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ABSTRACT

The overall objective of this research program is to increase a fraction of low-sigma Coincident
Site Lattice boundary (CSLB) in BCC materials and low carbon steel, AISI1010, was used as their
representatives. Indeed, a series of annealing and straining was successfully applied for FCC materials.
High fraction of annealing twining was introduced during grain growth or recrystallization. However,
the annealing twinning enhancement process is unique for FCC and major controlling mechanism in
each material is different. For BCC materials, plane rotation or grain rotation becomes active. Long
time exposure to low temperature range of small strained AISI1010 at 6% and 10% tensile elongation
was conducted to activate the mechanism. Annealing temperature was at 400°C, 500°C and 600°C in a
period time of 168 h and 504 h. After heat treatment, Kikuchi patterns were collected and interpreted
by Electron back-scatter diffraction techniques. Software embedded in SEM can evaluate sigma-value
of GBs using Brandon’s criterion. Primary achievement is given 6 % of strain on specimen followed by

with heat treatment at 600°C for 504 h. The maximum %CSL attained is 22.5%.

Keywords : Grain boundary engineering, BCC, Fine tuning
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W,
: ) R .
Tavh UV, W, AunnmefunumyulumenvesTnanmiiani vaizh uvM dhunamesununyu

(2.2

E 4
Tumenvesdwiiiame uennnilisfiaunsadou uv,w, Tustanudiiufuesszuy
E 4 1
AT (N TWN 2.4) AITUNTS
U, sin p, cos p,
V, v =1sin p,;sin p, (2.3)
W, cos p,
I 4 2 2 2 o ‘]d_] o Aw a ¥
A U2+ V2 + W2 =1 uag pl, p2 AuyussuuRiamae

z

W'd s Py

N WV

Uy -singlcospz’
’ Vye s:ﬁy:v!sm b"z

¥

MR 2.4 LEAUNUYITVBINAADTUNUNYU LAZANUNIIOYOIY pl, p2 AL O
Y a da a & a4 ¢ Yy 9 a o a o a v a
li'lfniniﬂl‘ln‘lﬂlﬂJﬂiﬂ“ﬁUﬁIﬂliﬂulﬂ‘FNﬂﬂa‘]')n‘]‘u’Nﬂu NAUUATAFNITHYULAUNNA 2 NNA Iﬂﬂ'ﬂ

o a d & a ¥ 1 =
tigafutiailuganyu sounnmesnMsvyunile wes adudend1 “uas nFnsMYU (Rotation

matrix)”
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8u 81 &
GoId—)new = Gno = [gy] = g21 g22 g23 (2‘4)
8y 81 &n

é o o L 4
Fernnsotagiuuuilensulnlanided

>
[ ]
>
®
[ ]
>
o

>
>

G

old—snew — “no

G

>
[ ]
> N> >
SR
e o
>
o

]
N);v;‘)
[ [

[\)
=>;<_‘)=)
[ ]
NSNS

cos(x,,x,) cos(x,,p,) cos(x,,Z))
cos(¥,,%,) cos(P,,F,) cos(P,;2,)| (29
cos(z,,x,) cos(z,,y,) cos(Z,,z,)

o
Gdi—-naszm: j\)n/o =[‘£o’n j}o’n é‘\'o’n] (2.6)
é‘:nlo

3 [] o a [ ] a as a o s
mamamsmmmmmmanwufwnawwnﬂ XY, DU X -y, ﬁ')ﬂlﬂﬂiﬂ“ﬂﬂﬁﬂgﬂuﬁﬂﬂﬂﬂ

o
WA 2.5
yo
7 Vi
V2 = GnoV1
-zeta
’XO X0
MW 2.5 ANUFURUTTENI x -y, T x -y, AIBWAS ATAITHYU
14 Rotation Matrix
G _G | %,,%,) cos(x,,¥,)| | cosd sind
old—new — “no T A A A A - .
cos(y,,x,) cos(y,,¥,)| |—sind cosé

waznauduiusswinunindlialalfsamtuiumsindnivau

M= G—l - GTranspa:e (26)
My =G, 1 (0)=G(6) 2.7
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A

X

. g2/ gl
M1=Ggl—)g2(_®=Gg2gl(_®= Yerigl =[xgl/g2 Yevg2 Zgl/gZ] (2.8
Zaigl

e

é L. 1 - - 5" o L4
Fannmeondnau ldwesndtiaToivamsu lugiuvumnin 2x2 Al

A A A A -1 .
M, =G (0)=G" = COS(Jfgz,Jfgl) COS(Jfgz,):gl) _[cosé —siné
21 glog? g2gl cos(ygz’xgl) cos(ng’ygl) sind cos O

dmiuwasniaToBomau luglunin 33 Sanuduiusdsaums
u*(1—cosf)+cosf uv(l-cosf)-wsind wuw(l—cosf)+vsind

M, =|uv(1-cosf)+wsind v*(1-cosb)+cosé vw(l-cosf)-usiné
uw(l—cos®)-vsinf wvw(l-cosf)+usind w?(1-cosb)+cosd

¥
o o

andudh N, yuseuunu UVW aao 6=134.7" uaz N, ={.924,.267,.259}

[

XY o «’.’a o 1 4
N,={.767,.628,.131} AQUANMUTURUTTEHNUNTY 1 uazingu 2 Taeil

957) [.927 .011 .375 |(.924
N,=M,N,—{277;=| .160 .892 —.422|:.267
020] |-340 .451 .825 [|.259

2.3 dszanvesvouiniu [2, 24
doRnsamlsznnueaueunsuANIUNULaz M AR BveranIda Ias o
wouinsu 14 2 ndulng) dannd 2.6
1) ﬂuamniuumi‘w (Low angle grain boundary, LAGB) L?Jumamnsuﬁag:izwiwwﬁnﬁﬁun
yoaRAN eSS sadavearaninuszn iy lunu 15°
2) UBUINTUYUGY (High angle grain boundary, HAGB) 1ﬂumanxniuﬁagszﬂimwﬁnﬁﬁ
YuvaniemMmnsiissdvesnaniyusznnenuuinnn 15°
oglsAnulunguuns HAGBs fiveunsunissunsiafiinssaieads egseninanand
vyuiudhudismmwe gnisdouiunuvesdumiisesasy (Coincidence point) 13 yledian
Ny (Super lattice) édli‘lﬁ Uﬂﬂanlﬂiuﬂizlﬂﬂ‘f"l”i‘l “Coincidence site lattice boundaries (CSLBs)” ‘71

