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ABSTRACT

The thesis is to study the effect of the reduction of area to thickness, drawing
and  surface’ roughness—in tube drawing process with ‘fluid mandrel. The
d copper tube-JIS~C12200 with '15.88:mm. diameter and "1.12 mm wall
55 is/chosen-for this experimental investigation: Two types_of fluid mandrel ;
nd/ Wbrication oit (SAE20W40) were contained in the copper tube with the
urface ‘were covered by - lubrication’ oil [(SAE20W40)-; sodium stearate and
ls. The-copper tube’is drawn. through the die (O = 15°) by-using the area
on ' of 20, 35.and 50% with the drawing speed at 30.mm/min. The results
the influence of the reduction of @rea/on the tube thickness:and the surface

and also" depend-on the. density of fluid;-tubricant types and the drawing
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FUN 3.2 LHUATWNTSUANILTIVEI U1 EARTS T YnusRiuguB U

@ o

Uadynilandrandmiunisinguiantu fe nsvhuiewsinszyiainabueniildly

2 ]
=2

nsasgugd Jaduidislunsisdeurivedevznasuazhsisuudassusne deiuusi
Dudiniusznaunedussnouentiy ssysznaudig nanssnuainusaideaniu n1sideu
3Us19UUU Non-homogeneous (fie ATsiURguzUTuMUlaemdsfwmansznuanisuden

1) UagAMNALT(Strain Hardening) luvaisfiiamswatuguogianis

3.1.4.1 mawaguzUlugnue (ideal Deformation)

o a A& S oA v ° v X v

dmsuTununiduveniody asimuannunuiugy (Gy) iluwuugay
af Ao Luflusadeaniuuinssvhnieldiinaugdou (Redundant Work) agfmusdnuee

el o &b o & | a ) Y1 a % P
LWFJ"Jﬂumu@qu@umuzﬂLsﬁULﬂﬂ?ﬂu Iﬂﬂf’nqllLﬂumuz‘lﬂuq@uﬂmﬁqﬂqiﬂﬁqlﬂﬂqﬂaﬂﬂ'TiVI 3.2

Ao
Gg=Y In( Af) (3.2)

g 0y  fe  AdAWAWGY
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Y A ANUAUIAATIN
A, Ao NuNvThARnaunIVAaes
A Ao WUIMIEANEINISNNADY

dwiuTanfilu Strain-Hardening a1 Y anunseldifiuAederudulue (Average
Flow Stress), Y lugen1siwdeusy (Deformation Zone) fewnlgiainaunisd 3.3
Kem

Y= — (3.3)
n+1

JEE Y A dwmdemueulua
K fe  sAndudszdnsanuuds (Strength Coefficient)
€ f maesen
n Ch) Strain"Hardening Exponent
Fsnnaunisi 3.2 uay 3.3 ansasalumusilumstistugdluaniad leainaunisi
34
F=\Y Apin (=7 (3.4)
Ag
e Fooo o ustlunsisdusdeasing
Y fe  mamdzaudulie
A, A9 AUIMIIARNRUNISTNADY
A fB NUIMENGANSIN1INNGDY
3.1.4.2 ¥1aUTa (Types of Loads)
, wseinseviveTanuiediuvedasaides Ananunsanusesnidu 3 viia
R

| 1. ussiieila (Static Load) Wuussiinszvhsiadudiuvedasadtsegiedng
@ o 1 e o v S a =] AR ' o °
unseNaileferuils udreziidasiiegnaenluniefiourhiuatunasn Wy wsefinsyyi

VUDIMII9Y wIadlesananudunelumisanusuiinseinresedou
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2. wiiIn3ev1919 (Repeated Load) Ao ussiouminiinsmesolaseasng
setanvaneasedanuy wagaduiuluinluganamils wu ussnsvededeiisunsoseus

wansal AMugureussesdneina Wusiu

(3
a 1

3. usInsEunn (Impact Load) Wunsefinszviredudiulussesiiandudu

TagUnfna llanunsafiagmissesianiusinssunniinseyinlaaianti 1wu nsuasstiniin

(2 } 4

nsgNUUUdIulasIadie wseanszunnitinainsnsudnietiudaswiu tJudu

3.2 auaudflnafinildainn1snaaaun1saILazuAuAITNAITULAY-

AULASEA [10, 22, 38]

