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Thesis Influence of Fluid Mandrel on Thickness and Surface

Quality in Copper Tube Drawing

Student Ms.Tubsamon Dusitsopittawong

Student ID. 54610856

Degree Master of Engineering

Program Mechanical Engineering

Year 2015

Thesis Advisor Assoc.Prof.Dr.Somchai Norasethasopon
ABSTRACT

The thesis is to study the effect of the reduction of area to thickness, drawing
stress and surface roughness in tube drawing process with fluid mandrel. The
standard copper tube JIS C12200 with 15.88 mm diameter and 1.12 mm wall
thickness is chosen for this experimental investigation. Two types of fluid mandrel ;
water and lubrication oil (SAE20W40) were contained in the copper tube with the

outer surface were covered by lubrication oil (SAE20W40) , sodium stearate and

palm oils. The copper tube is drawn through the die (L = 15°) by using the area
reduction of 20, 35 and 50% with the drawing speed at 30 mm/min. The results
shown the influence of the reduction of area on the tube thickness and the surface
quality and also depend on the density of fluid, lubricant types and the drawing
speed.
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2.1 Fabrication of High Quality Fine Medical Tubes by Fluid Mandrel
Drawing [14]
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2.2 Numercial and Experimental Analysis of Tube Drawing with Fixed
Plug [15]
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2.3 Analysis of Drawing Process and Extrusion Process by Slip-Line Field

Theory [27]
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2.4 Analysis of Tube Drawing Process using Floating Plug by FEM [28]
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Metal fabrication technigues

‘ Forming operations ‘ ‘ Casting ‘ ‘ Miscellaneous ‘

‘ Forging ‘ ‘ Rolling ‘ ‘Ex—_rusicn‘ ‘ Drawing ‘ ‘ Sand ‘ ‘ Die ‘

‘ Powder metal ‘ ‘ Welding ‘

Investment ‘ ‘ Continuous

35U 3.1 WMsTUgULUUA19 [4]

3.1.1 m'i-‘ﬁugﬂmana
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1. mzmumﬁugﬂmmﬂmﬁ (Massive Forming Processes)

2. n3zuumsTusUlansuwsiy (Sheet-metal Forming Processes)



A19199 3.1 ﬂizmumi%u'gﬂmmﬂﬁ@' (Massive Forming Processes) [1]
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AN51971 3.2 ﬂizmumﬁu'gﬂamuﬂiu (Sheet-Metal Forming Processes) [1]

Bending and  Surface Linear Deep Shallow
straight contouring of  contouring recessing and  recessing
flanging sheet flanging

Brake bending  Contour Linear stretch  Spining (and Dimpling

stretch forming  forming roller flanging)
(Stretch (Stretch
forming) forming)

Roll bending Androforming ~ Linear roll Deep drawing ~ Drop hammer
forming (Roll forming
forming)

Age forming Rubber pad Electromagnetic
forming forming

Creep forming Marform Explosive
process forming

Die-quench Rubber Jogging

forming diaphragm
hydroforming

Bulging

Vacuum

forming

3.1.2 namam%ﬂ'ﬁ%ugﬂ (Mechanicals of drawing) [2, 4]
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a4 A = Yy A A g v Y
ganuuuinTasilauaznisidenlinTasilelininganiuanumzany
fvae3snldlunmsiesenlagmlunisfusuduey Mn1sneasiuagn133aamie

adinrans waluynisnisiy fudsnandudmiuldlunisinsigi A

® auauURvasTanNelaReulureINTEUIUNMT W Teyanuiulia

1 va a

o fauauTRANUEIANIY WU MUsENeUAIEEANIY (M) VT8 duUsedn

NDa

AULEEATINY (1)

P v =1 v [ 1A 1 1 1 [y
PINIFDINILUTU mmaamimmﬂmwmaqLLazLUumwlmLuuau I@EJG]’Nﬂ‘LWﬂlI

Y

nsrUIUNsAUSY wazAnauURTanly

3.1.4 LLSQﬁI‘i’flun’lsﬁugﬂ (Force in Drawing)

'
v a

lunsdenefnwivuiauswasmasiiaduluvuenininisiugdlansdy awise
Taszimidlaglanisadluwuisnuuen Seulvlunsviliiinnisiuaeusy wieuinninnu

A111509 b9 NLSIATURARANURIYDIANe

v
Y

lun15PugUianaziiiinusanunseinAvILUluien 196199 @105 TgULHLATN

i

'
=

n1suanusaladaguin 3.2 Tiusaiildlunissedugy (Draw Force) fio F uanauseiiiniy

Y

NIVNA AD WIVUSTUNURNIUATY LIUASANIUTZUINAIE () WazTuIUL (N) weillagain

De

[

JAAUNNYUALTIAITUSULULTNINA FJappsafevarenisusnanglunisuiiuiusenaunis

9 Y

a v a o A o
NANTUINEY BNFALUTNEAN

[y

Ao AILALgAATIN (Yield Stress) axdududsiinimuanly

a0 o a 1 Y =2 a1

&y
v dn( d' d‘ A dy v (% ! ! a
wWutusy () Nileaman Nanunsaduguls lnedandulngdnfidinnuiAuasiialiiu

¥

60 WasidurveanuAuganIIn wavaunsarwIniugulianusildlunisfaguguidu

ANAIUNUNUNRIUNPATDITUINU WEAAIAIAUNITA 3.1
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4 (3.1)
Cy=— :
A
g Oy fe  ALAUTUIY
Fo  fD  U3%edugy
A Ao NUNHIMTNAATDITUIIU

JDiE& Force, N
""‘-—_._Friciion Force, g

Draw Force, F

£% (%

JUN 3.2 UNUNINNTUANLIIYRILSITTlas19Y YnsTuTUTUII

Yadenisiiddydmsumstusuiantu fo nasviusussnssvhannisueniilily
nsfstugy Gudusmaglunisiadeuiivedansivaiuarnisudsunlasgling Setudsi
Hudiulsznouvesusenieusniu azUseneuig mansevuinusndsaniu n1sidsy
5U919uuU Non-homogeneous (@o mawasusuiunulasmilsiawanssnuainusaden

M) WaTAULALLTI (Strain Hardening) luwauisfiinnsiasugledgninis

3.1.4.1 nsiUdeugUlugaund (Ideal Deformation)

° o & A & ' = o ° 1 v

dwsugununiluvienseldu ssmvuaanuauiugy (O,) Widuuuueay
AR A huflksaduaniuuinseyinnssluinaugigau (Redundant Work) a8ANuadnwe

wennullunuidusuwuieiu lnganunudugdlugauafaunsamlaoainaunisi 3.2

Ao

g Oy Ao ANAAUTUSY
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Ao AUAUYAATIN
I dy = Y o !

A, Fie WuimhdaneunIAaes
= g A Y] [y

A fle Wuimhdendansmaaes

dwsutanilu Strain-Hardening f1 Y anunsalfiduanadeanudulig (Average
Flow Stress), Y Tugaansivasusy (Deformation Zone) @nlaannaunisi 3.3
Kem

Yy = —— 3.3
n+1 (3:3)

1ng Y  Fe o evadvanudulna
K = fe  edudsyansmanuuds (Strength Coefficient)
€ fAn  ANuAIEA
n  fA®  Strain Hardening Exponent
Fa9naunisi 3.2 uae 3.3 awnsatlumusslunisisvugdlugaued lianaunisy
3.4
F- Y ArIn(%9) (3.0)
87
g F  fe o wsdlumsheduguenung
Y Ao avaduannuaulna
A, Ae NUNVIIRRNBUNISNAaDS
Ar A9 NUTIMINAANRINITVIAABY
3.1.4.2 ¥inva9ws9 (Types of Loads)
PN o Y = | 14 =3 1 Id a
wssvinsevielagsediuvedastainlag Anuannsowuseanilu 3 vils
=
A

(%

1. wsafiegils (Static Load) Wuussiinseidetudiureslasaiisegnadng

unseNsllafsrmils udazliaamegnasaluvsaifeuhiuAiunasn Wy useingeyil

UUDIANTANY Lsailpsanaudunielundemuauiinsziinsosouidon
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2. u3e7in3zsheng (Repeated Load) fio uswisethminfingmeselaseana
vieTannansqedioiu waraduiuluulutnanamis wu usansmededomisnniessud
mansaly AMuguresedosdnona iusu

3. W39n32UNA (Impact Load) Huuseitnssvhsetudinlussesnansudu
TngUnfudliannsafivemszevnanfiusanszunninsesildaromii Wy msudesimidn

ATENUUUAIUTASIASII WSINTLUNAALAANIINTAEUAIITIUASNIY LTUAU

3.2 AuaNdARenannilaannIsmagaunIsAILATLHUATNAITULAY-

AULATEA [10, 22, 38]

NIINAFOUKTIAT LﬁuﬂwswmaauﬁugwumﬁmﬂiiuLﬁaﬁﬂmmmLL%&LLiwaﬁaﬂ
dloldguusailufienianfes (Uniaxial tensile test) laglunisnaasuasidunisldusefied
dinduessaiiaue Tnsarfsiunulibaeanuazunluiign lnsaaudidnaiiauladio
mmwﬁ\iﬁmmm (Yield strength), mméf’lumwmﬁﬁqqqm (Ultimate tensile strength,
UTS) uazssevn (Elongation Percentage) Ingdulnaiuad asnaasuiuiagmieiuinnii
Tanuy

3.21 mnﬂﬁlaugﬂﬁﬂ‘wquLLazmsw?iaugﬂTmifmwmaan (Elastic and Plastic
Deformation)

3.2.1.1 mswasugunuudaanyderuiaianuuudugy (Elastic
Deformation or Elastic Strain) LﬁUﬂﬂiLU§UUEUIU5HHMZﬁLﬁlaﬂamﬁ\‘]ﬂizﬁ’] 9vnNT

wasulmlesnNHaTIANUANITIARBUNAUIT L LAY ilnTagagusaaulila

waneAagu 3.3 Tuae B fia €'

3.2.1.2 Mmaagusdiuunanainvisenunseawuuasy (Plastic
Deformation or Plastic Strain) tuni1sw@sugunaudinasdanusanssyintuesnuaiiann
gemegusremungnivdsulitu lngegnsuiiadsunliudlaslinduludumiaiy
AnNansaveslangfiianisingulugrananainlagluiinnisuanindunuaud@nig
a A ! a S ! =i < Y o
Frinssunivsslovuvedany Wy auaansaRagudavgulalurunaiuinveamannaiin

TianunsadaTuuTuausiequessasud wu duwy dinselsauazysealagluinnisuaniin

WanaRagui 3.3 T B AS F
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Yield - Plastic Region )
Stress \\ ’ =" ~F
Elastic Dg.\b E
.
| B

Limit |

o Limi.t of _ Ultimate

roportionality Tensile Breaking
Strength Stress

1]

(o

=

—

w

W

=

w

Al

Strain / %

JUN 3.3 AUANRUETENINAULAUAUAIINLATER

3.2.2 AULAUAAINTSY (Engineering Stress) [37, 38]
Ap AMLLTNYR TN UMY IV 0BIAUTENB VRS ITNNTZINABTEUY
HugAlAganils AAUaIsadedlaIndudnsIdiussninusweviae Ul Feause

wusaanlosdy
3.2.2.1 A31ULAUSIN (Nominal Stress) A AITULAY 0 ATIATUINNUY
af{ -'-NI Y W = = 1 M 2 0o K < ¥ t:ll a [ dl'
fuvihdnsiulaevguiaueandy lnalulamdmavesanudunfinainaiulisetiies
1 d’lj LYY [ :.’I ] & [~4 %
se1Ie Weduraneluinguiiy 9 wu visenglu sesurn Jusu
3.2.2.2 anuPuUnd (Normal Stress) A 84AUSENBUAINULAUNAIRINAU
JPUIUBWIINTLIINDY Beanursauuseanlanall
3.2.2.2.1 A1AUAY (Tensile Stress) WuANULAUUNRLTDIINLSS
nsgyilufiAnisfineeananseuIuinsInsyyiney Inenee1uazweniodanliuenuineen
N AnUeuRRslmasemunswanaduuln
3.2.2.2.2 Aaeuna (Compressive Stress) luauAuUni