I¥dadnual © lumsunuveunsusiia CSL wanan udezlildyn CSLBs Rindnudase
Y 1)

13



° 1Y d a a 1 {1
(Free energy) #1 uazgndaliifuveunsustinfiay ualnmz Low-x CSLBs fdwwalivouinsy

a ¥ ] o ° a 2 a 1 4
HAUNAWAINUA WO TADES ATWGI ¥ “UBUINTUNIAY (Special Grain boundaries)” NQUil T 92

fMoYTENaN 3 iy 29 [25]

M5 2.1 Ao £ TuudazinuyuaegInaunTs 2.8

Uuvw 2 6

5 36.9

13a 22.6

100 17a 28.1
25a 16.3

29b 43.6

3 70.5

9 38.9

11 50.5

110 17b 86.6
19a 26.5

27b 31.6

3 60

7 38.2

111 13b 27.8
19b 46.6

21a 21.8

31a 17.9
131.8

180

7 73.4

96.4

210 15 48.2
21b 58.4

23 163

27a 35.4
29a 112.3
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Angle of misafignment

WA 2.6 LAAIGNYULVDUINTUNLAUNANYINUAT (Low angle GBs) Uazyuga (High angle GBs)
[2]

2.4 Coincidence site lattice boundary (CSLB)

¥1Av89 CSLBs °lu1§aﬂﬁﬁ?n§'u Amualanyudia (1 Aulsdase) uazunumsmyu 2
fulsdasz) itmuaaunsaianilddaemadia EBSD Tasii Uvw dufimmisvoaununisnyu
veunsulansunitufeusuunudids deovs 2 nsudeuduetemuysel udrSamyusouunu
uvw &uﬁwqu 6 &t uus1ane CSL Jagnimunadie 3 Aunlsdase 6,Urw Feiauanz
daunduvesdadauvenfnaslu 1 miiwadi GBs de USmaslu 1 misuradues CSL oz
Funvs iy ndedydnual £ i 55 IaAsRIezABILUTTINLYELINTHA ST LM
fu 1 ezanamn 5 vzAew awmasdluami 27 Fmamandusindumisvesesaouiiing
ﬂl’f'auﬁuﬁuqfﬁmhumiqq’f’auﬁnnﬁaxﬂugﬁmwaﬁ"nzﬂiznﬂnﬁ"zu 5 BABY YBIWANAMBY FMFL
s Radamaaivesveunsusia  CSL dmiulaseadregnuind laun FCC uazuuy
BCC fanudunusasaums [26]

T =x?+Ny? (2.9)

dlo N=U?+V*+Wuazx, y fudwawdy Sawnnnd o uazliyusenanswihulyan

~

auny

tan(—z—) S VL P A 2arctan(N”2 Z) (2.10)

X X

t o o o s ' ' e
w1 £ s I8t uevswoug Wnisdae 2 sundiee 1diduaed
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&1 990 Orientation matrix HU52NBURY Notation
Matrix ¢°/UVW N, N, ¢°
667 -—-.564 487
667 744 -.05150.1/123 151 111 323
—.333 .359 .872

4 . 4 5 1Y @
1014 Symmetrical matrix U&7 1IIWITAAINITVLVOLINTUNLAIUBN 23 TTVVAWAY

4 4 1 1 1
satueazanlumsiounailsznouvesiyuuazunuang 518 ldmvesyuesrmisugalu

1 4 t
21U Funyuiiin 6, (Disorientation angle) HIUANUN13NFUNT1 “Rotation quaternion”

A +B*+C*+D* =% (2.11)

& Disorientation 6, /UVW 110 il lunauduniugaail
B uagU, vV, W= 2cos™ (4/57?) uag BCD (2.12)
6 uaz U, V, W= 2cos (4+B)/(2X)™* uaz (A-B),(C+D),(C-D) (2.13)

6 uaz U, V, W= 2cos (4+B+C+D)/23"* uag (A+B-C-D),(A-B+C-D),(A-B-C+D) (2.14)

o < 'Y s ] ' '3 ] H
Tunudlues ayuveanstaifvsdaves csL lulalidummennmsdnnn uamunsadsauuld
IAAINITMUIUAIANATS 2.15

9 =153 2.15)
A A a o v [ - [ a 1 1 o
die 6, Avyungahaunsadsuuuldvinyumssasadivesveinsusiia CSL daum n iy

1 { (Y] & A a1 4 LY @ o 1 1 1 3
fnsfi Tegiuihiniduanenginaiainieg Hearunuduiusseninenm v, uazm n uanginas

L4 o o 1

& a y 1 . . o 2 A a [ | I4
NUYUNUTNITUM v, vlﬂllﬂ Brandon criterion [27] Taslinn= -1/2 FAUNBNYUNUAINHLIATUNYO

s [

nIsuaunaaslunIng 2.8 wzriu 1aenusuveuduaunsanuaivsuTUAs UlAIAY

o 9 t 9y P A
HUBUNIUTUTUNTUDINYINUNNITUDDU 9

p 5
. 10:
P E
¢ SE
i, i
@352-
f;cn

[»]
L I
. OSF
ES -

02k

LR A TR 1 S T L.l
§ 1 31 579 B X" 49 99

] Log2 .
1 A 1 H 1 [] Qr
mwﬁ 2.8 llﬁﬂx‘llﬂﬂullﬂlﬂ‘llﬁﬂdmuﬂ‘Iﬂyll CSL #1499 guav8nNNIfng n [27]