ASNATOULTIA LﬁuﬂwwmaauﬁugmmﬁmnimLﬁaﬁﬂmmmu%qLLiwaﬁaq
delasuuseddufianaeiiien (Uniaxial tensite test)- Tnglunsvindayaziiunnsldussiad
Lﬁm%!uésmaﬁuaua Ima%ﬁq%umuiﬁ@maaﬂLLazmm‘Luﬁqm TreA1audidanadiaulafe
m’lmﬁﬂﬁmﬂi’m (Yield ~strength), mméﬁumum\‘iﬁﬂg\‘iqm (Ultimate tensile strength,
UTS) uazsegzlin (Elongation Percentage) lavdiulviajiidn szneaauiutanmiisaunnnda
Taniae

3.2.1 miLﬂ?{augﬂﬁwquuazmimﬁElugﬂimi'mwma?m (Elastic ‘and Plastic
Deformation)

3211 miLﬂﬁ'augﬂl,l,uuﬁmaanﬁammLﬂ%&lmwuﬁugﬂ (Elastic

Deformation ‘or, Elastic Strain) ({Uunsifousdludnvasniiedanusinseyh evneuds

iwdouliilosannuaveeAaAuIziadeundudTuiuin hiFanacgUsiaaulils

LLamé’qéUﬁ 3.3 Tuge B C

3.2.1.2 mswdsugUivomenasnuiemuiaenuuuasy (Plastic
Deformation or Plastic Strain) \unsidsuguiifausiinesUanusenseiniueenudrfant
fFenaguiremuiignivdeuludu Tnssznenflindoudluugrerldnduluduminia

mmmmamaﬂamﬁLﬁmmiﬁmgﬂiuﬂmwa'}aﬁﬂimalmLﬁmmmmnﬁmﬂuﬂmamﬁ’amq

Amnssuiiilsslevuredans wu anuansadagudangulaluruaiiuinvesndnndi

174 v
=

Tianussagugutudiusinevessneud wu fury dinselswasUseglaglufanisuandin

wainaRagui 3.3 Tune B A F
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dulnveayanan wszvomndimansefy

Yed [~~~ 7 Plastic Region 1
Stress \ .- ©F
Elastic o E
Limit
s
imi I ]
L'm'.t of ) [ | f Ultimate
Proportionailty Tensile  Breaking

Strength Stress

Stress / MPa

WBDTLUU

CRGRIRET

(3

ne) a1

v

W’ggﬂnm (N}/a\,rress)ﬁg\m‘a? gdAsAuARINAU
by g ¥ b

e st 51

nsvviluiiAaniainsesnianszuIuiinsnseiiey lnengteiuazueniideiagliuenvinesn
) v oo v &
niu AnueuRsazliasomnsuanaduuin
3.2.2.2.2 AALAUNA (Compressive Stress) WWuamuAuunf
Weannusnspiluiiamaiadimssnuiinsinseyiied ineneieusalviianilvuinduas

ANuAusnrlAATa e kansduay

L@ﬂﬂ’]iﬁ@uwﬂﬁ’]iﬁﬁﬂ’mﬁﬁ’m%@mﬂiﬁ’&@@g%@qLﬂ/iﬁﬁu Tdougnlmilulduselevimunisa

Lidnsallagnadu Snviavhudilvidaulasion wavaese1ededadivadenalsynasaninisiluly
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r
N TR
E Q] o B
D fi—r L ‘L"()
A TN
w

- -

L

)
-
‘{

 —

Cmelha-

U 3.5 ViAmausanseyindutuueile n) usadeu v) usede

3.2.2.2.5 AMULAUATA (True Stress) Wumnuduluwuwiuny (ma
\WuRSennadune) Adinlagerdiiuiivinge a naidagtuunuisiuaiadld
fufintida o ani3udu

3.2.2.2.6 MNAAUUANYN (fracture Stress) 1uAnuduasauu
fuitmidaiitiosiianitingidesSuunniin

wnanstluenansianulidmsunisldnuionistnwvinuu ldeygslmihluldusslemisunisen

ludnsallagnsau Snvivhudlvidaudasilon wasseseedadadivesenarsynasaiinisinluly
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i
[
o/

