u�Q���( �b�y�#�� �v�ç	J�r�X�e�~�Ù�ï
…�œ�v�X�À�•�z�Z�o�W
E
^�d�– �}�²

�O�~�¹�®�ß�ñ�Æ�Ñ���?�`�—�j DLC �œ�z�›�•�j
 ‚ 	ð�Ú�W�#���b�q�•
…�œ�v
^�e�–�"�™�•

�	�ê�d�– [108] � j�Œ�~�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�z�›�•�j
 ‚ 	ð�Ú�y�#���v�ç	J�r�X�j�•�y

�s�á�S�”�—�–�}�h�y�C�N�~�H	Ï�u�:�¾�i�›�v�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�W�”���b�q�O�j

�s�á�S�”�—�–�}�‰�j�~ DLC �œ�•�¹�®�ß�ñ�Æ�Ñ���v�b�j�^�s�v�“�n�q�~�¼�¢�I�|�Ú�s�y


‚	ð�Ú
w�W�� 35 %	˜�`�Z�u�n�q�~
‚	ð�Ú�{�W�� 1.5 
��ö�Z�u�n�j� j�Œ�~�¹�®�ß�ñ�Æ�Ñ

�� DLC �œ�r
…
ö�b�j�›�•�j�s
‚	ð�b�q�O�j�¼�¢�I�|�Ú�v �z�¹�®�ß�ñ�Æ�Ñ���W�:�ú�`�—

�q�O�j�¤
& 5.12 �‚	²�¥ �}�¼�¢�I�|�Ú�v�¹�®�ß�ñ�Æ�Ñ���W�:�ú�`�—�j�˜�®�r�z�~�›�•�j
 ‚

	ð�Ú�s�¼�¢�I�| �Ú�y�Ó�ê�Á�¿�ñ�®�•�å�z�O�e�—�•�2
•�r �M�n�j �} �^�—�z�~�›�•�j
 ‚ 	ð

�Ú�v
…
ö�`�—�j�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�W�¼�¢�I�|�Ú�v	ñ�O���ž�r�¼�¢�s�›�•�j�y
‚	ð

�Ú�y
î �2�d�„�• �ã�Š�•�È�
�d�–�^�s�v�“�n�q�~�Ó�ê�Á�¿�ñ�®�•�å�W�J
O�`�—�j�j�Œ�s

�á�S�”�—�–�}�•	Ï�y�^�s�V�”�~�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�z	��â�â	#�y�Ó�ê�Á�¿�ñ�®�•�å

�•�J
O�d�–�°�N�W�M�–�s�á�S�”�—�–�}  

�� �²�O�~�¹�®�ß�ñ�Æ�Ñ�� CrN �œ�r�›�•�j
 ‚	ð�Ú�•
…
ö�b�j�C�N�~�¼�¢�U�“�~�›�•�j�y


‚	ð�Ú�v�Ó�ê�Á�¿�ñ�®�•�å�W�ß�Œ�”�—�j�}�^�y�^�s�V�”�~�¹�®�ß�ñ�Æ�Ñ�� CrN �œ�r�›

�•�j
 ‚ 	ð�Ú�•
…
ö�b�q�•�~	� �â�â	#�y�¼�¢�s�›�•�j �y
‚ 	ð
è�v
E
^�d�–�Ó�ê�Á�¿�ñ�®

�•�å�y�y�¯�°�N�W	˜�` �O�^�s�W�š�V�n�j�}�^�y�i�� �v�o�O�q�~�•�>�r�á�q�d�–�}  

� � �Ù�ï
…�œ�y�X�À�z
‚ 	ð�Ú�s�y�•�t��
<�W�I�X�O�†�Q�W
E
^�b�•�d�O�s�O�Q�E�� [110] 

�W�M�–�}�^�y�^�s�V�”�~�Œ	¹�r�W�~�b�j CrN �œ�y�•�t��
<�¤ 0.3�±0.4�¥�W DLC �œ�y�•�t

��
<�¤ 0.17�±0.21�¥�“�•�I�X�V�n�j�^�s�W�~�Ó�ê�Á�¿�ñ�®�•�å�•�y�¯�r�X�u�V�n�j� l�¾�y