\eannusansgyiluiiameiadmnszuuiusensgyiey ienegeudaliianivunduas

AuLPUsRaz AT LN Lanuduay
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SUN 3.4 MEnausanseyinAuduausiia n) wsane ¥) wsina

3.2.2.2.3 AULAULEaY (Shear Stress) WuasAusznauamuLAuly

o )

winduaduszuudusaiunseied Fuluusinnaueniiuinsyiseinguu Tneweneuvi

Tinginn13v199 N AUMLLL SN UNVUILAUTAIAN IR S

3.2.2.2.4 A1uAUDn (Torsion Stress) WupnuLAULEauUY

mﬂ&]’mmwa%mﬂuwammﬂmiﬁm

5UN 3.5 Aiemansanseyiivduaueia n) usaleu 2) usdn

3.2.2.2.5 AUAUASS (True Stress) tuanuaululuinnu (A

Y o= oA v A o o & A v oo Y el' ° 9]
LAURAIUTDAIULAUNR) V]ﬂ']u’lmiﬂﬂ@']ﬂﬂwumﬂuqmﬂ 3] L'Ja']{]"UQUULqumﬂgﬂququﬂﬁiﬂ

[ ' '
LY a

NUNNUNHA Qd LaLSUAY

3.2.2.2.6 ANUAULANTN (fracture Stress) WUAIULALISIUY

v

X A v o dw a o ° a o
WUWWUWWWWUQHwE‘j@WQWQﬂW JATLIULEFINYN
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[

NIAUIULIAAUIETUBRUNTAR (cross-section)  LSuduvasTUNAgay Tun1s
NAADULIINILALLIID TUNAFDUILTULTINNTZAEATURUUREINY TaewsdAuaIuule

S v Ao vy vy X d v oo oa v v Y] PN
f\]qﬂu’]‘ﬁu’ﬂ‘ﬂ?@‘l@l Wqﬁmjﬂwumﬁuqm@ﬁﬂmuuaﬂﬁm PNANNITN 3.5

F
o= — (3.5)
AO
a oA a X Iy . o
LD o) AD wsnAuinTuluIunaaay (b/in.2 158 MPa)
F h) Yndnysansaniniusunedau (b 1158 N)
2 & A o a =y . A 2
A, D NUNUUIAALIUAUYDITUNAFBU (in.2 NI mm’)

3.2.3 A1NULASENIAINTIN (Engineering Strain) [37, 38]
fio Msdsuudasiomirelusuresuinniosuisvesingsuieanain
LmLﬁaLﬁaUﬁwmwgagUiN%ﬂLam g duUsinadiluivias (Non - Dimensional
Unit) #sanansaudssanlasiedl
3.2.3.1 A RAIOALEEY (Linear Strain) Aoniswasunlasreniieniny
gmduiounanussudfdadudientu fenunsautseentaiy
3.2.3.1.1 ANULASEARS (Tensile Strain) Ao M3wWasuLUasitindu
Slevieutaggnnssvhiisussfsmuniauny uasiiuussisiuogiedng Tngazfianistnoent
atoamuruIavesLssiefiiutu shlsiauingBeoon lurneivieutngdaooniasinnis
mmmmﬁwaqﬂaui’mqé’m
3.2.3.1.2.a10A38A00 (Compressive Strain) A MsAsuwUad
ilevieuinggnnseysBussnamLLLIINY uazifiusanead uoged auriliviouTngnd
a
3.2.3.2 maaSoauuIRaL (Axial Strain) Wuanuasendadulussuiuds
U UL VBT UN U IDE 191
3.2.3.3 ANUASEALUIVING (Transverse Strain) WuAsASoadaduly
syuUTiRmInAuLLILALE Ve ITUILUT g 19T

3.2.3.4 AUASEALRBY Y50 AILLASEALTIYY (Shear Strain %38 Angular

A =

Strain, Y) AaN1SlABUKUAITENIIMEY 2 WUTIRaULTIA@INTITULAs Y Wallisudou

n3gii wiinn1siUdsuLUaIgUTImTaIinAATEAT UL ANULATEATIIAATULTENTN
a =

AILASALREY

3.2.3.5 AUASEAD3Y (True Strain) WUSHIIAIUVDIAIIULEIT B FILAUIT
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109 Tuanadenni3fiusssuad () AoANETITUAY

AMULASEATUAAIINNITNTEVNVRILT SRS lULUILALULAIBE 1 lane Ferwinlalay

AMFINENSNEIUTENINIANNNMTLURSUIUABAMUENISUAY AIFUNIST 3.6

A
€ = —x100 (3.6)
lo
e € Ao AULATEA
A Ao anuennwasuly wie svestn
b AiD  AUENIVDITEELNAABY (gauge length) LSuAU

3.2.4 wanasAudangu (Modulus of elasticity)

I % !

A9 DNTIAIUTEVINAINULAUADAINULASHAT U FLAULALINUTIHINIA

] [ a

UnATdn 183U (Propotional limit) dmsuinguissidandainuduiusseninaninueu

al 1

wazenesoafuduldumungudunse Ssamnsouisesntdiiu

3.2.4.1 TndaduiaBudi (nitial Tangent Modulus) 1unadudriaves
ulRnulduLas ARG ER A 3AIHRY

3.2.4.2 Tunaadudd (Tangent Modulus) iluamutuduiaveaduliseny
WuuagAmILeen o sunslagiiinisdnwet

3.2.4.3 Tunaadueu (Secant Modulus) {uanuduvendulAsnuiuuae
AALATEA ﬁﬂuﬁmmﬂf\!m‘%mé{uaﬂﬁ;@iﬁﬂUULﬁUIﬁQﬂ’N&JLﬁULL@%ﬂ’NNLﬂ%ﬂ@‘ljjus]

3.2.4.0 lundanasa (Cord Modulus) Wumnudurssdulfamiuiduias

AULATEN TAINTENT YA INA093N
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Initial tangent
Modulus
Tangent Modulus

stress

Secant Modulus

strain

JUN 3.6 N15ie133BMslugdauuuniigg annsnvesruularamaseaLuU iy

LAUNT

Ingszaun1siasusyrasiaseasianilatdu asu1nnTe U duag AuvuINUDIuse
ASEVINNTLYNADTLUU LAUAINULAULALAINULASYANLANTUILLUTHUATIRINULAL AL

o/ v v A
AINUAUNUTAIFUNTN 3.7

o F/A,
E= — = (3.7)
B A
e E Aa  uendEAINEAvIEL
c fo AULAY
=l a
€ fio  ANLAIYA
F Ao dmtanselsluiuTunadey (b %30 N)
A, A NUIRUIAALSUANYDITUNAEDU (in.2 %58 mm2)
A fAe anugmnasull vise svudn
l AD AINNBNIVDITEULVIAGOU (gauge length) LAY

=l = 1 y 1 d‘ L% =l 1 1
38158011 NYUIEN (Hooke’s Law) UATAIAINYRINISWUIAY E 158071 A1
dudsyAnsveansgangu (Modulus of Elasticity) ¥5e 1endawaed (Young’s Modulus) &
A1115091 A1 NANUTUVRINIINAIUFUNUS TENINAMULAU-AINULAS AN EARINNIS

NAARIASLABNAIY UanIRagUN 3.7


http://th.wikipedia.org/wiki/%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%8A%E0%B8%B1%E0%B8%99
http://th.wikipedia.org/w/index.php?title=%E0%B8%81%E0%B8%A3%E0%B8%B2%E0%B8%9F%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%AA%E0%B8%B1%E0%B8%A1%E0%B8%9E%E0%B8%B1%E0%B8%99%E0%B8%98%E0%B9%8C_%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B9%89%E0%B8%99-%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B8%A3%E0%B8%B5%E0%B8%A2%E0%B8%94&action=edit&redlink=1
http://th.wikipedia.org/w/index.php?title=%E0%B8%81%E0%B8%B2%E0%B8%A3%E0%B8%97%E0%B8%94%E0%B8%A5%E0%B8%AD%E0%B8%87%E0%B8%94%E0%B8%B6%E0%B8%87&action=edit&redlink=1
http://th.wikipedia.org/w/index.php?title=%E0%B8%81%E0%B8%B2%E0%B8%A3%E0%B8%97%E0%B8%94%E0%B8%A5%E0%B8%AD%E0%B8%87%E0%B8%94%E0%B8%B6%E0%B8%87&action=edit&redlink=1
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Stress (Pa)

Gradient|= Young's Modulus, ¥

1
__T_

Strain (%6)

5UN 3.7 n9lLandA1ANduYeans AL S TEnIIA LA L-ALATER

Ingruensatenagnitarsaninlueiuants anuudeds (Stiffness) veaiaglunis

1Y

PariunusenIsiagluuulnney fe Baruendaunnvinlyg Janniinisingutoswintu

9

3.2.5 AULAN a1 39R31N (Yield Strength)
ANLAN 1 IaRTIndANdIALNInlun1TeAKUULATIAT1IN9TAINTTY

ot uaauulnssndlaneuanstvdfgveinsdesuiuuasy neaadudu

4 9AATIN. ANNSOANNALALLGEENTRLAN UUKRLAINATULAL-AITUASEATOUNANNET )

0 Y, uanswiagun 3.8


http://th.wikipedia.org/w/index.php?title=%E0%B8%81%E0%B8%A3%E0%B8%B2%E0%B8%9F%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%AA%E0%B8%B1%E0%B8%A1%E0%B8%9E%E0%B8%B1%E0%B8%99%E0%B8%98%E0%B9%8C_%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B9%89%E0%B8%99-%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B8%A3%E0%B8%B5%E0%B8%A2%E0%B8%94&action=edit&redlink=1
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_______
——

Yu E
w ]
wh '
20 :
_ H H B
«w — Yo : '
1 E E E
N ; :
1 Uniform plastic elongation | Necking E
p JENastic o o >
: E :
0 Strain

JUN 3.8 namAuduiusITMINAIAL-ANNRSER dmSumanndtazyu (Mild Steel)

MY, uansda Yield Strength point

Tngluuds ziinuanInIuudgansin (Yield Strength) Liigadnssninadudn
[ ! a & v v v 6 ! v = a A
annvuuivdLduduTe T AU IENINAIIAY-A AT ER taaLsuil 0.02%

wananagui 3.9

O (stress)
2] S T N1 B —0.2% offset yield strength
A : L
- & (strain, in /in.
o CS (strain. in/in)
- +—(.002 in./in.