MIAwInLsAAuIzTued Auniidn (cross-section)  13uAuTBITUNAZRY U3
VAFOULSIRINALLIISA TunaaulzTuLsinszaeilukuuieaiu Ineusaduauinls

nhudniale wsmeiuuihdaEusutesan Awun1sn 3.5

6=~ (3.5)
A,y '
Wwe O A LssAuRietuluTunagay (Lb/in.2 138 MPa)
F Ao PN ansnAuTunageu (b 158 N)
g 4 o a re . A 2
Ao Ao NuNMUERSUALYeIUVadaU (in.2 %38 mm’)

3.2.3 AUAEAIAINT TN (Engineering Strain) [37, 38]

A MawasuiUamenielunuusuveguiweingsuidewnan
usuflaiflsufuunavdesusismamy aeium SuUSinailifimiae (Nen - Dimensional
Unit) %x‘j}ﬁ’lﬂ’]imLLﬂﬂaaﬂlﬁﬁﬂﬁ

3,2.3.1 aneBenlBady (Linear Strain) Aon1swaauluasmemiaga
smdudonuninusshdfiduduieaty S@isaueenlniy

‘ 32341 AmhaTEaR (Tensile Strain) Ao n1sAsunlasiiinty
SlevieuinggnaserdIsusRInuINnY keninusAdudindng Tgasinnstaoont
avliogmumaatosns Rty slivieuwingdassn lutasivieuinginganiaziAans

QLR TINeC R R Ve ety
3.2.3.1:2. masAseang (Compressive Strain) Ag mMIaeuulad
SlevieuTnggnnisy LS mRa LAY LasissnaldeEnsi durilivieuTnguad
as

3.2.3.2 anuesealiua-(Axiak-Strain) Wumuiaieadudulussunuis

PuAULLILALE MTe U o9ty

‘ 3.2.3.3 MIUA3EALUIYIN (Transverse Strain) iuaua3sadadulu

SEUNUNFIRINAULUILAUY 1IVBIFUITUAI DL 191U

| 3.23.4 MNUeREALEeU Y38 AMLASEALEM (Shear Strain w38 Angular

[

Strain, ¥) Asn1sUAsunUasseninau 2 dudimeulsaaindeiuiasiy Wellusudou
n1gii Aziinn1sdsunlasgusnansaiinanuialenluin anuaIendiiinduiends
ANLULATEALDY

{

3.2.3.5 AIALASEATIY (True Strain) Lﬂué'mﬁehusummman 84 FUNLIN
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109 Tuainafonn 37usssuvid (In) AeAueTLSURY

ANULASYATUANIINNIINTEYINVOILITIR UL UILNUUUABE 1 lane Faruialalag

MIINdnsIEINsEIINANEMNURsulURABANNE1IS ALY AIFNA1SN 3.6

A
€= —x100 (3.6)
0

We € Ao AnuAsen
A, Ao AuemNdsuld-vse-ssazie
lo D AINEIITDITEYEVIAGOU (gauge length) (SUAY

3.2.4 uaqé’amwﬁweju (Modulus of elasticity)

Ao SnsTdmIsM IR iAUR RS ea T ol Fhundaienfudadanda
Fad1indednandan (Propotional imit) dmsuinguisaiisiieudiiudszuinaninudy
wazauiasenidudul unuiisnduduns feaunsoudsesntfid

‘ 3.2.4.1 TundediilalBudu (nitial Tangent Modulus) [umnududuiaves
A pidugagainipien agedudu

3.24.2 l9aduia (Tangent Modulus) (uninudududage uedulaenu
WAz A3 ER o st iviinsAnwaeg

3.24.3 lugiauau (Secant Modutus) ilupinuduresduldimudules
AeSEn FutaRInqaEuALT selag G Ase A uE e AR

3.2.4:4 Wpdanpsn (Cord Modulus) iupnuduassdulismuifuias

AAATEA FIANTENTNYAAFSIYN
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Initialtangent
Modulus
/A/T angent Modulus

stress

Secant Modulus

strain

JU 3.6 NstlyiBmsmilugdiautusngeg Mnnsmvsssimuasaasenuuuladdy

LAURS

IagsghunisiwasusUreilaseasnaniiany wannuietdesduagivruinvaus

Q ]

NTEVNNNIZUNABTEUU LA8AUAULA LA NLASENTLAAT UL L LUTRUA SITIA UL LAY

ANUAUNUSAIENNIGNA 3.7

P 2= $adn 3.7
A
gl E fo o uendaminudangy
o \fe T s
€ Ao AULATEA
F fo W invseussuiuiuinasy (b e N)
A, fo uivinselInueuNeaE L (A2 ¥3e mm2)
A fe erwemilWasuld vde svurde
l Ao ANENYDITEEENARBY (gauge length) Sudu