�²�o�s�b�q�á�S�”�—�–�}  

� � �Ï�v�~
& 5.28 �v�Œ�¾�i�r�˜�=�b�j�›�•�j�s�z�¡�u�–�›�•�j�r���q�`�—�j�~�¹�®�ß�ñ

�Æ�Ñ�� CrN �œ�y�z�Z�o�•�Ö�d�}�^�y�z�Z�o�z�~�ß�Á�µ�ã�í�¢�â�•�›�•�j
 ‚ 	ð�Ú�V�”	�

�•�•�d�O�v CrN �œ�W�í�¢�â�v
‚�¥�b�j�^�s�v�“�n�q
^�c�j�•�y �s
,���`�—�–�}�‰�j�~

�z�Z�o�y	ß�8�V�”�~�ß�Á�µ�ã�í�¢�â�W
��–�`�—�q�O�j�¹�®�ß�ñ�Æ���y�Ö
è
þ�v�• CrN

�œ�W��
T�`�—�q�O�–�^�s�W�š�V�–�}�d�u�š�l�~�›�•�j
 ‚ 	ð�Ú�v�z CrN �y�Ê���œ�W
T�œ

�`�—�q�O�j�s�O�S�–�} �b�j�W�n�q�~ 	��â�y�u�:�Ä�]�v�s�•�u�n�q�›�•�j�W�#���d�–�s�~

�¹�®�ß�ñ�Æ���y�Ö
è
þ�v��
T�`�—�j CrN �y�Ê���œ�z�#���v�ç	J�r�X�e�v�X�À�•
E
^�b

�q�z�Z�o�d�–�j�Œ�~�Ó�ê�Á�¿�ñ�®�•�å�W
^�c�j�s�á�S�”�—�–�}  
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��
��

�Õ 5.28� � 	m	b	“ 	¥	z�! �W CrN � Í 	- 	 . 	 � �Þ ��

��

��

�� �¹�®�ß�ñ�Æ���y�Ö
è
þ�v CrN �œ�W��
T�`�—�j�i���s�b�q�~
T�œ�O�Q�y�ê�»�W�•�]�”

�—�–�}�Õ�ç�¸�Ü CVD �Q�v�“�n�q
T�œ�b�j�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�z�~
& 5.29(a) �v�Ö�d

�“�Q�v�~�›�•�j
 ‚ 	ð�Ú�y
±�Ú�v�2�b�q
*�Ü�O�´�v DLC �œ�•�1
w�`�f�–�^�s�v�“�n�q��


T�`�—�–�}�²�O�~ PVD 	t� i �y� �–�­�¢�¨�ñ�Õ�ê�–�Ä�¡�ñ�®�Q�v�“�n�q
T�œ�b�j�¹�®�ß

�ñ�Æ�Ñ�� CrN �œ�z�›�•�j
 ‚ 	ð�Ú�y
±�Ú�v Cr �¢�¨�ñ�•	Á�§�`�f�–�^�s�v�“�n�q��
T�`

�—�–�W�~Cr �¢�¨ �ñ�z 
±�Ú�v�2 �b�q
& 5.29(a) �v �Ö�b� j 
 * �Ü�O�´ �V� ” �k� \ � r �u�Z�~
&

5.29(b) �v�Ö�d�“�Q�u�þ�Œ�O�´�V�”�•	Á�§�d�–�}�^�—�v�“�•�~��	í�y�ß�Á�µ�ã�í�¢�â�W

�›�•�j
 ‚	ð�Ú�v�î
¸�v
‚	ð�b�q�O�u�V�n�j�W	v�r�z�~�ß�Á�µ�ã�í�¢�â�y�>�v�• CrN �œ

�W��
T�`�—�–�}  

��

��

� � � �
��

 (a) CVD 
ê	ö		 	G	2 PVD 
ê	ö  (b) PVD 
ê	ö  

��

�Õ 5.29� � 
 � � Í 
ê	ö	-	V	“ �4	j �Õ ��

��

��

�� CrN �œ�y
±�Ú�V�”�.�R�‰�r���ê�b�j�~
•�K�r�Ê���&�u�ä�ê	ß�y�Ö�•���d�– CrN �œ�v

�U�O�q�z�~�¹�®�ß�ñ�Æ�Ñ���s�‹�9�v�~�.�R�y�#���v�ç	J�b�q�X�À�y
E
^ �W�J
O�`�—�–

�s�E���`�—�q�O�– [111] �}�^�y�^�s�V�”�~�¹�®�ß�ñ�Æ���y�Ö
è
þ�v CrN �œ�W��
T�`�—�u

�ß�Á�µ�ã�í�¢ �â�ß�Á�µ�ã�í�¢�â

�›�•�j
‚	ð�Ú

�Ù�ï
…�œ

�¢�¨�ñ

�ß�Á�µ�ã�í�¢ �â�ß�Á�µ�ã�í�¢�â

�›�•�j
‚	ð�Ú

�¢�¨�ñ

�Ù�ï
…�œ

200 ���P 

�z�Z�o��
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�\�—�{�~�›�•�j
 ‚ 	ð�Ú�y�#���v�“�n�q CrN �œ�v�X�À�W
E
^�f�e�~�Ó�ê�Á�¿�ñ�®�•�å�•