17



INHATDNHIUNINAIDUVUTIADIUDIUBUINTUYIA CSL NoTUuMes 3 AnTdasean
o ¥ a v ¥ ' a a aa a A a a
guudraemnIasausvadiamniy - @udn 2 anssassimAsaunsastunglalua
@ o o .{5 s [ @
ANUFURUTUDIINADTAIMINAVTLUIVVBUINTY  (510SHNITONAMNDINVIDUNT UMDY (Tilt
boundary) Laz¥OUINTUIA (Twist boundary) FasomnnaumMIaNuFuRUSsEnINnnaes
4 + E 4
AR INNUTTUILVOUINTUYDUATU 2 INTUAINTWN 2.9 A9l
Puretwist; w =0, UVW=N,llaz =9
Pure tilt; =0, UVW=n oz =y

T a d s a a 4 Nl X NZ o da X J

AN np l‘l]ul’lﬂlﬂﬂi‘mﬂﬂmﬂﬂﬁNi’lQﬂlL‘Nl’Jﬂlﬂﬂi Ny =————Uas ¥ Lﬂlll!ll‘/llﬂﬂ‘lluizﬂ’nﬂ
[N 1 X Nz}

IN 1 XN, 2|

uaz @ Wuyumsia
AT '

¢ 4 .
nmes N, uag N, Tash siny =

' ¥
MW 2.9 saslszasuvsInUduRUS TEnINMANe FAIInT T AUy UEIRYAI9

25 aszIUMshInInssuveuInsy
ufeTadanszuaumsisnssuvsunsuiiunszuiumanuioudana
(Thermomechanical processing) ﬁﬁ'quﬂizﬁqﬁlﬁmﬁnﬁﬂdaumemﬂswﬁﬂﬁlﬁyuuu Low-Z CSL
TavlFanuljdunussenindmaiudounuwdinumeluvesiogiugamgiitunm
Tunrsey vneondanufendestunsndounasgysetnans (Plastic deformation) lu
ASTUIUMIAIY  NITUIUMIIMINTTUYUINTUMAT 1dus mseugeu aszuuAsAINdEU
Fana mstiuanuuielasdinsanaznevuveaudls (Precipitation hardening) Hudu Faludogaiu
“IINTIVUDUINTU  (Graindboundary engineering)” ﬁ"lﬁ'%"‘;ummﬁumi‘lumsﬂs:qrm“lq’fwﬁinm

] a .S o =] < . ] [y v o v
ﬁzﬁmm‘]ﬁ)ﬂ‘lﬁﬂﬂMﬂﬂ’lﬂlu;ﬂlUu (Cold work) H58113A4 (Tension) JINNUNITOUDDU ‘VIﬂ'H
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[ L] a a § ﬂ' 5 Y Qo I L d
daduvesvounsurtiafeimuiu  USulgedagtmumsanuaniazdenisdanseuaiuvey
b
17U eunsoansasimanamsayludeg 14 wnlszneudloiu 4 1sziom [28, 29] i
. . < { g a =]
2.5.1 One-step recrystallization [unszuIumsioulummisszoznar Iinamsanwan
1 [ Y [y Y1 Y =) :', 1 o 3 < u:y 1
TmivesTaguasnndag lakumsdanusssaduaseautunarsiuly msanwinimifidwa
o 1 a a 4 X . . 1 a a
IdadauresvouinTuyiia ) 3 M50UBUNIUNUIUIIN Annealing twin [30, 31] 131 lutinida
1 g 1 o LY { a
wao (99.9%Ni) erumssauliiivnanunuianas 60% aaionseuRguNgil 950-1150
é 1 a4 a o/ U o =
perrarmea (WUt 1-15 UH FenuhaunsamusiuudadiureswsLns Uil CSL 91n1AY
o
13.1% ilu 66.2% 18
a3 ° . . g 5 °
2.5.2 Iterative recrystallization Wunszuaunsi One-step recrystallization 1 Hufio
= ' v ¥ X ' P o et [ P
asanranlniuinnat 1 aferulyl wu lunsasiirumsialilianuvmuianas 30% udroud
a o o ¥ o Y . a A X g
gamgll 375 sssuradoaltiuinat 10 uif viidu 3 a5 sildveunsustia ¥3 tinuilu 58%
[32]
. . g dq ¥ a v e o
2.5.3 One-step strain annealing (JunsguaumMsn IaNuAToALDYNIIMAINUANUATYA
260 Ya P Vo o 't a4  dq9 Yo o 2 da ' a
azauhldiiamseansanluinudag  uandamanumsean IMnuiagruniieanesenising
v A @ ] A 3as [y 3 14 . .
MItaiTosda Intvesreunsuie IdsunasnunszquUNANNTDU (Thermal activation energy)
é ad lﬂy 1 to o l=' 1 1
1MAN15OU FaasmsHvnaveunsulasau nainiviansunlnaina Iteratuve
1 a a L d ' a
recrystallization [29] 1y luiiniiainsa 200 irumsTawuldaiumuiaaas 5% udreuiigungil
- d a o o o Q¥ A o 1 a
900 peruramoa Wuna 5 uih luussnnseinou Wuwariliiwudaaiuvesuounsusiia
-
CSL 910 34.9 (YU 65% [33]
o 0 . . %’ 1 a
2.5.4 Tterative strain annealing Wunszuaunism One-step strain annealing %1 Taglina
asanwanlmilunszuaums wu luiinifadaassd 600 (Ni-16Cr-9Fe) Fumslianuinion 2-
b 4 P a o & -1 a ¥ a o
5% ATURIAITOUN 890-940 BasuraiFya (Hunat 1-20 2 Tue Wuwavi Ifimuswou D 3 uag
a o o @
Z IVINAN 6% HZ5% LU12% Uaz10% AN [34]
2 =1 e = 9 9 a o
Faezmu 1dNnszuaumAmns suveuaTUR N sTUIUN T ML auFnan s au
o d ¥ X 1o o 1 1 [~ & a .
adisniususginlesoniuguang  lidwzdhuledvannszuiumsidna  (Mechanical
1 . A LI sy a [ 4 o s o
process) NTLUIUNTOUBDU (Annealing process) HIvuaudauianunlivediay Tasaulsding
- 4 Y 1 Y A Gl Hda Yo o
yoanssUIuMsIEnan 1dun dszanvesnmsdnnueion Buannunioai Idiuiaquas
[ d' = ] [ 5 dyl J L. @ Qo
E]@lﬁ"lﬂ'lﬁ'!’ljﬁﬂuul]ﬁQﬂ'ﬂﬂJ!ﬂﬁ'ﬂﬂﬂﬂnf‘n Tﬂﬂﬂﬂ%ﬂ'ﬂ\?ﬂNﬂuﬁQNﬂﬂﬂﬂﬂHﬂlZﬂ'ﬁﬂﬂﬁUQﬂ?llaxﬂ'ﬂn
[} a & =£ [y G 4a X 1Y 2 o 1 dy -1
wuiuvesdalamsusw lifmwdsnunnundsaazavinaiulutag  Fuledumariioziu
desouitsidmuana lndeqlugnnssriumseseu Wy pisAnyvansznuveBasINg
nlasulasanusssadenar lunssuaumeuuewiieadaves Thompson uazame [35] fifnmn