5UN 3.9 N5MANUENTUSIEnINANUAL-AMULATEA UAAINITIAT 0.2% offset Yield

Strength


http://th.wikipedia.org/w/index.php?title=%E0%B8%81%E0%B8%A3%E0%B8%B2%E0%B8%9F%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%AA%E0%B8%B1%E0%B8%A1%E0%B8%9E%E0%B8%B1%E0%B8%99%E0%B8%98%E0%B9%8C_%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B9%89%E0%B8%99-%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B8%A3%E0%B8%B5%E0%B8%A2%E0%B8%94&action=edit&redlink=1
http://th.wikipedia.org/w/index.php?title=%E0%B8%81%E0%B8%A3%E0%B8%B2%E0%B8%9F%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%AA%E0%B8%B1%E0%B8%A1%E0%B8%9E%E0%B8%B1%E0%B8%99%E0%B8%98%E0%B9%8C_%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B9%89%E0%B8%99-%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B8%A3%E0%B8%B5%E0%B8%A2%E0%B8%94&action=edit&redlink=1
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A1 0.2% Yield Strength 91992138111 0.2% offset Yield Strength Fsnlaanns
ANNFURUSTENINANLAL-ANLATEA tngaINEuaINgandaA3ea 0.002 in/in (m/m)
uluivdmiuaninshugy @aeidudunse) wagdniudiuiiuaingisfusuveadulas

v
v A

ANUAL-AIATER aalgesnil anndulusnseauludnlulwIwnuaaAY

3.2.6 AMAATUNIULTIASESER (Ultimate Tensile Strength)

WuArauudsigegaluidulAtreansvanuduiusseninennuau-
PrIASEn uansieguRl 3.8 vuan S Wlelasgaiiudn mmiduaziiatanas esainlunis
funmmauduilinuiinihdniumediunaaey winuaudusiud Wenegaemi
Fugeaalunsaudiiusssrinsnudu-nnaeauda riudulsdaiiudy $1aa
AN uTivifna3 vestunadey Liosindasdiuiinihfavestunagouaznenas
(Necking) aunseienn faiu pnuiuazsosqiistuaunseiienn Tnguniudranilldresld
1nluueDNLUUNIAINTsNARas e Tnatanized bt unanlanzeau (ductile  alloy)
doswndnmsmsidsustesnningtiu egranndoufiimannuiuniunssivgaan udegls
fnuminnuiuniuissivgeant Swenunsausdlddlonsduiienuauysaivdalidilangi

Tyiauysal ww Jwsu (Porosity) agvilviAmAuLdanas

3.2.7 auwilea (Ductility)
& wa A = a = A = v A P
WUaNUAGINADNYUANUY NUIUBNDITZAUUTLINTDINITLUIFUNNITNAE
dAavuldneunianiuazunnin lngaudfdiuanumieannsaszydudimadiaviie
WesiduAnisdada (Percent Elongation) ieBunuldsuussiadumgliminnisineanty
fAN19v9IusITY Mapdouiliunitmnunien (strain) neleuauaseadunisindu
- = a A o o & = & [ N Y
W nusamanafg Nnsgyiniuduay dadudnsnisivaeuiyaninugivesiuauly
AN 19VBALTITULTBUTUAIINE IS UAUYRITUUY Aatunawin1smaaeudeiniuiivisie
LAY ITETVINFEUBNAUYDITL TnesrasnaaoUsuiuazy L UuAToIMNNga099A UL
gunsalinnistiavisernunsenagldlunisinssestnveunuluseninnmmegou v3ee19
TPNNAANVDITEEEN1IVDIARIRATAY HARNTENITEgENAFRULSHAUAUgATINeLSaNT
szezdn (elongation) WAzt NUNANTEELIAMIIAIYTLIENAFDUITUAULTIAINAIIULATYN ALY

AULASYATBITUINY WAASAIANNITA 3.8

l _lo

% Elongation = x100 (3.8)
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http://th.wikipedia.org/w/index.php?title=%E0%B8%81%E0%B8%A3%E0%B8%B2%E0%B8%9F%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%AA%E0%B8%B1%E0%B8%A1%E0%B8%9E%E0%B8%B1%E0%B8%99%E0%B8%98%E0%B9%8C_%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B9%89%E0%B8%99-%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B9%80%E0%B8%84%E0%B8%A3%E0%B8%B5%E0%B8%A2%E0%B8%94&action=edit&redlink=1
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We |, A AUYTINILTUAY
¢ D AUYTANIVAITUIULA AN

ynnaman (Necking) A8 local phenomena dlovinstafimuwans1ave Iy
grunafitmualideunasndsistuay wud anusninlazanas Weiesiduinisingy
Wy mszidesan ssezinafiinisundalilndfuuinadiinaonon udegnslsfiny
nsmvespfiuinsnsazlidlndaus msetunilfiianisBasegnaamsudineu

ALLAANTITHANIN

TumsiamanauiienumieiveduauaninsamidnaunisSosasn15anasued

NuNnsa (Percent reduction in area) A9auN15N 3.9

% Reduction Area — ——— x100 (3.9)
Ao
= = & Ay u aly
LD A, D NUNUUIBALIUFU
A Ao NUNUNFAVD IV UINULANI

Tagvhluud drsmstinfvesianazegsening 10 Wesidud fa 60 wWesidud Tngly
fanUssinnlansaziimiegfiuszana 20 Wosidus s 90 Wesidud drwvansmnwanadn
eilenmmnieniigann lunenduiy dwsuianse sssiimiuminiinunn vieens
lanunsamanlalag

Tunudde e muevuadusiuaudnarmaeaslivaimuvnnavesny taglvien

SevarnsanasvadiuRuLGnmnaU 20, 35 kay 50

3.3 anwauzia (Surface Texture) [40, 41]

a A o w

lunsnanduaulussasduiy dnvagaunmiidlaudAyienshdauuindu

aua1iu Ingldivanavesnunngegaiazaudteioasanveindndaaiioinluldeny

Y 9
wagAINNAAINLING (Tolerances) NpnUsAUTRNAIAATDYAUTOYS NATBIAINLIIUVDIR?

Y

oA o w [

nudnsusugnelsivinddiudAgduiu lner1auseuRa (Surface Roughness) xilng
V30U AATIBANINAYDINTTUITATHAALA LYY N1TAIVANANINUINGBY  HAVDS
U32ANTAIMNI5T19U ATUWENEANYDIVUIUNSHARTIEYI ITan1nUIndaUN1THER

WILNZANFDINUTUINDI VI DIIVDITUIIUY MA991NTUIIUNIUNT I TulUszezamieen
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PBsuiivnzan AnuantAvesia (Surface Parameter) uayisnsnantigniesazyin
T Fununisuananawioluguiuly anniseenuuudunounisudaiiivangangndos
ilesannisiimnuilestsgndesdegunsanuuingg vesnuautivesia 3n1sinuay
Anszsimazvibifeenuuuannsadenimuasinazidnsinanuveruiimngan daly

[

\igaunszihilandndusindaan it iiiavuIunM snEn i zauua AU U SHER

4

o
NanNADY
Y

3.3.1 A2MURANAIAIUNISHAR

TUNNSNARLS1EIUNITDINLUNA NP AURANAIALUNSNARNURILS 3 LUURAD
® ANUAANAIANUVLIA UazFUS (Size and Form Error)
o auupdu (Waviness)

®  AUNLIUVBINURT (Surface Roughness)

_g._._l?eiir.ei._.&_

Manufactured

} ‘ '

Form = Cylindicity Roughhee

UM 3.10 anwgAURAN1A lUNISHARTNLRD

33.1.1 mmﬁmwmmawm@LLasg‘Us'N (Size and Form Error) 1uaiu

AanaIninasionsldnulagsINveineu Wy Msmuwadiiuadugnlu a1deensii
Tdladrendesimualivuinveanandnnin uiinesnsannsidendnaesinanlvegnan
wivluvewmdugnuiintesudildnisainda nsidedaziibinaiua sumuluvesmdu
44 DY | a o A a & o A Py

anUumyulumeiukazlifinnsideadanuianaiawuuiianunsaiaiienisnsisaeulaig
lngldiasasdionugiu wu Lesidy Tumsivuaiauianainvesgusiveusuladmsu
Q’j Qyj dl L v v o o ¥ dl

FurunatgFuireslseneuiiaigiu azaiunsavilalagldiinsgiuves 1SO Tusesves

AU uNsEUldLasNnAAINUEDYBIULNe (Fits and Tolerance) warlutsasuaanng
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AULHBYDIFUNTY (Geometric  Tolerance) lugufl 3.11 9nlugUaziiuinsdnsienis
FununTINsEUen wilendnvununsinszueniuarliamnsarilnlunsnssuenlied
gnAesaNyIainIsnavzAellinmNianaInlat1e AuRana1InTesgUNTInlaasauansnsly

NTUNTINTEUBNNABINITHULTUTENT ANEANEIATae3Use Tunsalnigluisnaginvu

LRINIEANAAINULNDUBIVUINLNTY

JUT 3.11 AnuagANNIANAINYITLIALAL U

3.3.1.2 pulundu (Waviness) {uauRanaIniiaIue 1A LN UL
& a =y & A o o o a o - A o dew
HuiveuIY ANmluaduindauaitate 91ainanMsdudsiiowedATeIdnIily
Tun1sndndainlminanuadwanedl F93Ui 3.11 ugureneveaduaulugud 3.12 A

Juaduiuialdreudiein wazazutanenoaninanuianaiadususnlagindie

JUT 3.12 dnwazanuianainwuuiluniu
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3.3.1.3 ANUNEIUVBIRI (Surface Roughness) WuanuRanainiiinduain
NsNARLUUNIE ANMUVEIUAATUIINIUI 190 TaR MY TUTUTUIULAENTTNITNTUUSY
d5UNITINAIINNEIU 15198 TnENYUETILANIINAIINYTUTEVBINURINAINE AT UTBY

satiulunisialsnazdeeddaszeylunisialven dnwauzanudusdussesiiSun 31 cut-off

'
[y

length Asuanslugun 3.33 cut-off length dAwnasgrunldiuunnge 0.25 dadiuns, 0.8
Tedwms uaz 2.5 Jaduns ANuneIuTesiuRadlmudAyaan1TldIutale a9 W
WSUFIANIUTENINNURY N13ENNTEINMTELAT A8 ANUIENTUNTRURE was

AUENINIaluNsteaiunssady Wudu

3.3.2 UsennN15IAANURENURA [41]

lun1sinanuveuinagldinsasinaiunenuii Fdagtulivansuuunaiedvie b
= 1Al a [V a o S |
Wen wandmsineianune1uiai waty 2 ngu

3.3.2.1 NM3INANUTNEIVEILNBLREE A 91AUNITIALAIAILIAIAIINNEIU
Areenundudlndunenuinade Feagyinlianissduanunerulaesiuusliauised
U d’ é aa U tﬂgj v 1
ANYTAIINAAIN LAFBUAIAIVEIAIINVEIU FFMINaNTLALA Ra Rku Rg Wag Rsk
3.3.2.1.1 AungIuRILRAuavAdn (Roughness Average, Ra)
Junsuanpuneuiiuiasisaadeniuasadavesiaiin daduaifedldiuuinian
LaENan8N1n 3311 Tn91989ALIUNITAIMUANINTFIUAIINVENURT NTAIATAIUNETURD
‘:4' a v & A ‘:4' Ay o= A o & A

ageANaliaINMITTILNUTIgeALaNTIRAUHBLEURINANY (M-Line) Aullufiuanuia

= Y oy = v = A = ' v &
?J@QﬂaUIG]LaUﬂQﬂarN PITNIYAINNEIURAY (Lm) I@EJV]?]']GIJEJQ Ra NVU’J?J'J@HJUI@JIFI?LN@?