�y�¯�r�X�–�F�õ
S�W�M�–�s�á�S�”�—�–�}  

�� �•	Ï�y�^�s�V�”�~�¹�®�ß�ñ�Æ�Ñ�� CrN �œ�v�U�O�q�z�~�¹�®�ß�ñ�Æ���y�Ö
è
þ�v CrN

�œ�W��
T�`�—�u�O�O�Q�•�®�s�d�–�^�s�W���›�y�_�L�y�²�o�r�M�–�^�s�W�š�V�n�j �}  

��

��

5.8� � 
 e
 I 

��

�� �Œ	¹�r�z�~	� �â�y�u�:�Ä�] �v�s�•�u�Q�›�•�j
 ‚ 	ð�Ú�y�#�� �v�ç	J�b�q�Ù�ï
…�œ�y�X

�À�•�z�Z�o�y
E
^�•�J
O�r�X�–�~�¹�®�ß�ñ�Æ�Ñ���Ù�ï
…�œ�v�“�–�Ó�ê�Á�¿�ñ�®�•�å�y

�y�¯�°�N�v�o�O�q�W�~�b�j �} �›�• � j 
 ‚ 	ð�Ú�• �¹�®�ß�ñ�Æ�Ñ�� DLC �œ�U�“�~�Ê�� �Ñ��

DLC �œ�r
…
ö�b�j	��â�â	#�•�=�O�q�H	Ï�u�:�¾�i�•�ð�¬�b�j�C�N�~�•�>�y�Ž�a�W�š�”

�—�j�}  

(1) �•�����q�~
±�Ú���q�U�“�~�•�å
��`
þ
Ï�y�C�N�V�”�~�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…


ö�b�j�›�•�j
 ‚ 	ð�Ú�y�•�å�z�Ê���Ñ�� DLC �œ�r
…
ö�b�j�›�•�j
 ‚ 	ð�Ú�y�•�å�“

�•�2
•�r�M�n�j�}  

(2) �H	Ï�u�:�¾�i�›�y	��â�â	#�V�”�@	��b�j�®�è�–�·�v���‰�—�–�0
þ�z�~�›�•�j
 ‚	ð

�Ú�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…
ö�b�j�^�s�v�“�n�q���>�b�j �}  

(3) �›�•�j
 ‚ 	ð�Ú�v�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�W�”���b�j�˜�®�r�z�~�Ó�ê�Á�¿�ñ�®�•�å

�z�†�s�ž�t
^�c�q�O�u�V�n�j �}�‰�j�~�›�•�j
 ‚	ð�Ú�v�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�W�”

���b�j�˜�®�s
‚	ð�b�q�O�j�¼�¢�I�|�Ú�v�z�~�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�y���¦�W�#

�b
É�\�”�—�j�^�s�v�“�n�q�~�¹�®�ß�ñ�Æ�Ñ���W�:�ú�`�—�q�O�j�} �^�—�z�~�›�•�j


 ‚	ð�Ú�v
…
ö�`�—�j�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�W�¼�¢�I�|�Ú�v	ñ�O���ž�r �¼�¢�s�›

�•�j �y
‚	ð�Ú�y
î�2�d�„�•�ã�Š�•�È�
�d�–�^�s�v�“�n�q�~�Ó�ê�Á�¿�ñ�®�•�å�W�J


O�`�—�j�j�Œ�s�á�S�”�—�–�}  

�� �•	Ï�y�^�s�V�”�~�›�•�j
 ‚ 	ð�Ú�• �¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…
ö�d�–�s�~	��â�â	#�y

�Ó�ê�Á�¿�ñ�®�•�å�•�J
O�r�X�–�^�s�W�š�V�n�j�}  

� � �²�O�~�›�•�j
 ‚ 	ð�Ú�•�¹�®�ß�ñ�Æ�Ñ�� CrN �œ�r
…
ö�b�q�•�~�Ó�ê�Á�¿�ñ�®�•�å�y�y