a = o A' a Ay 3
nszvaunrmioudinaluiinda (99.5%) uuvmauuewilivadslanhiunullyoiuglld
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v [y o 4 v [ (Y i 1
ANUNUIAAAY 6 % AwBATISNUANANAU nuhBaTsAsuuanuiAssasenawuud
L3 1 Y a a a { J
q Tudagazne IMiRAYEUNIULLY Non-coherent (¥oUNIUNilM 0.2) Monalnmsuyuveunsu
. . o Y o ¥ o ]
(Grain  rotation) ¥ l¥ndanuvesszuvaamas  usnnniudamslisasinsulaounas
anuissoarenamud Sadwavihliifaveuinsuyuedr iieaninaszuaums Ind InTuesu
yosaa Tamsuinszoedednainaueneluing lugansousen degasimsiannuinion
' 2 ° ¥a e a & ' o a d a & a
aonamgaaussi imuduvesda Tandusinsiadwaznatiudn Tamguhaung
. . o g a o aa o a
(Dislocation entanglement) nszawanauiuaa lanyuuuuIIwug (Heterogeneous) MTIUILIN
A Vas [y 3 A A Y A vy
wouinsu e IdsundinuanufeunifisaneseuuszaandnURmzR (Local energy) A2unaln
VBINMITNYUVDITLUIUYOUINTU (Grain boundary plane rotation) aduvouniuwiia Non-
a < ~ A 4 3 o 2 a
coherent [36] wmzhmIAnYISuIMvOINNUATEATINNANTUMSARAYINTZUIUMITIAINT Y
YBUINTUUVLIAS i TaduaaauIdoueq Palumbo tazae [37, 38] AINUNATTUMLBUTAA
a =i v A 3 a ° a Y
nuiunalovdndeaniuf lasswveswouinsuvi ldvownsuriia  $3n  wIvvOUNIULLY
Coherent Juyamsannanlviuazyramslnvounsu
daumsAnyaniwavesedslsznoumuniivesingaolIfINTSYOUNTSUNLIURANS
1 o a = = a o a(
anavesdadaunIunamMseuAumnIsvoumsuria Y 3 vazns laveunsulutinfiauiqns
. & @ e 1 a v 4 X @ a a 2
(99.999%Ni) TunandusudadiuvesniuninmssupudANNIUT NS UHMIAA (99.5%) [39] &4
Tadsniuguireg  Ananunadisduinedesiunszuiumsnennuiouveslansiduniims
] ¥ ]
susou  niUsznoudruiumsuns indsuazauuaiagaisiinennuiouniouieranszay
b 4 1 ) 1
wasrvesszuunauulassauuazuuummen  dewdsnuanudeun Muassuufisanesy
¥ [ g ) o ' a ay
aszquaszuaumsmesa lidnediugvus Idanndeuluszuy - $rsmsnshigaumgiidesnts
¥
wiotaemsvih Iibudaas ANTUNTZUIUMIBUBBUIUTUNTLUIUATHENVDINTZUIUNT
o 4 1 a =y _y = 3 L ’é 1
Sranssuveunsuina lnmegvesmsifaveuinsurianeeinadu lurstidduvesswazidus

[ a v Y
uaznanmsszesungluadesa i

2.6 NITUIHUNITOUDDOU [40, 41]
1 a [ - oo P a & P Y ¥ o
mssusauiinpaNtIRsTUIUMRIIag llouigaugiiniia 9 amnahdeinsudiv
{ ¥ ' 2 Y . ad
T iSudas lsznoudae 3 duneu Taun 1. mamunmdouliiudae (Heating) utquugiin
@ L { ad 4 & .
imdanunszqumenudounudosms 2. msielingungivuiiussszinamiin (Soaking)
& o a ' A4 o o 1 o 4 o . 4
oW Tassadvvestagufunlasgaausiindaudindt 3. msvir ldiud2as (Cooling) the
) Y o da o a9 P o ¥ ad v A
a3 Inseafnvestagilguanifauidesnsaeziu ldnauesqguugiiidudeden