(Mm)

ﬁuﬁﬂaﬂunau
o
x| |

M-line

W v |
— e —.T‘— e Tm le ie -’]'.—- ie -:1

Im = fa3arus1I098

5UN 3.13 M3inA1AUvEIURIRRERUANN

3.3.2.1.2 AUNYIURRAUNAIE09 (Roughness Root Mean

Square, Rg) {umsianimuveuiiuianigsnfdesesaaaefasdooimiin
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3‘1] " 3.14 ﬂ’]i’J(ﬂﬂWﬂ’ﬂN%Eﬂ‘UN?LQﬁEJﬂ’]ENaEN

3.3.2.1.3 AMUNYIURILRAYIHIAL (Roughness Skewness, Rsk)
< 421’ a (Y] a a PR~ 1
LUUﬂ’]iLLa@ﬂﬂ'ﬂ']ZJ‘VIEJ’]UwumrﬂﬂﬁlﬂqﬁjﬂﬂiﬂqmmaﬂEJ@@LLag'VVQlI I@]EJUimm‘UENEJa@MLUum

vIn dndsuiuvemanlindumiau wmnetlafisnAuanddviviudinisiisoansenauuin

TGN
. ] = 4
oo 9dem ‘: NSN3 18I0V AN
i LA J Ve . & / 17525 267
L \/- =
' » 7 e
; | 7 Rsk aray
' ! N
] ) ~
:V/\ -\. - gkt 1/\ ‘\ X \\L
H '/ s J L-—J—L—’. J I \.\)
v : '  Rsk@wnn

5U# 3.15 msiefanuve U uaieUsuu

33214 mmwmuﬁua%gﬂiw (Roughness Kurtosis, Rku)

oA v

JunsuansnnnuveiviuRilaesansliiiuisdnuazUineetuenin Iddnvazeonla

YRALAN UIDLDALSLY

Nkux<3

5U% 3.16 MyinAAUMEIURIRREFUIS
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3.3.2.2 MTIAANUKEIURLABYUIA (Amplitude Parameter) A9 81@BN13
fovnAngahuesuaaimenuasiui wagiliadudnuaivosnnuveulddaaund
FBnanquilléiun Rp Rt Rv uaw Rz
3.3.2.2.1 AMUNYIURIVUIALAESIU (Roughness Total Height, Rt ,
Ry) LHunsuansmsmenUiiuinlne fnruneusinsse i ongagadquinanuesi @1
ifusslestinnassiimnisdesnisipifterinmuvgszoanlsinun iaesldiasdesd

Rasluanilunsau

M-line

SUT 3.17 MTIAAIANNEIURITUALAL TN

3.3.2.2.2 ANUNYIURIVIAVRUENER (Roughness Valley, Rv)
Jumsuansanuveruiiuinlagdnvuinainudnvemay lnguaniaaudniauifivwingn

o
Nein

5U# 3.18 MIIAIAUNETURIVUIANQUENER

3.3.2.2.3 ANUNIIUAITUINYDAZIER (Roughness Peak, Rp)
\Junsuansnnumeuiuialag Iauuinaiugeeseen Inguaniniugeueseeniivuingd

d'
nan
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JU# 3.19 nsinAAnuneuinvungenggn

3.3.2.2.4 AuneIUIvuIalaeady (Roughness Ten-point mean,
Rz) Juniswaniaauneuiuialag inruinauguegeniual 1wanve g lnguans
VUINLRFYVDITLYLTENTNAIINGIVBIWENNUANIUEAVINGY NINUA 5 YA NTTANAdEY

Wudiaiig fu 5 929 udrhadlaunsaudumsme 5 lnefinnves Rz Sundedululasiuns

JU#1 3.20 nsinAANuneIUEILelagLade
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4.1 NQEHNISATUTUVID (4, 13, 15]

4.1.1 Aaudsnldlunisheuguvia

¢l =

“LumﬁmiwﬁﬂismumiﬁﬁugﬂﬁaNﬂqmwmmﬁﬂ TAUHNIUBINUANT U AAT UL

9

Wi wazauIaAsYanTiuAna1eiy uazneluefuuuIsUeILle wieveunany

suantun1smIvANTLIAN1ElY TgLARINUANAITUN 4.1

sUM 4.1 urunnn1sAsugunneluldaan
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o

1. FkUSHU YU

(%
o v Y

® JERFIAY

® SUnsIeadan



46

o \ndosiiofildlunishsiugy
o puupiidy
o aruiivdugy

2. fudIany Ly

®  LLSILATNAINUNLY
Y 4 oo &
®  AUUATDITUNUNAINITUTY
a a
®  ANULIHUND

® g ilaning
TngaginsanlivuiadurugudnanvewisnauRwiniuTLALE U UALENA19YD
NoNaIRg (D,;=Dy=D) kazAUUANAINRUIVDIVBABUAY (h) LAY ATUNUIVDIVIDNAIR

(h) Waguudasldizeny LLaméﬁ’quﬁ 4.2

\ TUBE

sUN 4.2 dudsililunishistugy

Tnedfidhuuswdniiiesdos fe ATsyuuifian (L), a3suuan (B) wazvuianisanas

& A v oo = v o sw A
YAINUNUUIAA (Re) FILFAIAINUFUNUTANENNITN 4.1

_ AitAr
Re = Ai (@.1)

[ ¥
=

e A A9 vwiniuivthdanaufausy wag A Ao Yuiniuivtdanasmaugy 89

Y

ﬁqﬂqﬁﬂﬁq‘lg{'ﬂqﬂﬂﬂﬂqiﬁ 4.2 ay 4.3
B Dor\? _ (Dii)\2
Ai—ﬂ[(z) (2)] @.2)
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= o (2) - ()’
A= [ (= 1) (4.3)
We Dy Ao wwaduRIuAugnaNneuenvavionau gy
Dy A vwmdusugudnaraneluveieneusadugy
Dot AR vwiadusugudnataniguenvesviendanaugy
Dy Ao waduruAugnanngluveiona R ugy

TuragligItuansamAEInEUR I UANENa N uaNYBYIB B LAWY tay

£%
=

PIAEUHIUANENANMBUDNYRWBNAIRWLIY leanaun1s 4.4 uag 4.5 ladnee

Y

Dg; = Dy + 2h; (4.0)
We - h Ao AUNUIYDILUNLAUS NG
he 0] ATUAUNVDIUNUNUS LIUN 988N

Wetaunsn 4.2-4.5 unudnlluannisa 4.1 azaunsadsuleduaunisa 4.6

()52 ]

2

Re = >/ (Dh—;l)+(Dh—;l)2] (4.6)
wazsmual D, & Dy & D avaunsaldouaunsyt 4.6 Iaduaunisdi 4.7
e A X
GG ] GG

Tned h, << D, ~ Dy = D was h < h, wds 9=lé1 h << D; & Dy = D F99zvili

aAunsaisuannisi 4.7 luaunisi 4.8
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Re=1- Y 4.8)

Tupsainvihnmaaedagldvienlvuaausdiuaugnalunne1eiy LazruInveEy

D

H1ugudnatanigluvesisneuduuiiAunnnitvuiaveuduiiuaudnannisluvesie

Y

£
L2 =

waaRsugyU (D, > Dy) anunsnsdeuaunisi 4.8 laluaunisn 4.9 dufe dnsinisanauin

= Y o 1

NUNULNARYBIVIDTEULDY

_ Dighy
Re = _Dlihi (4.9)

dg! 1

4.1.2 wsantglun1sAvUsUYID

U

£%
=

L5INLTUNTSAITUSUN BTN ABWIINLAAINNANSAINUANEYVIDA 1 UNTIIHY

Y
(% '

Wi wazdldnuanegnieluvieduauiveyinn1sanvuaiuivindnveyie MIATIEILTS
Tunsfsugudndudemsunginssusnsquesiielanzuazosdusznovdug luusnand
nswdgugunnsg (Plastic deformation) @stusgAuiladnalgetie ey dnsinisanas

YoINUNVEIAA k3elElun15AWUTY YUINYRIATBHLITNN YU veRTluUan Yilnvaq

FUdN AMULEENIUTLAATUIENINAY UTBLIINTeMIutnUsasiaoay [Wuduy

EZ; OL P, | I = sl ks -_".C.-O-
'3

k Tensile 0 Compressive
06 =

UM 4.3 AnanAulazisslunseusy

12

NuazLsdesnstunsruIuNsAugUansamunlame Siebel’s Method

1AYNBUVDNNULALLTIVENIITUIDNKNATINYDILTILUAINEIU FIUTENBUABWIIIUNTATU

=

gﬂmﬂmﬁmamﬁu (Ideal deformation force) ws9L@8aN1Y (Friction) w5920U (Shear
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force) InganunsaduInilasnie Sibel’s Method fisaunisi 4.10 Geaennaediunsnadugy

Flaguit 4.3

FD,tOt
Fid
Fers

Fsh

Fosot = Fig + Fers + Fep (4.10)
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wsanlglunisiadugy

£ ' ¥
= [y =l v

aa = 3 S o
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4.1.2.1 wssgauannldlunsfaduguianndudadieiu

Prax

Tagi

cSm,n»l

Tne

Y 9

I:id £~ AIGf,m(pmax (4.11)

v X = 2
Ao AnuAUAUgULade (Flow stress) (N/mm?)

A11LA3EA (True strain)

o))}
©

Omn-11to0mn
Gf,m 7 2

v
=

o ALLDIRIIFIERAnYRITLUREUNTIANTUSY (Thduse
QRFRSARLITEY
Ao AULDIUIIFIGIEATRTUNIUNEINITATUTY (Tfusie

AT NUARUNS)

I
(Pmax = nAf

4.1.2.2 usadeanuunysaladiveusliiug

FFR,S

20f m PrmaxMAf
sin2a

Frrs = (4.12)

Ao wsadeanuuutyivaive sty
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U Ao duuszansanudsaniu (Coulomb’s coefficient of
friction)

ra [

o fD AU

Tnefiyu 200 WEna Uy A1 sin 200 = 201 azvibildaunisi 4.12 1Wuaunisusadenniud

4.13

Of m Q. nA
Fens = fm PmaxPf (@.13)
a

'
Ly

FedUUsEANTAMUELAM UM LAINAS9N 4.1

1%
[

M1319% 4.1 Ausadeanulunisiaugunagsnfugyiunu [13]

Y

Process Solid Hollow Drwing bar Ironing Drawing
forward forward and tubes hollow
extrusion extrusion bodies

Coefficient 0.04-0.08 0.10-0.125 0.02-0.05 0.02-0.07 0.08-0.02

of friction,

4.1.3 anUdeanu (Friction) [18]
Tunszurunstugudu dedldusdunisfsgelunisnasyilivununsiunys

sUlumangqnszuauns 9199gldndsuninndt 50 Wesiud Mdeldanusadeaniu lu

[ I3

AsUnIna1snasduuly anunsavinldnislravesianveswdavinlamuu arunsnanveside
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=
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T

MOVING
CROSSHEAD
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1. A5aLan (Crosshead) Ao @iuvaalnanfaziadiouiadiianiinisna

(Compression test) kaztadounvuLiloinn15ae (Tensile test)

2. f5un1921ss (Load Cell) An Maudasdyradimiunisziss (Load)

ausasumszisslagegn 100 Alatwiu YusdivwsasingussaiArasnisnaaey

3. AIUAVTUIIU (Sample Grips) Ao NAUTUITUTENINNNINITNAADU

ausaUasulannuguiuazsninvetununlinagasy

4. adnidou (Upper and Lower Crosshead Limits) A9 ﬁamuqma%madﬁ

ARBUNTUNTA LY NTAIIITUIIUABUNIINAADU A11130AIVANIAIINENAADUNT D

mueulagluswnsuasNiumesnls

5. Yuvigagnidu (Emergency stop) Ao Junldiilofean1sngnn1svineiuyes

LASBINAFBUNUY
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JUN 6.2 d1uU52NoUYRUATOMARBULIIAN N) ADTALEN U) FITUNITEUTY A) ATUTUTUIY

9) adnidioy 1) Yunengnidy

6.1.1.3 FUABUNTARBULIIAS

1. nAstusmilslfaunaunsguildndss

2. ¥Anuazennduey ietlostunsideuestununniisuvasyinsmg

3. A5719EOUALIEIU M51 vestu Tnsazdediinuedeutid e
NAgU

4. Y siauarTufindnuunauas ffve sty

5. ¥imsfetuay Susunannduibugesdiu (umiadedsdaslidudign

A48 50 TadLuns)

6.1.2 Lﬂéaﬂ’a’ﬂﬂ’)ﬁuﬂﬁﬂlizﬁ? (Surface Roughness Tester)
HueFosdiofildtnanumisu anuvgrszvesiiuia lnsagiaainaiiy
Lﬁmwmmﬁuﬁ’m%aﬁuﬁuﬁ’ﬂuqmma 5’1?’1’3’1&1L‘ﬁENLUuﬁﬂlﬁﬂJ’]ﬂwmﬁﬂﬁﬂﬁuaﬁﬁu%iﬂitmﬂﬂ
viefvenu lurnsdeafuianudesuuiiddesmnefaiinunusstiosniefiuiaiiou
Taewiheiaunafienlde mnuveuiedsavade (Ra) uazanuveuivuinlaeiade