�¯�°�N�z	˜�`�V�n�j�}�^�—�z�~�¹�®�ß�ñ�Æ���y�Ö
è
þ�v CrN �œ�W��
T�`�—�q�~�Ê���œ

�v�u�n�j� j �Œ�r�M�–�}�d�u�š�l�~	��â�y�u�:�Ä�]�v�s�•�u�n�q�›�•�j�W�#���d�–�s�~�¹

�®�ß�ñ�Æ���y�Ö
è
þ�v��
T�`�—�j �Ê�� �œ�z�#���v�ç	J�r�X�e�v�X�À�•
E
^�b�q�z�Z�o

�d�–�j�Œ�v�~�Ó�ê�Á�¿�ñ�®�•�å�W
^�c�j �}�b�j�W�n�q�~�¹�®�ß�ñ�Æ���y�Ö
è
þ�v CrN

�œ�W��
T�`�—�u�O�O�Q�•�®�s�d�–�^�s�W�r�X�—�{�~	��â�â	#�y�Ó�ê�Á�¿�ñ�®�•�å�•�y

�¯�r�X�–�s�á�S�”�—�–�}  
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Q
]��	'�k
®	í
‹	Q
L	>	¼	N	�	���

	‡	ž	u	s	¥	b���+��
Ã
A	-
^�H��
��

��

��

6.1 ��
I��

��

�� �Ó�ê�Á�¿�ñ�®�•�å�•�y�¯�d�–�j�Œ�v�z�~ �°
…�/�€
µ�±�U�“�~�°�R�‹
®�T�±�v�o�O�q�W

�~�d�–
 �C�W�M�– [83] �}�J 3 	¹�r�z�~ �°
…�/�€
µ�±�y���<�V�”�~�s�=�y�›�•�j�y�ø
S�•

���>�`�f�q�~�¼�¢�s�›�•�j�y
‚	ð�Ú�v�U�O�q
T���O�´�v�r�X�–�k�\ �Ë�²�u�{�™
þ
Ï �•

�š�–�j �Œ�~�¨�¢�é�µ�–�é�b�•�Q�Š�Ú�v��	, �O�´�y�Ö�•
…�\ �j �›�• �j �•�á�Œ�b�~�Ó�ê�Á

�¿�ñ�®�•�å�W�s�=�y�›�•�j �•�=�O�j 	��â�â	#�“�• �•�� �p�r�X�–�^�s�•�®�ß�b�j �} �J 4

	¹�U�“�~�J 5 	¹�r�z�~ �°�R�‹
®�T�±�y���<�V�”�›�•�j
 ‚ 	ð�Ú�•�Ù�ï�œ�r
…
ö�d�–�^�s�•

�W�~�b�j�C�N�~�Ó�ê�Á�¿�ñ�®�•�å�•�y�¯�d�–�j�Œ�v�z�~�•�t��
<�W���O�^�s�v�E�S�~�·

�¥
S�W�ö�Z�~�›�•�j �y�#���v�ç	J�r�X�–�Ù�ï�œ�r
‚ 	ð�Ú�•
…
ö�d�–
 �C�W�M�–�^�s�W

�š�V�n�j�}�^�y�^�s�V�”�~
…
ö�Ú�y�#���v�ç	J�r�X�–�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r�›�•�j


 ‚ 	ð�Ú�•
…
ö�b�j�s�^�˜�~�Ó�ê�Á�¿�ñ�®�•�å�W�s�=�y�›�•�j �•�=�O�j	��â�â	#�“�• �•

���p�d�–�^�s�•�®�ß�b�j�}  

� � �•	Ï�y�^�s�V�”�~ �°
…�/�€
µ�±�s�°�R�‹
®�T�±�•
Ì�Š�û�š�f �–�s�~�Ó�ê�Á�¿�ñ�®�•�å

�•�`�” �v�y�¯�r �X�–�F�õ
S�W�M�–�}�h�^�r �Œ	¹�r�z�~�›�•�j �y�¨ �¢�é�µ�–�é�b�•�Q�Š

�Ú�v��	,�O�´�y�Ö�•
…�\�–�s�s�•�v�~�h�y�¼�¢�s�y
‚	ð�Ú�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r


…
ö�b�j�› �•�j �•�=�O�q�H	Ï�u�: �¾�i �•�ð�¬�d�–�^�s�v�“�n�q�~	� �â�â	#�y�Ó�ê�Á�¿

�ñ�®�•�å�y�¯�v�2�d�–�°�N�v�o�O�q�W�~�b�j�}  

��

��

��
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6.2�� 
å�a
Ö
o  

��

6.2.1� � 
å�a�•
-			G	2�R
8
u	Ï	5	� ��

��

� � �H	Ï �u�: �¾�i �v�˜�=�b�j	� �â�â	#�z�~
´	¹ �‰�r�v�˜�=�b�j 	��â�â	#�s�‹�c�| �~
l �ú