1 4
9 o S

) o A ’ ' Y ) A o Vl Vo ¥
ﬁ']ﬂﬂ]u uf)ﬂﬂ‘lﬂuu»mﬂ%‘wf)u“] YU ‘llumllﬂ::gﬂﬂ»i‘llf)ﬂ’)ﬁf] Tﬂﬂﬂ\jﬂaliﬂ‘ﬁ)ﬂi‘]ﬂ‘ﬁ ATUANUIDU
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@ g o a J a o Ad 1 a X o Yo 7] v =;
tazsasINTIouAINMSnaRuRvesiagnGIn s nae lui i iagl Tassainganman
1 o 1 = J a o J
UANANAUSEHANUTNURUHIAUE U
a 2 t a :; 'Y
Tunszwaumsisanssuveninsy  sunuezegluaauzumaadaniulyldnumgug
2
NMQUUWaMaATIENINMIoUseU  naanszuIuMsFnaaluns HauA saun FUIILeIN
3 -1 4 A T a & ! a a a J
Asvugisu Momuanunuuivar Tansunusnuveunsy tazasauwddnusnaiisonn
“wFanumuAsauUUSaAn (Elastic strain energy)” Wiouhesilimsnatwaa delinwdsau
aszqunaLioufitaweaemInyudIveunsy  nissaddIntvesezaonSnaveuinsy
o ® o o ° " oa <
wiemInyuavesszuuvennsulusamsauas  duwavhdanumuunivdalansuasas
as ! o df a a g a U Y X
wionfumsneauiuveuinsustiafifuiuuy Non-coherent iilogaingiilusaanisAualgainou
wasunszquuInaIwiowdivawe  insuiifilindwmnnunoaazauiigaegeziianisannan
5 k4 4 a a4 o ' a . . a ) 5
Juldinsunfalnifidnuazanamiuluynisna (Equiaxed grain) MlsAInaIuszoaiiu
' d 4 X e a 4 o
Ini insuvnadnidsinguulunitiesdsngamuuinuesun suuazaIuIWISTUIUMI INAD UMD
& d = Aa a v 9/ a = ] a
Faluusnaninsnfasuglreudun lumadmnssuveunsumsanwan Inuszifaveuinsu
a 4 ] a > o a
NAYILD970 Annealing twin FeINTNNA 1ANAUUY Coherent 1182 Non-coherent HAIINAANTT
) 1 ar ] :’4 1 =
ankan Indetvauysaiudr mndsmsanmmsoy s insuidsminnnusioaszinans
1 4 av o dao Y a aa = EY 3 da = J
asalpauiustuinsudrafiss Tasnsunlanuatesiosnesgnins uilAEBISNINAD
a o 1 ° a a a
naunuvhituneveunsulnaidu mslaveunsuszyhlfifaveunsustiafiay lasmwiznisla
YoUNTUNTTOUNIUILANNTAAAUPUATUHA T30 TIUAIY U 1UT98UD9 Randle HasANE
[42] finvna lnifavounsusiia ¥3n Tusrens Taveansu wudnzinalfduiusvesveuinsy
= d. a s . 4 Y ¥ 4 1w a 4
¥i1a Y3n AV Triple junction 91nfinaMIdAUIzIUI ARzIRansnlasuntlasTaseads
¥ 1 4
welhifavouinsuiimlugaamseuseu  Taonalndrglumenszuiumsiilsznoudin 3
na'ln 18R MsAuda (Recovery) msannaninal (Recrystallization) tazanumdlens Taveansu
(Grain growth)
2.6.1 AIAUM (Recovery)
A o o 1Y o s as 9/
mMsaudatunszuIumsaandunnunssaszaunisluiagrasnnnszuiuns 4
a 9y oy ' 4 e a a J
ANMATIAAIENITLAINNNA TuseniumseuAudInd U AT saas aduszgniaailasy Tay
A as a o e o) [ s a & ]
msndouarvend Tamdu litzdlumssaSssmvesdalamduauld Inseadsfilinnuinson
H 1t a & A @ Y T a & °
Aranfensaannumuuivdalansu  desnmandeduszninaalandu  dieuvh
»
a v e v W o & W e @ o [
gduiusiumiassnalndluuswanduvh lindsnulussuvaaas  mansaswunmsfiuda
r~{ ] = g o o < s [y 1
18 2 $rgunglimunalnmandeumvesdalamdulumsaaszdundiauresszuy 1dun
v { a . A o a &
Tugnmseuiigungiigs anumuisamsmasudvesdalandu (Mobility of Dislocation) A9y

3 [ a L R . . a N a A ar L}
gavualildae vildidudaTamdu (Dislocation lines) ¥iiaae Mamsmaouas lidrnzduns
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INAOUAUIUY Easy Glide , Climb uaz Cross slip [WoaannunumHuvesda landulaons
A 4 v s 3y a o Aa < J [ g a |
wasunMINUsudUAT TalnduiliusnegasenIniuveuduas landunlinsomuiy
Q r (] [ g 3 L) Q‘l 5 ) L a A U
asafutuiy dmsumsndeuniveududalamsuiioguussunifuiussifansinaoudauyy
Easy Glide uagududaTandusganssununusziiumsindoudauuy Cross slip uag Climb ifa
o a s 2 o 'Y ' o Sa '
mssuiuvesdudalamduiuuasdndeduldimaldwdsamlassivanas nalniidena
[y s a o . . . . a a 2 ia 1
“mMsvindanuvosdaTaindi (Annihilation of dislocation)” (Famwii 2.10) Fudunalnfifad
3 1 a o @ 3 1 aan -] .3 A a
figalunmsaamumuunivdalamdu  aszuiumsdsnanzgnisulfisnldisvuliegungl
4 A A @ ' 2 ¥ 1 Yo @ ¥ A
moluszuumudiu fiesndasmsunivesesasugu H1lasundaunszquamuzan 019
1 qYa a Y ' d ad Y o o ' a
noldifeveunsumiewd  edelsinuhiusgiulsnauazdasnmsnfsunlasienatvesda
& A A a ' a & a aa X 1
Tandu Fudielinnunuunivvesdalanduuiawe vounsuiirsiiaiuluridisenie e
' v ¥ ' 3 s @ 1 a o as a A
nalamsifananinmi  dsiuluseiiBedinnudnydeirnssuveuinsudmiuisaauneiiang
] a a A a 3 4 as
WU MIRevLINTURIAYIToIAMINYUIBUNTY  sziinduionIaanasHYessE Uy InT