(Rz) \Jusarinaudnvuzyasiui
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le v o €

iwwseeInANNYIYIERIdunumdAglunsivunan iy ingasenasduius
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a £ = I X a a
Nﬂi%a‘mﬁﬂ'}quLaEJmVIWUQQﬂ'J']WUN'JLifJU IWEJ

a Y

AUANINLINADY LAgNURIUSVTEINaL AN

q

2R
aaa

Anuvgvszaniulladeus@nfvesussansnmnisinuresdiulsznouniasdnsna

6.1.2.1 AudnvazveaAIsinALIIIED

1. 92911939 (Measuring Range) deLﬁ%qmmmi’mmmwmuﬁﬂéfeﬁ"wqm
uazgegavinlsuazdeseglutasidesnstn

2. auaziBuaveasesile desdimuazdenda 0.01 lulasiuns

3. Al vEoruAaadey fesliiiAu + 10 WoSidus

4. NNABUARINAFDINBILNE LadadiBineTiazeudeyaliine

5. gamgiinisldan iflesaniedosidugunsaiBidnmsotadaiitisgungiii
wldnldegramiugr Unfinsesinagldnuldiigaumal 10 - 45 esmwaldea

6. 9UA UM U Aot gauiuuLATeTUNUNARINTIA

6.1.2.2 duUTENAUTBNATONIAANNVIVIEHY

1. fLASRYIAAINNYTUTERN

[ '
a v a v v Y

2. 19399 ERnfInTIUSIAULIUTdaAUIASeE1uAN Faududinazdudany

€

2D

WU

3. VIUNIDLENING ANLENIAD AIURYTURIRAYLATANIR, ANUTEIURILRRY

o v

MA%ERY, MNUNEUEHITUIALALIARE karAUNENURIRAEZEn (Rmax) lngdsuannaly

e lulasiuns

A

4. whuaauLfieu (Calibration Plate) TglunisnagauA1ni1seiu nkaaA1n

gﬂéfaaLmuﬁw%ﬂ ABUYNNITNAZDUISI
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JUN 6.3 drulsznourennsesinnugaseia n) Wuda v) wawlansednseiuiesesin

f) WHUEDULTIBU ) RUNIDUARING

6.1.2.3 %gumaumimaaummmmgmzﬂ’;

1. dndudnsadndusuau

2. usludeudisufafasuugududuny

3. nat start waz enter wonu aniunAtY start Snass LileFunisans
Al (Calibrate) g1y

0. wirnFusldiinsaisiiusuda Thihfumuasaniafiasuugiuiu
#iae 9ntuna start iilevinnsinen

5. nthaeazlansnauniielulasiuns

6.2 Janaunsalinlglunisneass

1
Y ¢

6.2.1 Fagnldlunimaaas
1. vienewAwwla L mui1n531u ASTM B88 [12] vunaldurtuaugnalaniguen
15.875 adns Aavuvie 1.1176 fadwns ellesrusenoumaaiivasanautagnans

AN5199 5.1 WALANSIN 5.2 A1uaeu
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SUT 6.4 vienosunswila L anasnnsgiu ASTM B8S 5/8 i

ﬂ"li’N‘ﬁ 6.1 99AUSENBUNINATYBIVIBNOILAY UNS No. €12200 [51]

C Fe Mn Si Cu P S

0.1567 98.7117 0.4349 0.3348  0.15769 <=0.0022 <=0.0058

A13199 6.2 AnEnTAINaveianeIwnsldlun1sAsTusULUUTLAIYE,

Young's Modulus, E (MPa) 117000
Yield Stress, Gy (MPa) 120
Poisson's Ratio, V 0.31
Die Half-Angle, OL (Degree) 15

2 uunsafldlunisneaes fe 1arenn, tsuAennsn SAE 20W40

3. asvaeaunltlunismaans Ao WnuiASeansa SAE 20W40, 1nsiuudy uag
loLRuaLRaLY

TPEUARIAANUAUILUILAZAILTER F9m157991 6.3 waznn3 9Tl 6.4

M151991 6.3 ArAuvUILUNYesaNslEluN1ITAaeIiaungll 20 s walguanlylunis

NRany [49]
i | 3
ansilglunisveaes ALY (kg/m”)
Yrazen 998
Yifuadednsa SAE 20W40 880
T AgUALRAULY 941

Ysiuund 898
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a

M19197 6.4 ArAnuvilnvesansitldlunisnaassiioamgll 20 ssrwaldeanldlunisnaaes
[49]

ﬁqimﬁUﬂ']iV]ﬂaaﬂ ﬂ')'uﬂmjfﬂ (N s/mz)
hazonn 0.000550
dhup3ennsa SAE 20W40 0.005700
Lo AgLELAYLIY 0.001097
dhsfuldy 0.026400

6.2.2 gunsainldlunsnaaes
1. yagunsalduany eankuuaduAelvdivIadurugudnate 100 Tadiuns lng
JzAeslsEnauMeiulnduaeMmiisantazligigindudoulunisusenaudiiuinies

NAFOULIIN UTM Uanesaguil 6.5

35U 6.5 ¥ngunIaidunsiiu

2. my dwmumeldlunsmeasesianisanuansiug Jalnuaudinanifianisen
6.5 lnsazdodiAmiuiiefiveniuliwazivua i luninsguvenandinisnei 6.6 uay
6.7 muaeiu demhunldlunisvaaes Ao vlla W108 uay W109 davihlvdivunanunndsie

anaadu 20 Wesidus, 35 wWesiiud uaz 50 Wasidudnua iy wanwiaguil 6.6
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JUN 6.6 YausiuiaSauuwiifiant 15 091 Avuianisanasvesiuimindaminiuiesay

n) 20 v) 35 way A) 50

M19197 6.5 AAavantRvesmentdlunisnaaes [18]

HARDNESS TRS PARTICAL SIZE
GRADE WC (%) ~ CO (%) )
(HRA) (kg/mm”) (Lm)
E10 94 6 89.63-90.7 260 over 3

=] [ . = oy " a v vy
137190 6.6 Gﬂuqﬂl’ﬁumqu@u&]ﬂaqqLLa’dﬂ'J']ﬂJLN@?JEJQSU'U']@LaUNWUQUHﬂaWQWHQNSU‘lW [18]

Hole Diameter D, ¢ Tolerance of D, (I)
0.2-0.5 0-0.01
0.5-2.0 0-0.015
2.0-3.2 0-0.020
3.2-6.0 0-0.030
6.0-12.0 0-0.040
12.0-25.0 0-0.060

25.0-over 0-0.100




Wi i, S

JUN 6.7 YU1AU0LRUNRNLATFIUVBIUTENANER

A131971 6.7 eazideafdiwUsTiduinnsguvesngs (18]

Steel case Carbide Nib
Range D
TYPE X o A B
mm

mm mm mm mm
W 102 Q#1758 24 12 9 6
W 103 ¥hi2s 30 15 12 8
W 104 2.5-4 a2 20 15 10
W 105 4-6 55 24 20 14
W 106 6-8 60 28 25 18
W 107 8-10 70 35 30 22
W 108 10-13 85 40 35 25
W 109 11-16 100 45 40 27
W 110 16-20 125 50 50 30
W 111 20-26 145 60 60 35
W 112 26-32 175 70 70 a0
W 113 32-36 195 80 80 a5
W 114 38-46 215 96 90 50
W 115 46-54 230 90 100 50
W 116 54-64 240 90 110 50
W 117 64-74 260 100 120 50
W 118 74-87 280 100 130 50
W 119 84-94 300 100 140 50
W 120 94-104 300 100 150 50
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6.3 75N15NAADY

Tumsnnassazyimsisanvunvienssunsivunadusugudnasneuontouds
Wiy 15.875 fadluns wagArmmuiveiawinty 1.12 Sadiuns dulslfissififiuuned
waifasivindy 15 osm Wilunaiuivegnanas 20, 35 way 50 Weoddud Ineiiswasisen
Fupousial

1. U179718UAMUIRA IATIAMUETUNNAY 12 lURLUAS

2. thmdnmanduvinaduriugudnasussann 20 Tadwns 813 12 Wufiuns 1
nadlilavuaduiugudnalsnteueniviaiu 10.42 dadwng, 11.78 Iadiuns uay 13.29
Haduns W%@MﬁangmﬂumaamﬂgﬂLwiqmﬁﬂﬁgﬂummLé’umu@uéﬂm@ 5 Jaang

3. dviovosuadudof 1 Iudeudafuunuwmdnnaisludon 2 9ndurhnisiiesdn
TEvioNILAI BN UIMENUIY TISiAuvW) 5 Tadmns

4. nelurianesunsussqinazen uaztniueionnsn SAE 2040 tieldiduum
imsamal nieulavaesuunumangesnend WeduldlFermadalunielunasiud
wmnﬁamauaﬂﬂawmLLmﬁ’ULLﬁﬁmﬁusmfﬁﬂum%amw SAE 20W40, dhstuUngy uas

loLRgnaLReLse I dua1Ta AU

IG]‘EJLLE‘WNLLN‘LJﬂ']W‘ViEJ‘V]ENLL@QLL@%LLﬂULMgﬂﬁQEUﬁ 6.8

12 cm

“\\\\/ s

N

5. IINUUANAQUNTILALYANINADINATUUAIUULATEY Universal Testing Machine

3

Tnglavionewnadilulugagunsalduasuazgnifvionasunsiosnuuunnduiivey lng

=2 gy < o X a a ! = Y = 1 = £ 1 @A a o
ﬁﬂ@'ﬁ/l@ﬁ]i%i’ﬂ‘lm'ﬁ@fl‘ﬂugﬂ 30 fadunsreu? wartuinausepalaglaniiadunladafiu

12
=

INUUIITUNARBINAIUNTAWUITULET LUmAIAususei Tagldviinisnaaeanmun

e

o '
v =

U 24 FJUU LRYYITET 3 AT BIT1UALLDUALEAINIAITIN 6.8
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JUNDUNITLAFIUNITNAAD

Ul 6.9
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Tun13adunN1IAaeazyiIN13aIA1a199Tulusunsy Win Test 109LAT0Ad0U

Universal Testing Machine Aeurhnsneaasal
1. 8msu52lunnshe 30 Dadunsseunil
2. W95l9gean 50 Alatiasu
3. favlansveaeuilunaaeunisie (Tensile Test)

4. guMineaes Ao 25 Barwalgyd

5UM 6.10 f1081980192N15NAABN

al
A19799 6.8 dN1ILNITNANADY

ANSranau

o X A v oo
DAIINITANAIVDINUNIUING (%)

LLHULA IR
20 35 50
1aid 1aidd (1) (4) (7)
1aig vhazen (2) (5) (8)
Taidl SAE 20W40 (3) (6) 9)
SAE 20W40 Taigd (10) (13) (16)
SAE 20W40 ¥hazenn (11) (14) (17)
SAE 20W40 SAE 20W40 (12) (15) (18)
loineuaReLsn 1aid] (19) N/A N/A
LR GIGET hazen (20) N/A N/A
QLTI GIERIRY SAE 20W40 (21) N/A N/A
vhfuundy 1aid] (22) N/A N/A
vhfuundy vhazen (23) N/A N/A
dhsfuthdu SAE 20W40 (24) N/A N/A




Copper Tube

Quter Diameter = 15875 mm

Thickness = 1.1178 mm

Fluid Mandrels Lubricants Die Reduction
*_ Mo Mandrel & \Aater s 0%
s WWater s SAEAWAD » 35E5
& SAEZOWAD ¢ Falm il e 5055
h 4