730158n71 NYUB9gN (Hooke’s Law) uwazA1Asfiveen1suUsiu £ undd Al
duUsginduesmsiavgu (Modulus of Elasticity) e nendavadde (Young’s Modulus) T
a1115091LAannAUTUYInI AU UNUETE IR AU-AY L A3 s TlAR1nANS

NAABIRILADNAL wanaRagun 3.7
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Stress (Pa)

dy I dl Y o U 14 dl = 1 gj 1 Y o ¥ € Y 1
wnanstiluenansianulidmsunisidauienistnwintu ldeyanliluldusslevisunisen

ludnsallagusau Snvivhudlvidaudasilon wazsesedatadivesenarsynasainisinluly
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Actual strain -stress curve ’_,..--S'
Yu :
@ '
) s
- . B
n -— YL : E
. E s E
PP : :
H H :
E : :
. . .
" lastké:un"o"l plastic elongationvz: Necking :E
0 Strain
i‘lJ‘Vl 3.8 N9 AN uﬁim’m@g\\x\\&\u%/’jaﬁumaﬂ vyu (Mild Steel)
f
-
4 H
¥MINAUN
19 0.02%

4
o 5

+—0.002 in./in.

€ (strain_in /in)

) 4

JUN 3.9 NTANUFUTUSIEVINAAAL-AILATER LAAINTTIAT 0.2% offset Yield
Strength
dgj [ dl 2 o U ¥ dl = } gj 1 Y o v 6 v ¥
enansiiduenanshanulidviunisldnuiensfinuingu ldeygalihluldusslonisunisd

Lidnsallagnadu dnvivhudilvidaudasion uavdesesdedadiveaenarsynasaninisiluly
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@1 0.2% Yield Strength 8199238071 0.2% offset Yield Strength &smlgiannnsm
PNENUSSEMINAIIAU-AIASER lngainduaingandianunaign 0.002 in/in (m/m)
gulufudiuiuannisiugy @eidudunse) wezdaiudiuiiuaindisfugUvesdulde

1’4
v

mnuu-Anaien vaslagasind anduluinssduludalunununuannay

3.2.6 ATIUAIUNIULIINGER (Ultimate Tensile Strength)

Jurranuudasgeaaludulfisvensauduiusssnitanudu-
ANsLATeR UARIRITUT 3.8 Uuge S Fowegaiinds amndusgiidnanas esanlums
fuamaaduilldiuimidntuetunngey winuanuduaiwds deteegemnu
\UgeEaluN TN NS TN AATAIILAT I A panAuazdinafinty fdn
AT ieR et unaeat iesintasiduiimidinue siunaseuazaonas
(Necking) aunsestetig ey arimAuseses iiidusunseisnnn Thetnfudaeilainesld
unlususenulgmsiranssunaass osamzagredstumnlangsau (ductile  alloy)
Lﬁaﬂmﬂﬁmﬁﬂmﬂ?{augﬂaEhamai%u ot IINAeuieA PR TN LLSIFIEER wingndls
Ranuenen TR sgeanil SaninsouedlsileneduianauysayiebidTansty

Talatsiysal bfu fgwau (Porosity) axviliAammindsanas

3.2.7 Aansmtlen (Ductility)

BuariRianasnviauils ﬁﬂquanﬁqssé’uﬂ%mmaamnwﬁgﬂmasﬁ%
Lﬁm%ulﬁdauﬁﬁfa@ﬁ”’uﬁmmnﬁﬂ Tnsasiimuerundaainsasyydulsuigdiaviien
Wesidusnistama (Percent-Elongation) Hodunulaiulssiafmvialfifinnisneenly
firmnweasaiy Mswasuilisenderuaion (stam) TnedginuieSoadunsindu
Hosernusaiamadeifinseiifisugu FaiudnsinmiUtauildwenngnivesiuaulu
Frmasaussiuiisufuaug miifuestunu-saliiewhnsmadeudesiafiufivtind
warsvezTade U Id ety ngsszvadeuE IR ULy L“ﬂum‘%awmaaaaﬁmuuéumu
aﬁﬁﬂsaii"mmaﬁw’%ammLfﬁamﬂ*ﬁi’j‘lumﬁmzazﬁmm%umu’luswdwmimaau 139913
faanuasaTetTrIEiresEnIgndnaiil nadssEuinesE s asuSURuugRTei3end
sveiin (elongation) waztthdnszerdavsdessegnaaeuBufuieniimanain Fatfu