(Y o a s o £y
WﬁQQ'luﬂ'lqﬂTﬂUlﬂWTzWﬂQ\ﬂuizﬂUNﬂ n1n [35] Wuau

a A (Y Yy a o 4 A& a v @ L 4 o a &
NN 2.10 ﬂ'li'lﬂﬁ'EJ'IJ@]’]‘U'EJQlﬂ"l«lﬂﬂ'Tﬂlﬂ‘Huﬂlﬂﬂﬂu'ﬂl‘U'm‘lﬂualuﬂ']i'ﬂﬂﬁ'l\?ﬂu‘llﬂxiﬂﬁjﬂlﬂ‘ﬂu [40]

msaanasa Tasswvesszuuuennnna lamsindniuvesdaTamauuds dnnaln

]
ad w A o @

2 A5 o P = a . . 2 d

nilaiddy Ao AszuIums IndTnluwdu (Polygonization) FuilunszurumshiisaiFoednu

TniveududaTamduan 1@ Tassaeiindsnuanunssaidng dwaaslunni 2.11 dwmsy

a ?.’, a Y o @ o 1

aszuaums naln luadinin idundalantuezSsaddgeusuiluvouiuagos (Subboundary)

¥ ) ) . A “.’ X

ARINAUTTUILASIHDU (Slip plane) (MWH 2.11 %) TaseHumIindouvesda TanduLLY climb
1 ] = o a a ) A - v [ a d 9y

serInveuadssaHuLTnuR U nAd Tamdu oy 2 dauswuduszifallulnssadne

' o ' ' .
goun1lunsuizuna1 “UNsUIDY (Subgrain)”
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() (V)
d' w v a o/ ! = s
NN 2.11 mi%ﬂLiuamnwumm’fTamwnmwamzﬂ'mﬂizmumﬂwaTﬂ"luww

() At TaNFUIIUIUNINUUTLIUMSTIEADY (V) Ad TarnsulimsoaiTuena Inandaain

Aszuauny Twa In ' lusu [40)

a [] 1 A Y 5 o 9 :; a ar
manansudoslusmsAudANniuasaesuwls vnnwh 2.12 Guenmeluieg
aa & e a @ [] 1 o = P 5 A Vo a
tan Tawduiuunssanuesie ludluszdoy (A 2.12 a) niudoszuy1d5umdanu
i = Q'I i 'u o o d
anufounfsaneduaa lantuesiinsndsunsai salrdnyaziuaa Inssads (Cell
& a v W a @ . . ] o
structure) FUAAVINMTHUNUVDIAT laInTU (Dislocation entanglement) (mwﬁ 2.12 ¥) wazldovu
1 1 a & . . 4 a o [} y: 1 o d
lilgTasevwuosdaTameu (Dislocation network) (Nl 2.12 1) Maluvounsudosdu A
gaaddunmi 212 ¢ lunszurums Tnd luersuuenanaunsanamsusesudd  Samuisa
[ Y a ; A a s ] a s d‘ o 3 v [ g; o
ne IHinaveuIns uyudioInInMITais i Indvesda Tansunhasudouny luuuinozia
o ¥ s a o A2 4 Ya o =] o o o = o 9
MINNANNU Aanwh 2.13 asiulddaianusisalutuisatuanusiealuuafesind
duldvi Idwdsnuanusssavesszuvasas  hlmiAevomnsunuuyua lasluga IndTnlu
dunumfulioeviuiaveunsusiia Y1 i lassaiuadunuromnsuyudunuiioziia 33
lusgangldwalusigungiingnn  nalavdnlunsziumsfiudy A msAudauy
L4 . § s ) s 1 o
Warnaa3 (Dynamics recovery) iWasamuezaunsaaaasla lnsnsnduihgnneaugavesiau
o a ] 1 [ 1 [] § o a d" § s
AMTLVUYDIIN (Vacancy) Hhudaulng dissnndmidszaniilinrmwaunsalumaniouds
¥ X a ' Y o [ ::yn S dAa X ao Aa o Jd4 a
Taguiigamgliszaoudne  lusnilddaTanduifarulidneazuuuiiiusiuinavey
wsu e lafuwdinuniudouiifisanelusseznanu  uagamgiilussuudindesifians
o 1 o . A o §
NYUAIVDITSUIVYDIUDUNTUTINAUMIHYUYDY Local lattice iNBaanasnuluszuy Iaghoz
I3 s o a led' =Y - o a a a
Mlfinsudrafessuiindiaudassamuinavouinsuiuvemnsustiafey 303 5uw91

1nsUYHAN (597171 “Fine tunning” [36]
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(R) &)

2NN 2.12 Msinansuges lugiansaua [41]

¢
L
7
¢
1
T
¢
1
T
¢
1
T

Compressive

~{— N
~i-0
=t
Al

{
c c
M
rT T

£

Tenslon

[ ¥
MNA 2.13 Mssaisssnavesaa Tamdunuuvey lunuads Taedasnys T uaasdannuinion

NUTIAL HAZAIBNYT C HAAIDIANUIATHAINITIONA [40]

2.6.2 Mminanan i (Recrystallization)

=1 a <1

1 a o X ' ¥ o o o
uﬁ"mxmﬂmiﬁummuammuumﬁtﬁ’a UNATIIARNIIAINNWAINUANINIATIAN A

A ' d‘i 3 a P4 13 d‘i o ) 1 a tdy
Maooy HJE]L’Jﬁﬂuﬂ']i'ﬂﬂu'lu‘lluﬂzlﬂﬂﬂ']iﬂﬂNﬂﬂ1H3J‘U'LI1‘WE]ﬂﬂ‘WﬁN'INﬂ’J']mﬂitJﬂ’cT'JulﬂNu