Copper Tube Drawing Progess

Tube Thickness ; t/D

h 4

Drawing 3t

Stress ;

2oz, ield

GG,

Surface Roushness ; Ra

5UM 6.11 wnudan AL IunTMAaeY
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unii 7
NANISNAADY

7.1 HAN1INAADY

[
=

193N ININTAAUTUTIONBLATIVU ALEURUALENAAE AU VDINT VD
SUAWYINAY 15.88 Tadluasuay 1.12 Tadunsud1du neussqueasvadinivtiniing
Juwnwesalinigly summdedusindeduiiedeveguiiauianiuuenvedria 3nNUua

I | [

Ui AT auusifiuivingy 15 agen ieanvuaiuivideassesas 20, 35 uaz 50
Tnefidnsnslunisfiaguguningu 30 dadwnssewndl nuImaRINYiNsAtuUvionedwaa
5U31990918783uA T lanasfd i vuaiu vt An v siuea uana s Uy uIn v sl RUM9

vua dawandlugun 7.1

JUN 7.1 NoneaunmasiaugungnInn1sanaunfiuiviingawiniu n) 20% ) 35%

Y

ez A) 50%

7.1.1 ATIMLTINITULIY
lunshsdugurieneuasluusiarass 3Rz sUssinanasaninlugy

Y9INTMTENIUSIRATUTEEsEn Mulusunsy Win Test lansiuuansdagui 7.2
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91n3UN 7.2 hansnnudniusseninuseiafusserdanlaanlusunsy Win Test
WUIATKIIAdiAngsgn Aediuiivenasunsgniioufnduunuuan deluaudde aglitigag
Hld nUULSIRREiiA1ana 1T LTBYIEVBIWAIQNAIHIMILNAN LAz ElA1LTIAIAIT

Tug39 30 Tadiunsiduduly Fedasiussegluannizaiil Wesanviensaundlignfeiu

B0.0
Strain [%)

JUN 7.2 n91lseninansemaivuszevtn wanswas1ulusunsy Win Test

120
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£%

FusUaenglstng

g

lnglusun 7.3 lduansdeiumiivensnilanniaiasmeuanuiieuiuiuenuass

Tngnudn Tureiins miSuaaRe Y 19N TUNUIUNITATUFULAY Tvunaduruaudnalwas

ANMUNUNT LN AR UYL AU DILURUNTAR A UR
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7.1.2 §asndauanunuivasiedanisanfiudivtinga (Tube  Thickness  vs
Reduction of Area)

Tunszurunisfstugriodu rdnsdruanunuidoruiadurinugudnaisves
Fu91u (Tube Thickness; t/D) fffiugetu asdsnaliviofiiunsistuganiiuiinddans
maneqasaiy Temaniusild [17] Fslunmsmaasusazadsidnsaiummumuisevumd
rugudnansvaieisusuniovedllidutunaasudu dauviidy 00704 annsFnwlae
NSMAREY NUTISATIEIUANIMUILAIIAE RS Na T svie R g Urn s Ranid

NASAUULRLNMNAU 15 9961 NTRIINITANBDINUINTNFAMITU 20, 35 Wag 50% LaHa

v ' £
a I =< =
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HATBLAAIINIVUT VUIAFUNTLANEINAN ANSATIEILAIUALAY LAXAINYTVTEHINYUDNNIONBIWAIAIHIUNTAITUTUT Re = 20 %

% Re = 20
. ANUVUIYIE | AU fufivtiada ", e Y R
d199190aU LbULA IR o . o |~ LLSQ@Q“U‘L&E‘U BRNINAIUAITULAUAN ﬂ’J’]ﬂJ%?‘Ui%N’Jﬂ’]EJU@ﬂ
biGNN @uaﬂmwaqm t/D iGNI9N
(kN) (cd/oy) (um)
(mm) (mm) (MmmA2)
aidl Taidl 1.0453 13.9569 0.0749 22.0586 2.1997 0.8310 1.0225
aidl Yhazenn 1.0347 13.9531 0.0742 21.8370 2.0723 0.7908 1.0080
1aidl SAE 20W40 1.0469 13.9744 0.0749 22.1191 2.0135 0.7586 0.7867
1aidl T AUUARLSY 1.0492 14.0491 0.0747 222887 2.0708 0.7743 0.9850
SAE 20W40 aidl 1.0450 14.0216 0.0745 22.1585 1.9621 0.7379 0.9557
SAE 20W40 Yhazenn 0.9500 13.9959 0.0679 20.1767 1.6400 0.6773 0.8940
SAE 20W40 SAE 20W40 1.0479 13.9831 0.0749 221546 1.4308 0.5382 0.7650
SAE 20W40 T AUUARLSY 1.0361 13.8877 0.0746 21.7591 1.7601 0.6741 0.9400
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(kN) (od/oy) (um)
(mm) (mm) (MmmA2)
TR LY Taidl 1.0304 13.9700 0.0738 21.7776 1.6287 0.6233 0.8733
TR LY Yhazenn 1.0458 14.0297 0.0745 22.1888 1.5432 0.5796 0.7388
laLReuaLFeLsy SAE 20W40 1.0490 13.9256 0.0753 22.0819 1.5948 0.6018 0.8300
loneyafesyn | loneudiRewsn 1.0467 13.9947 0.0748 22.1483 1.5950 0.6001 0.8550
PsfuUdy 1aidl 1.0367 13.9430 0.0744 21.8607 21351 0.8139 1.0100
SrsiuUda Yhazenn 1.0479 13.9875 0.0749 221618 1.9075 0.7173 0.8840
SrsiuUda SAE 20W40 1.0220 13.9522 0.0733 215779 1.8059 0.6974 0.8750
SrsiuUndal T AL LSY 1.0500 14.0144 0.0749 22.2485 1.8422 0.6900 0.8800
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(kN) (od/oy) (Um)
(mm) (mm) (mMmA2)
Taidl Taidl 1.0166 12.3863 0.0821 18.9669 3.0840 1.3550 1.2875
Taidl Yhazenn 0.9996 12.4572 0.0802 18.7748 3.2800 1.4558 1.4571
gl SAE 20W40 0.7575 12.4197 0.0610 14.3272 2.8657 1.6668 1.2525
gl T AUUALRULSY 1.0563 12.4309 0.0850 19.7486 2.9939 1.2633 1.2833
SAE 20W40 1aidl 1.0678 12.4100 0.0860 19.9188 3.2388 1.3550 1.4844
SAE 20W40 Yhazenn 1.0654 12.4456 0.0856 19.9369 3.6034 1.5062 1.5613
SAE 20W40 SAE 20W40 1.0622 12.3684 0.0859 19.7504 3.1859 1.3442 1.3225
SAE 20W40 T ReUaALRLY 1.0410 12.3910 0.0840 19.4106 3.2066 1.3767 1.3500
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(kN) (od/oy) (Lm)
(mm) (mm) (MmA2)
9] Taidl 0.8013 11.2350 0.0713 13.6362 2.4627 1.5050 1.1833
9] ﬁ?ﬁ%m@ 0.8129 11.2430 0.0723 13.8372 2.2541 1.3575 1.0560
laigd SAE 20W40 0.8209 11.2400 0.0730 13.9650 2.2749 1.3575 1.0975
gl T9LAEUABELSY 0.8334 11.2441 0.0741 14.1742 2.4068 1.4150 1.1550
SAE 20W40 1aidi 0.8020 11.3110 0.0709 13.7442 2.3338 1.4150 1.1467
SAE 20W40 ‘1516{36’]@ 0.8223 11.3240 0.0726 14.0958 2.2525 1.3317 1.0540
SAE 20W40 SAE 20wW40 0.8244 11.3314 0.0728 14.1400 2.2695 1.3375 1.0620
SAE 20W40 T ASUALF LN 0.8132 11.3216 0.0718 13.9425 2.5947 1.5508 1.2500
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% Re = 20
selad Lo Gushugudnans | dusuaudnans | fiufinthe ufortigin fufintigie R
ANYUDNUGIR Melundang NYUDNUAIRY MeTUrAIA A )
(mm) (mm) (MmmA2) (MmmA2) (MmmA2) %)

laif laif 13.9569 129116 152.9911 130.9325 22.0586 17.9609

laid] ﬁwazmm 13.9531 12.9184 152.9089 131.0720 21.8370 18.7853

laif SAE 20W40 13.9744 12.9275 153.3750 131.2559 22.1191 17.7360

Taigl LLAsNaLfesm 14,0491 12.9999 155.0189 132.7302 22.2887 17.1051
SAE 20W40 Taigl 14.0216 12.9766 154.4126 132.2541 22.1585 17.5895
SAE 20W40 ‘1518{36’]@ 13.9959 13.0459 153.8487 133.6720 20.1767 24.9600
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ANYUDNUAIAS Melunaens AYUDNNRIAY AMelUnaIna NaIAY )
(mm) (mm) (mmA2) (mmA2) (mmA2) %)
SAE 20W40 SAE 20W40 13.9831 12.9352 1535672 131.4125 22.1546 17.6037
SAE 20W40 | leheuaLfeLsy 13.8877 12.8516 151.4783 129.7192 21.7591 19.0747
T AUNALAELTY laidl 13.9700 12.9396 153.2790 131.5014 21.7776 19.0061
TBAUNALAELTY vhazonn 14.0297 12.9839 154.5916 132.4028 22.1888 17.4767
loRenaAesy | SAE 20W40 13.9256 12.8766 152.3062 130.2244 22.0819 17.8744
loRpnafesy | lghsuainm 13.9947 12.9480 153.8212 131.6730 22.1483 17.6275
gy Taidl 13.9430 12.9064 152.6878 130.8271 21.8607 18.6971
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%
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‘1;;133' U1au ifﬂazmm 13.9875 12.9396 153.6633 131.5014 22.1618 17.5770
‘Sﬁﬁumﬁm SAE 20W40 13.9522 12.9302 152.8884 131.3105 21.5779 19.7489
Yshutngdy gL AEUEBELSY 14.0144 12,9644 154.2543 132.0058 22.2485 17.2546
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PYUFUN Re = 35 %

% Re = 35
" Gusugudnans | dusuaudnans | udinda fudwiign PR 5 R
A13Vanau LUULATA . s g L NUNAUIGA DHITINITANAIDSI
AYUBNUAIF e undsss AIPUDNNAIR elundsma o
NA4ee (MmA2) (%)
(mm) (mm) (mm~A2) (mmA2)

il aidl 12.3863 11.3697 120.4951 101.5283 18.9669 29.4595

Tail ﬁﬂazmm 12.4572 11.4576 121.8793 103.1045 18.7748 30.1738

1aidi SAE 20W40 12.4197 11.6622 121.1466 106.8193 14.3272 46.7149

1aidl TaLReuaLFELSY 12.4309 11.3747 121.3662 101.6176 19.7486 26.5522
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Juguil Re = 35 %

% Re = 35

" Gusugudnans | dusuaudnans | udinda fudwiign PR 5 R

GREVRRRYY WNuASa L o N . Hunvthen BNIINTANAIT
AYUBNUAIF e undsss AIPUDNNAIR elundsma o
NI (mmA2) (%)
(mm) (mm) (mMmA2) (mmA2)

SAE 20W40 laidl 12.4100 113423 120.9577 101.0388 19.9188 259190
SAE 20W40 ‘1’3’138@’]@ 12.4456 11.3802 121.6531 101.7162 19.9369 25.8519
SAE 20W40 SAE 20W40 12.3684 11.3063 120.1488 100.3985 19.7504 26.5456
SAE 20W40 T AENALAELTY 12.3910 11.3500 120.5876 101.1770 19.4106 27.8091
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PYUFUN Re = 50 %