ANMAULASHATAITUIIY LEAIAIFUNIST 3.8

l _lo

o

% Elongation = x100 (3.8)
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We g A9 ANETILNATUAY

Aa ANHYTINAVAIYUITULANTAN

)
o)

qnaeAan (Necking) Ao local phenomena Liavin1s3aA1ALLANAIT8IA31Y
grnaiifmualinounasudaiaduey wuin euernnesranas Wewedidusnistad
dindu mszdesann sremnaiinisundalilndfuvinaiiianensn uiegrlsin
nsveaesidudnsdadaorlaiidlndaud insgiunuldifinnsafesunniudareud

LLAANITHANYN

lumsiamaaandfeumiiiavesuauaiisenldanaunisiesarnisanasmes

WuAnthein (Percent reduction in area) Asdansh 3.9

AO _Af
. % ReductioniArea = ———x100 (3.9)
AO
We A, Ao | AT RS uAL
A A9 | AU ANAIT WALANTIN

Toeinlduds Brsandamsianavagsewing 10 wWesidus f1 60 Wesidust Tasly
Taqusmsnlanzazilaegiusennnl 20 Wesigus 5390 (esidud drufansamnwanadin
wwdiineuwilinigenn lernduio dniuTanuse agiirnnuierinnn vieee
Tianansameanlaiae

Tuadde ladwustusaduiugudnatmdwslidanuainnvenie Tagliien

Soaznsanasvesiuivtidnwiniy 20,35 (18 50

3.3 anwazia (Surface Texture) [40, 41]
Tumsudnduauluudazguiy Snvasaunmialiaudrdgaonisldauuiniuy

muaiu Inglfvanaresnuningegauazrinuilideiogeanvssndnsusifioiluldn

v

wazARNGRINILINS (Tolerances) Ngndsduliiiaraniovacsos navesniuSaureaia

[

)
Ry
°o & a 0 = & 1 o | ° w 1 ' o a =

udndasugnAilsfivinfidrudfyuiu Inerimiuseuis (Surface Roughness) aziing
¥3ANNTOIATIENMIHAL04NTINITN1INEALS LU MImIUANANINLIRGRN  HAYBY
Usgdnin1nn19¥i19u adumuizauvesvuaIunIsnaanaziinlianiniindeunisuan

WIHNZANADINUIUIAITII 939709 U9 1EI9NTUURIUAITIEUlUsyesa1nilaan
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PuiSsuiafivinzan aranauifvedia (Surface Parameter) uagiSnssdndigniesayi
Iﬁ'ﬁuu#mswamamaw%duquﬁu“LU 21nn1TRBNLUUTunsuNsHARTLIIsaNg N
LﬁmmhmsﬁmmL%’ﬂi%@&inagnﬁaqﬁagﬁmsqLL'UUG]'NF[ vosnuanUivesiia Jansinuag
‘3Lﬁmmﬁc’?’a%v‘l’ﬂﬁé’aaﬂLLuummmLﬁaﬂﬁ’lmmmLLaﬁ%‘mii’ﬂmwmeﬁmmzau sl
desusiasrlnlandnsurifdannmudasyiliAssuiunsndniivansauuasduunisudn
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7aneed
Y .

3.3.1 annudiawainlunsudn

f[,umimémLiﬂmmsmi’ﬂLLuﬂé’ﬂwmzmmﬁmwmmiummﬁmﬁuﬁﬂﬁ 3 WUUAD
® ANURAANAIAAIUTUR LLazgﬂi'N (Size and*Form Error)
o anuifurdu (Waviness)

®  AUMEIUYBILRY (Surface Roughness)

7 Manufactured
LU T A | Ly

S =
Form = Cylindicity Rafighness

JUN 310 dnwaizANEnnaInlun 1R LA

3.3.1.1 mnuEAnaInYesUIALay U (Size and Form Error) umu

1 %

RANAIANIINAR N5 LTIUTASILVDITUIIY WU A1EILNALTAURAUaNU Y 1RaenNs bt

&

Tl irefdestmusliuinveunaiidnngy wigndean1sannsidendnaediinailuginin
LLmuM%mmé’uqﬂﬂuLéﬂﬁa&JLLé’ﬂ%’mimmé’m nsvdsdagylfnauasumulurendy
antuniuludefuuarlifanindesdmufanaiauuudannsainiiensasiaeuldie
I@&H’Lﬂéadﬁaﬁ’ugm wu edide Tunsimusdiaufawaiavesgussiisausulddmsu
Tununatetuiidesusznoudidae i azanansavildlaeldunassuves 15O TuiSesves