�y�®�è�–�·�·
é��
õ�½���d�O�^�˜�â	#�r�M�–�¤
& 2.1 �‚	²�¥ �}�j�k�b�~�Œ	¹�r�˜�=�b�j

�›�•�j�v�z�~�¨�¢�é�µ�–�é�b�•�Q�Š�Ú�y�¼�¢�s�y
‚	ð�Ú�V�”�â�O�´�v 6 mm�~ 12 mm �U

�“�~ 18 mm �o�—�j�’�–�y 3 �W	v�v
��` 6 mm �y��	,�O�´�y�Ö�W
…�\�”�—�q�O�–�}
& 6.1

�v�h�y�•�v
&�•�Ö�d�}  

��

��

��

�� � � � �
��

��

�Õ 6.1� � 
å�a	* 
ž	÷	� 	 � 
d�•�•
- 	-�ê
1�Õ  

��

��

6.2.2�� 	m	b	“	¥	z�!�W	r	V	–	”	¥	{	›	V	a	]�4	Ž	¥�Í  

��

 �›�•�j
 ‚ 	ð�Ú�•
…
ö�b�j �¹�®�ß�ñ�Æ�Ñ�� DLC �œ�z�J 5 	¹�r�W�~�b�j�•�y�s�‹�c�r�M

�–�}�›�•�j
 ‚ 	ð�Ú�v�z�è�ñ�•��
…�œ	t�i�W�¬�`�—�q�O�–�W�~ DLC �œ�y�·�¥
S�•�´	Ï�`

�f�–�j�Œ�~ 
T�œ
´�v�è�ñ�•��
…�œ�•�\�a�E�½�v�“�n�q	ˆ�Š�b�q���Ê�v�b�j �} �h�y�C�N�~

�›�•�j
 ‚	ð�Ú�y�‹	]���Ë
Ê�` Ra �z 0.11 ���P �v�u�n�j�}  

� � 
 &6.2 �v�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…
ö�b�j�›�•�j
 ‚ 	ð�Ú�y�•�� �s�‡�Ú�Ä
¤�•�Ö�d�}

�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…
ö�b�j�›�•�j
 ‚ 	ð�Ú�y�‹	]���Ë
Ê�` Ra �z 0.26 �Pm �r�M�•�~


…
ö
´�y�‹	]���Ë
Ê�`�“�•�I�X�O�}�^�—�z�~�›�•�j 
 ‚	ð�Ú�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r


…
ö�b�j�^�s�v�“�n�q�~
±�Ú�v���¦�W
^�c�j� j�Œ�r�M�–�}�‰�j�~�‡�Ú�Ä
¤�V�”�¹�®�ß�ñ

�Æ�Ñ�� DLC �œ�y�²�`�z�� �����������P�r�M�–�}  

�Ö�E�½��
�›�•� j � � �• �¢��

�¨ �¢�é�µ�–�é�� �¨�¢�é�µ�–�é��

� / � Í �- � �

�¼�¢��

�^�˜ � �

� � 
€�• � �

6 

6 

12 

18 

	�
�¢
����

�â
�|
����
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��

��

��
��

(a) 
 � �ô  

��

��

�� ��
��

(b) �~	þ�€�v�°�| 
Œ ��

��

��

��
��

��
� � �¼��� � � � 
T�� �O�´ � � �• � � � � � �

��

(c) 
õ
•
Á�
 ��

��

�Õ 6.2� � 	m	b	“ 	¥	z�!�W DLC � Í 	&�:�D	� 	 � � � 
å�a	Ð	- �R
8
u	Ï	5	� �®
¡ 
• ��

��

5 

�í5 

0 

�ö
�`

�~
��

m
 

1 mm 

1.5 

�í1.5 

0 

�ö
�`

�~
��

m
 

200 ��m 
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6.2.3�� 
Ž	±	Ú
á
å�a  

��

�� �H	Ï�u�:�¾�i�v�z�~
& 2.4 �v�Ö�b�j	��â�â	#�3�s�¾�i
ù�–�•�=�O�j�}�H	Ï�u�:�¾�i�y

�¾�i�O�Q�U�“�~�¾�i	Ü�G�z 2.2.2 �ô�s�‹�c�r�M�•�~	��â�â	#�y
þ�t�W�,�W�è�š�—�–�²
b

�&�u
ú�è�“�o�r�M�– 60 �¬  km 
î�r�¤�¼�¢�y
ñ�u�:
<�W�� 226.5×106 �u�:�¥�v�c�d�–�‰

�r�u�: �¾�i �•�è�n�j �} �u�U�~�ã�: �¦�y�â	#�•�¢�y
±�Ú�;�U�z	,�• �; �U�v�2�b�q�9�ö�r