% Re = 50
w Gushugudnan | dudiugudnans | fiufindha ufntige PR . R
asvaehu LAUULATA L / n L HuUIVAR 8M3INNTANAIDI
AYUBNNAIA melurdads | Meuenvafe meluvdana .
Neasns (mmA2) (%)
(mm) (mm) (mmA2) (mmA2)

a3 laigd 11.2350 10.4338 TULLOA1 85.5009 13.6362 49.2852

Tail ﬁqag@qm 11.2430 10.4301 99.2783 85.4411 13.8372 48.5375

Tail SAE 20W40 11.2400 10.4191 99.2253 85.2604 13.9650 48.0623

19idi TR naLReLsN 11.2441 10.4107 99.2977 85.1236 14.1742 47.2843
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YUFUN Re = 50 %

% Re = 50
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GRRRRAYY LNULATA L P . oL WunAnten BNTINTANAIDIY
AYUBNNAIA Melunans AYUDNVRIA meluvdana .
Neasns (mmA2) (%)
(mm) (mm) (mmA2) (mmA2)

SAE 20W40 laigd 11.3110 10.5090 100.4828 86.7387 13.7442 48.8834
SAE 20W40 ﬁqag@qm 11.3240 10.5017 100.7139 86.6182 14.0958 47.5759
SAE 20W40 SAE 20W40 11.3314 10.5070 100.8456 86.7056 14.1400 4ar.4114
SAE 20W40 TR naLReLsN 11.3216 10.5084 100.6707 86.7283 13.9425 48.1460




[

VBUAAIUVTVTERINUUBNYONDIUAIVEIHIUNTEUIUNTATUTUN Re = 20 %

. AIANNYTUTERINIEUBNYIE (Um)

d131808U LHULATA 7 3 2 3 N
AN 1 AN 2 ALY
laidl Taidl 0.93 0.98 1.10 0.95 1.00 1.18 1.02250
Taidl Yazenn 1.01 0.93 1.01 1.01 1.08 1.01 1.00800
Taidi SAE 20W40 0.84 0.75 0.77 0.79 0.77 0.80 0.78673
laidl TAULaELAELTY) 0.98 0.99 0.98 0.99 0.99 0.99 0.98500
SAE 20W40 Taidl 0.95 0.80 0.95 1.09 0.97 0.97 0.95567
SAE 20W40 Yazem 0.88 0.86 0.81 0.96 0.96 0.89 0.89400
SAE 20W40 SAE 20W40 0.67 0.69 0.93 0.67 0.95 0.68 0.76500




(D) ToYaAINNVIVITLHINYUDNYIDNDIUAIMGIHIUNTTUIUNITAITUTUN Re = 20 %
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ANANNYTUIERINEUBNYIB (Um)

WUULATA 7 3 - 4
AN 1 AN 2 AILRAY
SAE 20W40 T AUUELAELTY 0.92 0.93 0.89 1.06 0.91 0.93 0.9400
TBLAUUALAELTY laidl 0.85 0.86 0.91 0.89 0.83 0.90 0.8733
Lo AENALRELTY ¥hazon 0.75 0.72 0.71 0.75 0.73 0.77 0.7384
T AENALRELTY SAE 20W40 0.79 0.81 0.76 0.89 0.79 0.94 0.8300
T AUUALAELTY T AUUALALLTY) 0.85 0.86 0.92 0.85 0.83 0.82 0.8550
duthdu Taidl 1.25 1.00 0.92 0.92 0.98 0.99 1.0100
duthdu dhazonn 0.84 0.89 0.95 0.93 0.81 0.88 0.8840
drsfuthdu SAE 20W40 0.92 0.87 0.84 0.87 0.88 0.88 0.8750
drsfuthdu T AUNELAELTY 0.88 0.81 0.89 0.94 0.88 0.88 0.8800




VBUAAIUVTVTERINUUBNYONBIUAIVEIHIUNTEUIUNTATUTUN Re = 35 %

[

19

A Ra

d131808U LLHULATA T T 5 N
AN 1 AN 2 ALY
Taidl Taidl 1.27 1.28 1.29 1.31 1.29 1.29 1.2875
laidl dhazonn 1.43 1.45 1.50 1.46 1.44 1.46 1.4571
laidl SAE 20W40 1.16 1.37 1.22 1.26 1.25 1.25 1.2525
Taidl JLTCEIGIGIIR 1.37 1.22 1.26 1.28 1.28 1.29 1.2833
SAE 20W40 Taid] 1.25 1.38 1.64 1.64 1.38 1.62 1.4844
SAE 20W40 dhazon 1.20 1.47 1.43 2.28 1.47 1.52 1.5612
SAE 20W40 SAE 20W40 125 1.44 1.12 1.48 1.42 1.22 1.3225
SAE 20W40 ILTERLItERRY 1:23 1.27 1.67 1.34 1.24 1.35 1.3500
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GHRN BRI LLHULATA ~ % 3 R
AN 1 ANN 2 ALY
Taidl Taidl 1.16 1.17 1.25 1.03 1.25 1.24 1.1833
Taidl thazenn 1.01 1.05 1.07 1.01 1.09 1.11 1.0560
laidl SAE 20W40 =5t 0.98 0.98 1.00 1.23 1.23 1.0975
Taidl LTI GItRR 1.10 1.03 1.28 1.21 1.16 1.15 1.1550
SAE 20W40 laidl 1.12 1.17 1.15 1.14 1.15 1.15 1.1467
SAE 20W40 vhazen 1.17 0.96 1.22 0.98 0.94 1.05 1.0540
SAE 20W40 SAE 20W40 1.03 1.02 1.18 1.01 1.07 1.06 1.0620
SAE 20W40 lReNALRLTY) 1.25 1.23 1.27 1.24 1.24 1.27 1.2500
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aNs5vianau

ANUMUNVRVIBNAFITUTY (1.41.)
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¥

LLHULAIA = N
ALY ALR[YIIN
Taidl Taidl 1.063 1.043 1.034 1.043 1.0453
laidl Yrazon 1.033 1.041 1.041 1.024 1.0347
Taidl SAE 20W40 1.041 1.040 1.055 1.051 1.0469
laidl TR UALALLTY) 1.039 1.055 1.054 1.048 1.0492
SAE 20W40 Taid] 1.040 1.038 1.045 1.053 1.0450
SAE 20W40 ¥razon 0.953 0.948 0.953 0.950 0.9500
SAE 20W40 SAE 20W40 1.048 1.049 1.051 1.044 1.0479
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LLHULA IR — N
ALY ALR[YIIN
SAE 20W40 L ABUALRELTY) 1.033 1.036 1.041 1.030 1.0361
LBAELALRELTY Taidl 1.033 1.035 1.041 1.015 1.0304
LBLAENALRELTY ¥hazonn 1.048 1.043 1.049 1.046 1.0458
LBLAELALRELTY SAE 20W40 1.050 1.045 1.050 1.048 1.0490
LBAELALRELTY TPELAELY 1.043 1.045 1.050 1.045 1.0467
gy laidl 1.048 1.016 1.055 1.039 1.0367
drstudndy ¥rezonn 1.045 1.051 1.043 1.050 1.0479
drstudnda SAE 20W40 0.953 0.951 0.949 0.950 0.9500
drstudndy TR ULALAELTY 1.050 1.053 1.050 1.048 1.0500
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Y

UL IR — —
ALY AILRAYIIN
Taidl Taidl 1.019 1.038 1.019 0.991 1.0166
Taidl Yazon 0.988 1.000 1.003 0.996 0.9996
laidl SAE 20W40 0.776 0.761 0.744 0.749 0.7575
laidl TR UUALAELTY) 1.055 1.051 1.059 1.059 1.0563
SAE 20W40 gl 1.063 1.065 1.068 1.078 1.0678
SAE 20W40 ¥hazonn 1.063 1.064 1.056 1.076 1.0654
SAE 20W40 SAE 20W40 1.050 1.056 1.068 1.075 1.0622
SAE 20W40 TR ULy 1.043 1.040 1.036 1.038 1.0410
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ANUNUIVDIVIDNEIRIVUTU (31.31.)

Y

LU TR —  d
ALY AILRAYIIN
laidl Taidl 0.796 0.786 0.813 0.811 0.8013
laidl ¥azen 0.818 0.813 0.810 0.811 0.8129
Taidl SAE 20W40 0.825 0.825 0.813 0.821 0.8209
Taidl LR NALAELTY) 0.829 0.831 0.833 0.840 0.8334
SAE 20W40 Taidl 0.790 0.812 0.776 0.830 0.8020
SAE 20W40 thazenn 0.826 0.823 0.824 0.817 0.8223
SAE 20W40 SAE 20W40 0.831 0.825 0.815 0.826 0.8244
SAE 20W40 T8 NEALRLTY 0.810 0.810 0.815 0.818 0.8132
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The study of grain boundary plane rotation for
FCC bi-crystal structure by the molecular dynamics simulation
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Abstract

The kinetics of grain boundary plane rotation caused by atomic rearrangement around the
grain boundary region was investigated by molecular dynamics simulation using
Lennard-Jones-type interatomic potential. Simulation systems were constructed by posing
atoms on FCC lattice points of joint upper and lower grains. By orienting both or either grain
about [001], created respectively were symmetrical and asymmetrical grain boundaries (GBS)
systems of which atomic configuration was first identified after energy minimization; thus,
providing reference structures. To study the GB plane rotation, only special GBs called Y5
(310) were selected. Initially, GB plane’s normal vectors were faced up in [010] but by
rotating the planes about [001] at the center of simulation cell, zigzag like GBs were
consequently established with perfectly x-periodic boundary condition. During simulated
annealing, GB planes rotated by atomic readjustment causing curved boundary composing of
various structures of symmetrical, asymmetrical, and amorphous structures in each segment
along the GBs. Some correlations between bi-crystal structure and the disturbed one could be
existed and interpreted from their local atomic structure.

Keyword: Grain boundary plane rotation, Molecular dynamics, Coincidence site lattice
(CSL)



1.Introduction

Engineering materials in industrial applications are mostly polycrystalline of various oriented
joint crystals or grains separated by two dimensional regions of approximately 0.5-1.0 nm
thick called grain boundaries (GBs). Understanding the material behaviors involves
fundamental knowledge of the influence of individual contribution to controlled mechanism
of interested phenomenon. Single grain or crystal properties are anisotropic in nature. When
randomly oriented grains aggregate in enough numbers the embedded anisotropy are
screened out and thus isotropic bulk property of materials. On the contrary, when crystals
arrange in a prefer direction the crystalline anisotropy stands out as identified by texture
analysis which finds most usefulness in sheet metal forming processes. GBs, coexisted planar
defects to polycrystalline, are the second most essential part playing their role to the bulk
property, especially mechanical properties. Even though GBs occupy only small amount
fraction comparing to the bulk volume, some phenomena such as coble creep, intergranular
corrosion, and strain hardening required GBs as controlled paths to take place via relevant
mechanism. Attempts were conducted to model the structure at the interfacing grains from the
vary early model of amorphous glue boundaries for high angle grain boundaries (HAGBS) to
more sophisticate model based on dislocation for low angle grain boundaries (LAGBSs) and
atomic periodicity for Coincident Site Lattice Boundaries (CSLBs) (Randle,1993;2001;
1996). The latter achieved great explanation to physical observation that some GBs possessed
prominent properties over average GBs. In order to exploit the superior characteristics,
selective enhancement processes of the special boundaries, typically low-), CSLBs, into
materials are engineered and coined as Grain Boundary Engineering (GBE). The successful
thermomechanical processes include 1) Single-step strain annealing 2) Single-step
recrystallization 3) Multi-step strain annealing and 4) Multi-step recrystallization. Each of
them is suited for low stacking fault energy FCC materials and the optimal procedure for
different metals need some trail experiments (Engelberg, Newman, & Marrow, 2008; Lee &
Richards, 2005; Li, Cahoon, & Richards, 2005; Thomson & Randle, 1996; Schwartz & King,
1998). Nevertheless, common mechanism exists through the necessary of stored elastic strain
energy in the materials through plastic deformation followed by thermal activating atomic
rearrangement to get rid of higher energy GBs through annealing process. GB motion and
reaction between GBs at triple junction are responsible for such the transformation which
finally created new low energy GBs (annealed twin boundaries). On the other hand, GB plane
rotation and Grain rotation are the other mechanisms but less important to FCC materials
since 1) annealing twin is more active and 2) inside grains are 3D constraint. However,
surface grains are less restrictive that allows GB plane rotation and Grain rotation more agile.
In fact, it was found that they were the only two processes to engineer GBs in BCC materials
when annealing twins is prohibited.