Aunedlun1sanulduazifaaiuievesruis (Fits and Tolerance) Lagluiseavasfing
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AULHBYBIFUNTY (Geometric  Tolerance) luguil 3.11 mfﬂ,ugﬂ%Lﬁudﬂmi’hé’faqms

Y . | a 4 & 1 o ¥ @ 1 |
FUNNUNNNATEUBA LLWLN@N@W%‘UQWUWNﬂ‘WUaﬂUUQ311]3"1’]&]’15@‘Vl’ﬂ'VTLUUV]‘Nﬂi%U@ﬂ‘lW@EJ’N

gndevanysainsndasdesdinnuianaialatig AURANAIRYEgUNTITLASsuanesly

NFUNTNTEUNARBINTTULT TN AIMEANAINUDIFUITS Tunsdlivneluisnagmuun

WILANAAINUHDVIVUINLYINIU

¥
_F_._.__ ..... 3_¢|oto,s

¢ro.l daa | o

JUT 3.1 L dnwaugaryianainvessuianassUTa

3.3.1,2-A270uAdy (Waviness) {uanufisnaisneiingnaulinuy

NufvRu AU Dueaus i muasiiians 973lAnanRISEUAC LD UTD RS 099 N SILY

Tunsndedvialninaauadiase i Gegud 3.11 Wugureigveatuauluguil 3.12 ay

& 4 Y vy 1% I a 1 ] 1 2
L‘Uu@ﬁuuu’)@l@ﬂ@umq\?ﬂqﬂ LLaS%LL‘U\‘ILLEJﬂaaﬂmﬂm’mNﬂwmﬂﬂ’mgﬂiﬂﬂmmnmEJ

JU# 3.12 SnuaizANURaNAIALUULTUREY



28
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|
1
|
!
1
I
|
i
1
1
|
i
1

3.3.1.3 AUNEIUVBIRT (Surface Roughness) Bupuianainiiiniuen
mwé&ﬂwwﬁq AruvguiatuanguiesTanilituguiuaunagnssudinistugy
dm¥unisiarumeny mﬁ]ﬁmé’ﬂwmzﬁlﬁmmnmmmq%maqﬁuﬂaﬁmmanﬂ?{uﬁaa
saluns¥msnasdesirfnsreglunsialish dnwararufundusvesiiten 41 cutoff
length jé’mam‘[,ugﬂﬁ 3.33 cut-off length fdunasgruildfuinde 0.25 faduns, 0.8
fadwns war 2.5 fadwns muveruvesiuiafinuddgdenisldrunatsqetis w
wsadeanusewineiuiin Msdnusesinmndend Asasy Ausantunisduda uay

Auaisaluntstesiunisiidy udu

3.3.2 Usslann5ianuveIUR - (41]

iumﬁmmﬂmmuﬂmzh’ﬂﬂ%"aﬁ@mqmmuﬁa Fetlagiuiivarsuuuvanedviels
Gon usiiiinsndafatsmeauiiatie uaii 2 g

‘ 3321 M3inmnave wialngade A andanisiaudadanmanumety
RaoensnduAnauneIviniens deesviliindsesvaismeulne s ieltanunsad
fnvaisAiean \ndsugeiusinenety Bnanaudldid RaRku Rg LAy Rsk

| 33211 paune1URnaeavadn (Roushnass Average, Ra)
Lﬁummammwwmuﬁuﬁaﬁa&Jmm?{wmaamﬁmmﬁaﬁi'm Faluend Genilduanniiae
LLavwmammmu dngmdennilunisimumiRsg A BIvE AT NuaAiaTmMENUAY
adtiandlnldainn e este maum e Aa (M Lrel Fuffuitsonumay

GﬂaﬂﬂﬁUSLG\LﬂUﬂ\?ﬂa']\‘i ‘Vi’]iﬂ’]EJﬂ’J’]llEJ’]’JLQaEJ (km) IﬂEJ‘VIﬂ’]‘U@Q Ra NﬁU’JEJ’JWLUU‘lﬂJIﬂ'iLSJﬂi