23 o T 1a & 3 . . . &
ﬂi‘lﬂgmimu Naﬂmﬂﬂ‘nmznm‘mnmuuuﬂﬂmﬂ‘wm (Dislocation-free gram) ATTUIUNTU
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Sunn “maifananini” Tdpyuzadwadtanunszuumsiasundaune (Phase transformation)
[y 4 a o Y - a =2 14 1 ]
dszaoumetuasutinawsunaznszuiumsla  Tasimanananlnuisunnnquezaouany
Funn Buvsle (Embryo) Swmnne mindivwalvgindimisnhiduanieingd 5esien
1 a’ 1 a Aaa & N a o [] 4 - .
pzaounguin dnasa Fvzaunsamy lanauthuda vy Tagauysal vnansuiansaan
= T A a Ao o 'Y A ~ v oA ' o a a
wan lmiiusunnuInafilicneuzdidia 2 Uszms Ao LivwalngnimSaminuunaingd 2.
= a e a ;) Y s/ 8/ a a’a 1
AUDTNANTNANNIUAIINIAT SANINKOLUAZYNVDUADUAIWYDUINTUYUFA USMHiTENN
. ] a Y M4 a a Aa ' a < a d
“Preformed nuclei”  F9ziAU laudrndunuuSnaiiamuniuvesda Tansugewnaniv
insuInintiszaundianuessszuvanas Iagli Inssaansuanumioad ANULUANANUDI
w 1 Y] 1 v a a [~
NAIUANUATIANBUIIAENAIMIAnKAN IminnmsanasvesnNunILuAa Tamdudaiiu
1SIHANAY (Driving force) YaIMIANNAN 11N
=< t A Y Y 1 =< [] 9
IANaNARRINMIANKNAN 1l tpaglasaiuinalnmsanwinintdsznouday
A . " A A o R .
ﬂixU’Juﬂ‘li‘Vl‘Nilﬂﬁ‘lﬁﬂg (Kinetics process) NINNIIUULUL Lummnwmﬂuﬂszé’u (Activation
2 A oA g ' s q ¥ °
energy) FmInMIinaasevziin luanein/asuudasldaunassninaszuiums mldmssmua
=2 [ Y e o :’, &8 a Y a =2 v
nalpvesnszurumsannanlnavildadiuin antusveton 9qaungiinsanwan v
I~ @ o ]
(Recrystallization temperature, 7..) Wudidmuanszuiumsankinlagsiy Tash 7, fie
=3 H 1 ] Q'I A Q‘l
gamgiif langanwanlnisdieauysalnielu 1 92 Tue Fedizdaunisiialy fe (69]
T =af, 2.16)

P = a [ ' A 1w a 45‘3 [ a £
Tauh T"l ADPUNHUNADUINAIVDINITG) K) uazam a ﬂﬂﬂ'lﬂ’iiﬂizﬁ‘ﬂﬁ‘Vl‘llui’]UﬂUﬂ’J'lllU‘iq‘Vlﬁ

& s W a £ 4w a £
voslane @9 o =0.1-0.2 dmivlanzuigns, a = 03-04 dmivlanzuigninumsi, a =
) a & 2’; 1 U o .
0.5-0.6 dmiuTangway FIUNATIN o 819gAH4 0.8 1FU IMANNAWAVFY (High metal alloys)
vRta dmiuguuglivesmsanwaninivesTanzaiindeq Tauaasldnmwa1sedi 2.2 uenain
o 4 [ X U 3 o

aywsgnsveslanzuda Jesvduq wu Wnamsiugdiiu nszuiunsulsglens uazdas

v < od 1 ] P ] Y 1 =] ] a
msldanusssandamanenszuaumsanwanini 1dun nat nalnvesmsanuanlni gungl

A Y a = 1 & Y o =
wisuludnansunaanaanlnit Fseunsoagyl 1iasa1sed 2.3

25



a13197 2.3 qungiiveafaanwin intves Tanzwiian1en

yiiavoelany QUNANYDINITANHAN TN Ysuums
(23U aITYD) Sugahidu

minndiniuoud [43] 538 -
mannd1¥iAAISI 1010 [44] 600 -
NOIULAY 450 — 500 -
NOUNADY 400 — 500 .
aglitiyy 250 - 350 -
finfauSqnidaniseh [45] 600 -
Hntna (99.995% Ni) [46] 350 — 400 .90 - .98
1nLNN(99.99% Ni) [43) 371 -
Hnnansa 270 (99.98%) Ni [47] 290 — 400 Wuran 30 w1 0.10-0.94
finmauuudianIns ladn 450 Hna130 wf 0.82
(99.866% Ni) [47]
UANTAINTA T06(Nid1.5-Fed0- 950 — 985 0.15
Crl16) [48]

MM 2.4 e Alnanenszurumsannanlni [40]

1Tt SIERTR LN HARBNITSUIUMIANHAN IHY
a A( = 1] ;
ANUUTYNTNIAUAN 68 gamgl lumsanwan i
a a =2 vef 5
gaungilumsoy oy inamsanuan vz
-3 < a = (=] o
Ysuansyugiliou 9 VAInTUNRAIMIanKan Inulvuaan
a A a a [] o
BATIMTIANGUNY g9 VanTuraImIansan lnilivinamn
Y
o o o []
YU TUAIAU 1an yansunaanIanHan i Tuuadn

o [ J = <2 v v @ d'
dmsummanungiivesmsansin lnidiulng Idenmsianisn/fsunas
& v A X o o - a A ' v Y aa
Tﬂiqﬁi'NquN'JﬂﬂﬂN1uﬂ15‘ngﬂwuﬂaQﬂTSQUﬂQmﬂQNﬂiﬂna']ﬂ'N“]ﬂuﬂ'JU'Jﬁﬂ']iﬂi'JﬂﬁﬂUﬂ’N

Tangdnen wiodulsawdugiivhldifamsfounlasTnssadrevesiag wu minaassiam

a &

< o A A as & o 1Y
AMuUle  (Hardness)  AunanlumseuhiquugivilmSenuganginssesnamils  Hudu
3y @ o

anvdunussenianaiugamgl lunmseuinaeandesduaunisnguennisiioy (Amthenius

type law) Aall
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1_ o 2.17)

T
H a [] 1 i (4
Tasd 7 s lumsiemsankaning, R AsAnaNainaveuAd (universal gas constant) =

8.37 J/molK , T flegaimgii (K) uaz O, fis wassmnszgudmiunmsanwanlna lummanesm
J o 3/ Y o o a 4 o o o ] o 3 [ XY) o
Amdsunszdu  winedhdagstiadodutesiisn 0 uandeduly) duegdivwiiaves
[} 3 o 1 aw 1 a a
daunaunniinazFutansvughéu sy 9uIdues Wensch taz Walker [49] Wuina
a £ a {1 o ' 1 o
UTENBIFINITAT (99.3% Ni) NWTUNTSTAEU 20%, 40%, LIAT 60% UM O, IMAY 75.8, 73.3, 69.5