�� 56 K 	Ï	¤�b�j�}  

��

��

6.3�� 
å�a
e
Ÿ��

��

6.3.1�� 
��ô�ô�Ä			G	2���+�¥	�	À
��þ	Ò  

��

� � 
 &6.3 �U�“�~
& 6.4 �v�u�:�¾�i�›�y�›�•�j 
 ‚ 	ð�Ú�U�“�~	��¢���y�¼�¢�I�|�Ú�y�•���s

�•�å
��`
þ
Ï�•�h�—�i�—�Ö�d�}�u�U�~�u�:�¾�i�¦�~�¼�¢�s�›�•�j�z
î�2�&�v�u�:�f�e�~

��	,	Ï�y�‹�’
î�r�•�O�v
‚	ð�b�q�O�j �}  

� � �O�e�—�y�Ú�v�•�•�å�W�ß�Œ�”�—�~�¼�¢�v�z
|�Ì	ï �v�#	ï�b�j�®�è�–�·�W
É�¥�b�q�O

�–�^�s�V�”�~�›�•�j
 ‚ 	ð�Ú�s�¼�¢�I�|�Ú�y�•�å�z�Ó�ê�Á�¿�ñ�®�•�å�r�M�n�j�s�O�S�– �}

�›�•�j
 ‚	ð�Ú�y�•�å�z
¸�Ú�r
E
^�b�q�U�•�~�•�����r�¸�b�O�}�‰�j�~�¼�¢�I�|�Ú�y�•�å

�z�›�•�j�s
‚	ð�b�q�O�j�˜�®�y
¸�Ú�r
E
^�b�q�U�•�~�•�����r�¸�b�O�}  

��

6.3.2�� 
�
•�ô�Ä			G	2
õ
•
Á�
�þ	Ò  

��

�� �u�: �¾�i �›�y�›�• �j 
 ‚ 	ð�Ú�U�“�~	� �¢�� �y�¼�¢�I �|�Ú�y	ß�8�•�®�ß�d�–�j�Œ�~�h�—

�i�—�v�2�b�q
±�Ú���q�s�‡�Ú�Ä
¤�����•�ð�¬�b�j �}  

�� 
& 6.5 �v�u�:�¾�i�›�y�›�•�j
 ‚ 	ð�Ú�v�U�O�q�Ó�ê�Á�¿�ñ�®�•�å�W�¸�b�O�s
S�‡�b�j

�W	v�¤
& 6.3 
|�»
è�¥�y�¨�I�ú
� �s�‡�Ú�Ä
¤�•�Ö�d�}�›�•�j
 ‚ 	ð�Ú�y�Ó�ê�Á�¿�ñ�®�•�å

�z
¸�®�r
E
^�b�q�U�•�~�•�v
T�� �O�´�y�¦ �� �V�”�•���� �‰�r�y
e�•�r�¸�b�Z�~�•�å
�

�`�z�9�I�� 0.16 mm �r �M�–�}  

� � 
 &6.6 �v�u�:�¾�i�›�y	��¢���y�¼�¢�I�|�Ú�v�U�O�q�•�å�W�¸�b�O�s
S�‡�b�j�W	v �¤
&

6.4 
|�»
è�¥�y�¨�I�ú
��s�‡�Ú�Ä
¤�•�Ö�d�}�u�U�~
& 6.6 �v�Ö�b�j�¼�¢�I�|�Ú�z�u�:�¾

�i�¦�v
& 6.5 �v�Ö�b�j�›�•�j
 ‚ 	ð�Ú�s
‚	ð�b�q�O�j �}�¼�¢�I�|�Ú�y�Ó�ê�Á�¿�ñ�®�•�å

�z�›�•�j�s
‚	ð�b�q�O�j�˜�®�r
E
^�b�q�U�•�~�•�å
��`�z�9�I�� 0.09 mm �r�M�–�}  

��
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��

��

� � � � � � � �
��

 (a) 
 � �ô  (b)� � �+�¥	� 	À
�  

��

�Õ 6.3� � 	m	b	“ 	¥	z�!�W DLC � Í 	&�:�D	� 	 � � � 
å�a	Ï	- �R
8
u	Ï	5	� �®
¡ 
•  

��

��

��

��
��

 (a) 
 � �ô  (b)� � �+�¥	� 	À
�  

��

�Õ 6.4� � 
å�a	Ï 	-	Ô�} 	ª 
 � 
•  

��

��

��

0.1 

(mm) 