(Mm)

Y Wufisaauwax

Ra

M-line

jomld)— (o

I Im s anus1Inia

! JU# 3.13 msdadianuvegtuiamaeiavadin

33.2.1.2 mnameuinmdsidades (Roughness Root Mean

Square, R Lun1sianimnuvenuiuiifissinfidesvesaiadeiidassuemfiin
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£
2a |
Z,
|
!
!
E‘Uﬁ 3.14 MFIAAIANUNYIURIRAYNFIFBS
33.2.13 M AMaaeYIL (Roughness Skewness, Rsk)
I d” a (% a a v & 1
WUNTLERIAINUAEIUN 159AUIHIUVDILDALAS gUTUI UV BA LA UAN
N d1udunuee ‘V#LM'\ Wﬁm 151l8aANTONQUNIN
- - 7/ \§ . e
b -

o
‘c\\
N\
o
q) &

\ 3 Y
-
=0 3 g
5 L &
: - A c
: . fr @

“m&@
&, RS/ o
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N15A9YUFUIB (Tube Drawing)
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Re=1- Y (4.8)
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Fotot = Fig + Fras + Fsn (4.10)
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L A FuUseansmnaduaniu (Coulomb’s coefficient of

friction)
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4.2.2 msﬁaﬁugﬂwuﬁwumsa (Plug Drawing)
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Tube wall thickness
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n) 20 ¥) 35 way A) 50

A13199 6.5 ARuaNURTaI Tl a3 (18]

HNARDNESS TRS PARTICAL SIZE
GRADE  WC (%1 CO (%) p
(HRA) tkg7fm ) (um)
E10 94 6 89.63-90:F 260 over 3

AN3199 6.6 JuamddriudTEne AN AN RTa LHTRANY e gaL T LA (18]

Hole Diameter D, ¢ Jolérance-of- D
0.2-0.5 0-0.01
01520 0:0.015
200-39 0-0:020
32-60 0-0.030
69-12.0 0-0.030

12Q-25.0 0-04060

25.0-oveér 0-0.100
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i rangel Steel case Carbide Nib
TYPE X ¥ A B

§ mm

j mm mim mm mm
W 102 0.7-1.5 24 P 9 6
W 103 1.5:2,5 30 15 12 8
W 104 254 42 20 15 10
W 105 46 55 24 20 14
w 1(3)6 68 60 28 25 18
w 107 810 70 35 30 22
W 108 10-13 85 40 35 25
W 109 1148 100 45 4o 27
W 1310 16:20 125 50 50 30
w11 20-26 145 60 60 35
w112 26-32 175 70 70 40
W 113 32.36 195 80 80 45
W 1j14 38.46 215 96 90 50
W 115 46-54 230 90 100 50
W 1516 54-64 240 90 110 50
w117 64-74 260 100 120 50
W 118 74-87 280 100 130 50
W 1519 84-94 300 100 140 50
W 120 94-104 300 100 150 50
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The study of grain boundary plane rotation for
FCC bi-crystal structure by the molecular dynamics simulation

1
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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 minimizatien; 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. \ Duting ‘simulated annealmg, GB planes
rotqted by atomic' readjustment ‘causing curved boundary composing of various
structures-of symmetrical, ‘asymmetrical, and amorphous structures in each segment
along the GBs. Some cotrelations between bi-crystal structure and the disturbed one
could be existed and interpreted from their local atomic structure:

|
'

Ke)j'word: Grain boundary-plane-rotation, Molecular dynamics, /Coincidence site
lattice (CSL)

, . Introduction
Engineering materials in industrial applications are- mostly polycrystalline of various
orlented joint crystals.or-grains sepalated by two dimensional regions of
approxnnately 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 amsotropy stands out as identified by texture analysis which finds most
usefulness in sheet metal forming processes. GBs, coexisted planar defects to
polycrystalllne 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,
1ntergranu1ar corrosion, and strain hardening required GBs as controlled paths to take
plalce 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
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low,angle grain boundaries (LAGBs) and atomic periodicity for Coincident Site
Latt!ice 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-Y CSLBs, into
materials are engineered and coined as Grain Boundary Engineering (GBE). The
suc;cessful 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
andi 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 follewed.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 hasplayed 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 Leénnard-Jones potential
type, the simplest model butnoettrivial 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 toa certain extent (Uehara et al.,
2008) Decomposing them is one of the,challengeés-and zigzag-like GBs are
established for the purpese:

: 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, Symmetrlc (SYM), Asymmmetric (ASYM)
and Zigzag (Fig.1a, 1b, 2a). A symmetrical GB is first obtained by symmetrically
misorienting the upper grain (y > 0) by 8/2 and the lower grain (y < 0) by -6/2 about
z-direction (Fig.1a). The increment interval of the angle 6 is every about 2° using Eq.
(1) to specify the dimension of the simulation box in x-direction which ensured x-
periodic BC.

i T=m’+n’ —->€=2arctan(£j (H
m
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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 0 (Fig.1b) but in this case it
is impossible to applied x-periodic BC for most of the 0-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 Y5 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 (Fig2)~R0otation incremeént.is ef every 5° from a = 0° to 45°
(Fig.2b).

Fig.2: Illustrations of rotation angle-a.and-misoticnation angle 6 of the zigzag boundary
system by a) atomic'model b) schematic planes model

2.2 Definition of GB energy (Uchara 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

] (2

in which ¢, is the potential energy of the i" atom and 1, is the distance between i" and

jlh 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 dimensionsan
Eqi(2) become unitless by taking 4¢ and o as the energy and length references,
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respectlvely, while advisable form of the GB energy is in Eq.(3):
; b5 =26~ 4,)/S (3)
| ieV

in vx:/hich ¢, 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

donﬁain V will be the appropriate indicator of the stability of GB after GB area
divi§ion.

|

1

| 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. 0 was
controlled here while the-other4 macroscopic-parameters were predetermined by the
axis rotation about {0017 and the definition of SYM'GBs.and ASYM GBs. However,
in searching for minimum GB-energy, we musttake 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
functlon of 0 in Fig.3 exhibiting cusp-shape minimum for several special boundaries
for ZS (310) and X5 (210) of SYM GBs and 18.43° 26.57°,33.69°,and 36.87° of ASYM
GBs.

P Syinmetrical GBs ahy Asymmetrical GBs b
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Fig 3. The GB energy as a-function.of misorientation angles for a) SYM GBs b) ASYM GBs

i 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
poténtial 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.
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3.2 Dynamic behavior of GB plane rotation

The previous arrangement of Y5 (310) was chosen as an initial state with
application of plane rotation angle, o (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. Y5 (310) system. GB 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
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Fig.5: Atomistic potential energy distribution for relaxed a) SYM 35 (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 a > 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,7bl,7¢cl),
However, the system still possessed longer GB length with plenty of local energy to
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releiase and drive the GB structure readjustment for the lower energy state of the
system. As indicated in Fig.7b2,7¢2, enough atomic mobility caused the adjustment.
Depjending on o-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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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
1mmob111ty of redundant atoms or vacancies along the-GB bylocal energy traps which
caused other high energy symmetricab-boundary otherthan Y5 (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
bou;ndaries. 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
bec;ame obsolete. However, Fig. 7a3, 7b3, 7¢3 strongly indicate the trace of the
amorphous segment along with 35 (310) type as comparing the energy distribution of
Fig.5a and Fig.8c.
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Initial plane Total annealing time step
rotation angle, o. After conjugate 1000 5000
gradient algorithm

10°

20°

35°

Fig.7: Atomic configuration for zigzagtype during.energy minimization
at initial’plane rotation ofa )10} b)/ 207 andc).35° at different MD time steps

Potentizl snacyy

H

Fig.8: Atomisticspotential energy distribution for zigzagboundasies of SYM 35 (310) type
after a) Conjugategradient minimization algorithm b)-MD: 1000:total time steps c) MD 6000
total time/steps

4..€Conclusion

We \have.studied the dyhamic -behaviors’of GB plane gsotation using MD
atomistic simulation..The following characteristics are observed
1) Plane rotation mechanism is pessible’to lower total syStem energy resulting to
shorter length GBwhen thermally activated energy 1s 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

Thef 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 di:ameter and 1.12 mm wall thickness is choosen for this experimental investigation. Two types

of fluid maﬂdrel, water and lubrication oil (SAE20W40) were contained in the copper tube. The copper

tube is draw:n through the die (OL = 15°) by using the area reduction of 20, 35 and 50% with the drawing

speeds at 5 ajmd 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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