Recently, our research group has played more attention toward GBE of BCC crystal
structure materials using fine tuning process by annealing small strained specimen at some
temperature for certain period of time which allows either GB plane rotation or Grain rotation
to occur but a fundamental question remained (Thomson & Randle, 1997). Whether the
mechanisms are energetically and kinetically feasible? To partly answer the question, we
resort to MD simulation of Lennard-Jones potential type, the simplest model but not trivial
for much knowledge could be deduced prior to constructing more precise model of BCC
ferrite or conducting experiments on real materials. However, former MD simulation
demonstrated that both GB Plane rotation and Grain rotation cooperated during annealing to a
certain extent (Uchara et al., 2008). Decomposing them is one of the challenges and
zigzag-like GBs are established for the purpose.

2. Methodlogy

2.1 Simulaiton Model

A series of GB simulation cells is created by posing atoms on two FCC crystal structure
with different misorientation angle yielding x-z GB plane at y = 0 on the given referent
coordinate system. Three types of GBs with y- and z-periodic boundary condition (BC) are
constructed, namely, Symmetric (SYM), Asymmmetric (ASYM) and Zigzag (Fig.1a, 1b, 2a).
A symmetrical GB is first obtained by symmetrically misorienting the upper grain (y > 0) by
0/2 and the lower grain (y < 0) by -6/2 about z-direction (Fig.1a). The increment interval of
the angle 0 is every about 2° using Eq. (1) to specify the dimension of the simulation box in
x-direction which ensured x-periodic BC.

T=m’+n’ —>0:2arctan(-rr%} (1)
where m and n are integer > 0. The Y-value defines reciprocal density of the number of
Coincident Site Lattice to that of perfect lattice on GB and we usually use the number to
classify type of CSLBs (Randle,1993; Davies & Randle, 2001; Brandon, 1996). For an
ASYM GB, only upper grain is rotated by 6 (Fig.1b) but in this case it is impossible to
applied x-periodic BC for most of the 6-value. To diminish the boundary effect to the value of
GB energy, GB region are laterally sandwiched by constant width layers with fixed atomic
position and variable width buffer layers (Fig.1c). Subsequently, we have to increase the
buffer width until the asymptotic GB energy satisfactory. Since the rotation may bring some
pairs of atoms too close which raise the unrealistic infinite potential energy one of atoms
within a threshold range will be randomly eliminated. For zigzag boundary, boundary of type
>'5 is chosen and partitioned laterally into 4 parts, each of length 5 in lattice unit, to facilitate
x-periodic boundary condition when rotating the twin boundary plane (310) about [001] at
the center of the box (Fig.2). Rotation increment is of every 5° from o = 0° to 45° (Fig.2b).



Fig.2: lllustrations of rotation angle a and misorienation angle 6 of the zigzag boundary system by
a) atomic model b) schematic planes model

2.2 Definition of GB energy (Uehara et al., 2008)
The large-scale atomic/molecular massively parallel simulation (LAMMPS) code (Plimpton,
1995; LAMMPS project, 2013) is employed to perform our MD simulation following the

Lennard-Jones potential:
12 6
O O
repl(2h(2)
iz | M Fi

in which ¢, is the potential energy of the i"" atom and r; is the distance between i and j

atoms. Further modification is the shifted option at cut-off radius equal to 3 to conserve
system energy during the simulation leading to the equilibrium FCC lattice parameter value
of 1.54638 at zero temperature. Energy and distance dimensions in Eq.(2) become unitless by
taking 4¢ and o as the energy and length references, respectively, while advisable form of
the GB energy is in Eq.(3):

by =D (& —8,)/Sqs (3)

iev
in which ¢, is the bulk atomic energy and S, is the GB area. Only atoms influenced by GB

regions give the non-zero term of ¢ —¢, and its summation over the dedicated domain V will
be the appropriate indicator of the stability of GB after GB area division.
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3. Result and Discussion

3.1 GB energy after conjugate gradient relaxation

Actually, GB structure and energy are completely described by 8 Degrees of freedom, 5
macroscopic and 3 microscopic. One macroscopic DOF i.e. 6 was controlled here while the
other 4 macroscopic parameters were predetermined by the axis rotation about [001] and the
definition of SYM GBs and ASYM GBs. However, in searching for minimum GB energy, we
must take the microscopic DOFs and the number of GB atoms into account. Translating the
upper grain parallel to x- and y-direction to adjust GB free volume and varying threshold
distance to eliminate too close particles were applied before energy minimizing the system
energy by conjugate gradient algorithm at constant volume.

The SYM and ASYM GB energy of the relaxed samples were plotted as a function of 6
in Fig.3 exhibiting cusp-shape minimum for several special boundaries for }'5 (310) and Y5
(210) of SYM GBs and 18.43°, 26.57°, 33.69°, and 36.87° of ASYM GBs.

Symmetrical GBs q Asymmetrical GBs b
o7
et & ' ')‘%
Voag M=o e G

= ' 3687 dhger N, S - 2657

: E (310 F ., ':E[; }—""‘. 184

i \‘._ 2 03 /
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\ N
0 a0 [Z4] 80 100 O 10 0 30 an

Masorientason engles, & MEsogientation angles, &

Fig 3. The GB energy as a function of misorientation angles for a) SYM GBs b) ASYM GBs

The atomic configurations of selected systems relaxed to the minimum GB energy were
shown in Fig.4 in which the atoms were colored according to their potential energy. We
noticed the periodic structures of alternating defect free region and order defect region at low
misorientation angle in agreement with the structure of the dislocation based model of the
low angle GBs. When the misorientation angle increased the order defects became more
connected and more two dimensional aspect. Obviously, simple but not trivial, these
structures expresses the fundamental properties of GB energy i.e. GB movement, GB
diffusion. Of particular interest, the distribution of atomic potential energy for relaxed SYM
and ASYM GBs at misorientation angle of 36.87° were figured out in Fig.5 as the finger print
of the structure to identify the structure in more complicated cases.

3.2 Dynamic behavior of GB plane rotation

The previous arrangement of 35 (310) was chosen as an initial state with application of
plane rotation angle, a (Fig.2). By suitable value of threshold distance, we can construct the
zigzag model with exactly number of particles as in the initial state i.e. 3’5 (310) system. GB
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plane rotation was performed every 5° increment before simulated annealing the system at
temperature = 1.0 and gradually cooling the system down to zero temperature where the final
configuration and atomic potential energy were recorded. Note that due to z-periodic BC, the
length of GB on x-y plane is equivalent to the area of GB on x-z plane.

Energy color bar

LJ % .. .l
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Fig 4. Atomic configuration of SYM GBs a) 35 (310) 36.87°b) 35 (210) 53.13°
and ASYM GBs c) 18.43° d) 26.57° ¢) 33.69° and f) 36.87°
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Fig.5: Atomistic potential energy distribution for relaxed a) SYM Y5 (310) b) ASYM GBs 36.87°

The average atomic potentials of two different total time steps of 1000 and 6000 were
shown in Fig. 6 as the function of a. After annealing the system with small rotation angle of
5°, GB plane rotated back to 0° angle with almost the same system energy while o > 10°, the
system evolved similarly to diminish system energy as described. After conjugate gradient
minimizing the initial zigzag configuration at zero temperature, the system allowed short
range atomic displacement which reduced only local energy resulting in segments of SYM
and ASYM structure (Fig. 7al,7b1,7c1l). However, the system still possessed longer GB
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length with plenty of local energy to release and drive the GB structure readjustment for the
lower energy state of the system. As indicated in Fig.7b2,7c2, enough atomic mobility caused
the adjustment. Depending on a-value, sine-like curve boundary occurred with more relaxed
structure of both structural and non-structural segments. This suggested that the later
structure took place when energy dissipation of shorter GB systems surmounted that of tilted
order boundary with the longer GB systems.
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-7.884 . - .
== After conjugate gradient alzonthm

-7.886 1000 total annealing time step

-7.838 6000 total annealing time step
-7.880
-7.892
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-7.500

Awerage atomic potential energy, g

-7.502 —

-7.904 !
0 10 20 30 40 50

Initial plane rotation angle, o

Fig.6: Average atomic potential energy at different annealing time step

with initial plane rotation angles

Plane rotation continued to the angle of 18-20° but with slower rate. During this angular
range, we observed the structure of asymmetrical boundary at 36° stagnant. Both atomic
configuration and atomic potential energy distribution substantiated this point by comparing
Fig.4f with 7b2,7¢2 and Fig.5b with 8b, respectively. With enough supplied heat, the system
further lowered its total energy by reducing GB length and the shortest GB length of SYM
configuration certainly fulfilled the total minimum energy. Nevertheless, such the lowest state
was unattainable because of the immobility of redundant atoms or vacancies along the GB by
local energy traps which caused other high energy symmetrical boundary other than 35 (310)
or partly amorphous section. In retrospect, island model of GB in which with both amorphous
regions and crystal regions were scattered may suitably explain our result at both 1000 and
6000 total time steps. In our simulation, the atomic elimination and addition are limited but in
real system those atoms may diffuse in and out more easily as a result of high GB diffusivity
and, therefore, ubiquitous observation of twin boundaries. In other words, high diffusivity at
GBs shortens the state existence. This may be the reason why the island model could not
observe in real system and thus became obsolete. However, Fig. 7a3, 7b3, 7c3 strongly
indicate the trace of the amorphous segment along with >5 (310) type as comparing the
energy distribution of Fig.5a and Fig.8c.



Initial plane Total annealing time step
rotation angle, o. After conjugate 1000 6000
gradient algorithm

10°

Fig.7: Atomic configuration for zigzag type during energy minimization

at initial plane rotation of a ) 10 ° b) 20° and ¢) 35° at different MD time steps

Potential enargy

Potential enargy

Fig.8: Atomistic potential energy distribution for zigzag boundaries of SYM )5 (310) type after a)
Conjugate gradient minimization algorithm b) MD 1000 total time steps ¢) MD 6000 total time steps

4. Conclusion

We have studied the dynamic behaviors of GB plane rotation using MD atomistic
simulation. The following characteristics are observed
1) Plane rotation mechanism is possible to lower total system energy resulting to shorter
length GB when thermally activated energy is high enough.
2) Curve GB may compose of order defect segments, amorphous, and defect free region
3) The minimum energy will attained for long period of time by rotation indicating the
possibility of twin boundary formation by rotating the plane to lowest possible energy
configuration expressing the possibility of fine tuning for other crystal structure like BCC
through the mechanism
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Abstract

The objective of this research is to study the effect of the fluid mandrel on the reduction of area,
drawing stress and thickness in copper tube drawing process. The standard copper tube JIS C12200 with
15.88 mm diameter and 1.12 mm wall thickness is choosen for this experimental investigation. Two types
of fluid mandrel, water and lubrication oil (SAE20W40) were contained in the copper tube. The copper
tube is drawn through the die (Ol = 15°) by using the area reduction of 20, 35 and 50% with the drawing
speeds at 5 and 30 mm/min. The results shown the influence of the fluid mandrel on the reduction of area,

the tube thickness and the drawing stress and also depend on the density of fluid and the drawing speed.

Keywords : Tube drawing, Copper tube, Fluid mandrel, Reduction of area, Drawing stress
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(Tube thickness vs Reduction of area)
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1¥i03 (Tube thickness vs Fluid mandrel types)
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