0 

0.1 

(mm) 

�®�è�–�· � � �• �¢��

�¼�¢�� 0 

0.2 

0.2 
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��

��

� � � �
��

(a) �~	þ�€�v�°�| 
Œ ��

��

��

��
� � �¼��� � � � 
T�� �O�´ � � �• � � � � � �

��

(b) 
õ
•
Á�
 ��

��

�Õ 6.5� � 	Ú
á
å�a	Ï 	- 	Ï 	5	� �®
¡ 
•	*	 	 	 � 	%	‡	ž	u	s	¥	b�� �+	� �€
é	&	� 	"	 � � i �` ��

��

��

�� ��
��

(a) �~	þ�€�v�°�| 
Œ ��

��

��

��
� � �¼��� � � � 
T�� �O�´ � � �• � � � � � �

��

(b) 
õ
•
Á�
 ��

��

�Õ 6.6� � 	Ú
á
å�a	Ï 	- 	Ô�}	ª
 � 
• 	*	 	 	 � 	%	‡	ž	u	s	¥	b�� �+	� �€
é	&	� 	" 	 � � i �` ��

��

��

1 mm 

1 mm 

0.2 

�í0.2 

0 

�ö
�`

�~
m

m
 

0.2 

�í0.2 

0 

�ö
�`

�~
m
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6.3.3�� 	b	œ�4	k	°	-�³	À	-	Ò�d  

��

�� �u�: �¾�i �›�y	��â�â	#�V�”�¼�¢�y�/ �Í�- �¬
è�y�¼���U�“�~�^�˜�I �|
è�v
É�¥�b�q�O

�j�®�è�–�·�•�@	��b�~
ú�,���.�­ X 
¤
þ
u
ù�–�•�=�O�q�0
þ�•���–�b�j �}  

�� �@	��b�j�®�è�–�·�y�0
þ�•
± 6.1 �v�Ö�d�}
±�¦�v�z�~�¨�¢�é�µ�–�é�b�•�Q�Š�Ú�v�Ö�•


…�\�j�›�•�j�•�=�O�j	��â�â	#�~�s�=�y�›�•�j
 ‚ 	ð�Ú�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…
ö

�b�j	� �â�â	#�~�u�”�~�v�s�=�y�›�•�j �•�=�O�j	��â�â	#�y�‹�9�y�u�:�¾�i �y�›�v�h�—

�i�—�@	��b�j�®�è�–�·�y�0
þ�y�•�•�Ö�b�q�O�–�}  

�� ���u�ð�¬�b�j �~�›�• �j�y�¨ �¢�é�µ�–�é�b�•�Q�Š�Ú�v�� 	,�O�´�y�Ö�•
…�\ �q�~�h�y�¼

�¢�s�y
‚	ð�Ú�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…
ö�b�j�›�•�j �•�=�O�j	��â�â	#�y�u�:�¾�i

�y�›�v�@	��b�j �®�è�–�·�y�0
þ�z�~�¨�¢�é�µ�–�é�b�•�Q�Š�Ú�v�Ö�y�Š�•
…�\�j �›�• �j

�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�y
…
ö�y�Š�•�¬�b�j �›�•�j�•�=�O�j	��â�â	#�V�”�@	��b�j�®

�è�–�· �y�0
þ�“�•�• �! �O�}�‰�j�~�s�=�y�›�• �j�•�=�O�j 	��â�â	#�V�”�@	��b�j �®�è�–

�·�y�0
þ�y�•�v�Û�Z�~��� i �.	 l�•�y 1.0 wt%�•	Ï�u�n�q�O�–�}  

��

��


� 6.1� � 	Ú
á
å�a	Ï 	* �<
� 	 � 	 � 	b	œ�4	k	-�³	À  

��

 � / � Í �- �¬
è�y�¼��  �^�˜�I � | 
è  

�Ö�E�½�¶�¹�®�ß�ñ�Æ�Ñ�� DLC �œ 0.25 wt% 1.96 wt% 

�Ö�E�½ 0.14 wt% 0.16 wt% 

�¹ �®�ß�ñ�Æ�Ñ�� DLC �œ 0.13 wt% 0.34 wt% 

�u�b�¤�s�=�y�› �•� j �¥  0.21 wt% 2.88 wt% 

� � � i � . 	 l �•  �” 1.0 wt% 

��

��

6.4 
…�Ä 

��

� � � J3 	¹�U�“�~�J 5 	¹�v�U�O�q�~�°
…�/�€
µ�±�s�°�R�‹
®�T�±�•�z���v�(�=�d�–�s�~	�

�â�â	#�y�¼�¢�s�›�• �j �y
‚	ð
è�v
E
^�d�–�Ó�ê�Á�¿�ñ�®�•�å �y�J
O�°�N�W�š�”�—�j�}

�²�O�~�Œ	¹�r�W�~�b�j �~ �°
…�/�€
µ�±�s�°�R�‹
®�T�±�•
Ì�Š�û�š�f �j�›�•�j�•�=�O�q	�

�â�â	#�y�H	Ï�u�:�¾�i �•�è�n�j�C�N�~�Ó�ê�Á�¿�ñ�®�•�å�y�y�¯�°�N�z	˜�` �V�n�j �} �^

�y�i���v�o�O�q�~�•�>�r�á�q�d�–�}  

� � � J5 	¹�r	^�„�j�“�Q�v�~�›�•�j
 ‚ 	ð�Ú�•�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�r
…
ö�d�–�s�~ DLC

�œ�•�¹�®�ß�ñ�Æ�Ñ���v�b�j�^�s�v�“�n�q�¼�¢�I�|�Ú�s�y�ð�O�y
‚ 	ð�Ú
w�W	˜�`�Z�u�•�~
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 ‚	ð�Ú�{�z�ö�Z�u�–�}�h�y�C�N�~�›�•�j
 ‚ 	ð�Ú�v
…
ö�`�—�j�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�W

�¼�¢�I�|�Ú�v	ñ�O�� �Š�~�¼�¢�s�›�•�j �y
‚ 	ð�Ú�y
î �2�d�„�• �ã�Š�W�È�
�` �—�–�^�s�v

�“�n�q�~�Ó�ê�Á�¿�ñ�®�•�å�z�J
O�`�—�j�} �b�V�b�u�W�”�~�J 3 	¹�r	^�„�j�“�Q�v�~�›

�•�j�y�¨�¢�é�µ�–�é�b�•�Q�Š�Ú�v��	, �O�´�y�Ö�•
…�\�–�s�~ 
‚	ð�Ú�{�y�9�I�• �W���>

�d�–�j�Œ�~�ˆ	��•
Ì�Š�û�š�f�–�s�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�W�¼�¢�I�|�Ú�v�#�b���‰�—�–

�™�W	˜�`�Z�u�n�q	ñ�O���Œ�e�~�¼�¢�s�›�• �j �y
‚	ð�Ú�v�U�\�–
î �2�d�„�• �ã�Š�W	I
þ

�v�È�
�`�—�u�Z�u�n�q�~�Ó�ê�Á�¿�ñ�®�•�å�W
E
^�b�j�s�á�S�”�—�–�}�b�j�W�n�q�~�Ó�ê

�Á�¿�ñ�®�•�å�y���p�v�2�d�–�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�y�°�N�z�~�¹�®�ß�ñ�Æ�Ñ�� DLC

�œ�W�›�•�j �y�#���v�ç	J�d�–�^�s�“�• �•�~�¼�¢�I�| �Ú�v	ñ�O���‹ �^�s�r�¼�¢�s�›�• �j

�y
î�2�d�„�•�ã�Š�•�È�
�d�–�^�s�y�†�Q�W�I�X�V�n�j�s�O�S�–�}  

� � �‰�j�~�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�y�‡�Ú�z���¦��	ß�r�M�–�j�Œ�~�¼�¢�s�›�•�j�y
‚	ð�Ú

�v�U�O�q
î�2�d�„�•�ã�Š�W�è�š�—�–�s�~�¹�®�ß�ñ�Æ�Ñ�� DLC �œ�y�›�•�j�s�y�†�Ú�y�Ä

�]�"�™�z
î�2�d�„�•�ã�Š�v�s�•�u�n�q�I�X�Z�u�•�~ DLC �œ�s�›�•�j�y�†�Ú�v�X�À�W
^

�c�q�~ DLC �œ�W�z�Z�o�v�º�n�j�F�õ
S�•�á�S�”�—�–�}  

�� �•	Ï�y�^�s�V�”�~�Œ	¹�r�W�~�b�j�°
…�/�€
µ�±�s�°�R�‹
®�T�±�•
Ì�Š�û�š�f�q�•�~ �°�R

�‹
®�T�±�y�°�N�W�p	™�d�–�j�Œ�~ �°
…�/�€
µ�±�s�°�R�‹
®�T�±�y
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