4 (L A 2 o A X o
keal/mol Havziuldden Q. assudierSuansiuzhdunuin Tuvuzifvaiu Houston tay
Farrel [47] 1aa1 o IM10U 40 keal/mol

2.6.3 13 lnUDAUNTU (Grain growth)
o a = Ve a 2 4 v
naanifansankan gansulnuidsemnanunssaasauss lnduises Ay
o o o g a i

USIHANAUDINATAANAIUNUAITIN (Total surface energy) YBIYDUINTU (T UTUANTZUIUNTA
= 3 dv 3 =) 3 d' b L Q‘I d‘ U
Haduiidn “mslaveansu ” aumguiuuusiasshvouiuiulasia lliferdunalnnisTaves
nsufsLLUSanInsveaIvesiesmiusueiliownsu diensanesmynsanauuans
Wosmudnmainuuy 2 §R 5 wnsamanudunu szndnusssmve oAU LAz

auluiuanuuanasInuRUBIMAYBIMBUBniuMe luRIBRUMITUGANT S

Ap = Ay 8 2.18

A 1 ! & L o a A‘
dio Ap fiennuuanANITMINATINAUIMAYBINEuEniuMely , ¥ Asdudsz@nsveusada
a o ' ' "2 o ' W 4 ]
m, R Aefrfivenlosayuaz D Aoidurugudnatnveaeany Feozimuldisalivesetaiia
' o d4 ' ¥ ' ' o
fos  anuuandvveInALABIliMga  eIneRzumIBBnF Az DAY sz AR U MIYA
o { To a o o
gudnanvenuide  Tunuusassiitseneudmsresaysuuunndasuiluyuuazam ozl
gUsnvempamjuuy 6 mMAsumudn YA MUTNIALNLTZNBURIETZUIY 3 TTUTUTTOUTINAY
o . . i 1 o 1 4
910 3 1N5U Sungamuueniian Triple point TasfudazA Uiy 120 998 1HBIVINAUYAUTIAY
Rausagmuvesosmjlinuminiu anuusiasinsi@uTa “Cellular growth” (2R 2.15) Woa
tday ' v % a ¢ ¥y 9 . Y Y '
ajifidnniosnin 6 anniussligagudnarcveaniu Ifwegauludwwaldnnudumelunnnh
° Y "a as [] 9 P 9/ 1 o a o ¥
Middesayifansnadiaazdesaysoudieiildvounsusuiussligagudnansvesnnu i
v % o d 1o J 1 Y a ¥ 1 o
pgamuuen Faindludesayiliduuinngdn 6 dmdwmaliesmitiauladuldie vaziuuia
L) 1 4 1 ) lé
o1 dauesayilidnunnnd 6 Aueslyagudnanavesnim Ifsegauuenidinam

wdssmusadyIaldenn
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g

AN 2.14 LUVT199INT TaUVY Cellular growth [40]

A d’ 3 av o o J Ao = a 5 1
ami 214 HlAuaslfduiusszununsuiiimanasun)aufiniunasanar wu
msvw llveswesajuuy 3 masuiidawaldduveadesay 3 e liiiazves dauesayindl

a - ' o a9 ' L) = v 1 31 1da Y
%']N')LH]ENﬂ']uﬂuﬂﬂﬂ\'iﬂzﬂqNﬁﬂTiﬂﬂﬂQﬁu5ﬂﬂﬂn\ulﬂ')']ulﬂﬂtﬁuaﬂaq ﬂﬁ']')vlﬂ')']ﬂﬂQfﬁJﬂﬂﬂ']u

1 X < { A
19 6 amee TaduTasmsmellveswesseudraumzduvealoussnazanason lavesayhd
° v Y P sy Y ' ¥ g o a ' d
S1uandu 6 M vazineslafidwdosndn 6 auneenadrassumeldluiige ednlshnums

1Y 1o o & 1o dd 2 Ao o A . @
Tavoansusomsuwsniduna lanile Lmuanaﬂﬂa"lﬂﬁmwmﬂfgﬂa Geometrical coalescence a4 -
d' d' 'd o ) é =) r
ueraalunwd 2.15 Tasfinsu A (05U B Mlldnyaizduninnd 6 Mudalinnuafesunniunsy
da o ¥ 3 1 Y P ’ v 2 ~ A o X =
C Mfidnuazauriosndn 6 a1u (AR 2.150) AulNTU A iag B aslimsndoui lavunaunsy
2] =] 4 & X @ a 1 1
¢ TTvnamnag (MWA 2.159) UATLTRUNTY A 1azinTu B TaTuaunununaLUILLNSEH N
I~ 14 '3 9 P :4’ a 3 a
nsufn 1du ab vhldinsu ¢ wohl (pm@ 2.150) vimlwnsu A waz B ezdelavusauny

o -~ as a
AAELUATUIAEINY (A TWH 2.15 9)

) (n) )
&
a
b
b
(") €))
NN 2.15 LUVI194N5 1AVBUNT ULV Geometrical coalescence [50]
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2.63.1 HUUSRBINNAdnmaIveIns lnveaunsu (Grain Growth Model)
uumhammm{ﬁmmﬁm{mmmﬂmmmsu"lﬁ'ﬂ1mmmi’1aawmvlmmj AN

aunis 2.19

D _ e (2.19)

dt
Taoi D dududugudnaundoveunsuiilisanmsnasunlasnnadenaunlsiuasady

¥
a2 TAY (Radius curvature) ¥8anTuMoudswnrudy D Idwamassluaumswisi Tuainail

D _pe=* sp Do (2.20)
di D

A A Ay o a a Y a o 2 o ¥
o t Aiv a1, D, Asduruguinaunisveunsuinalsuau uag k Aeaneh daezimulan
Qs A a 1 a v g o £
nnaveunsuszulsiumusiniicewwewna  lavlunegauad 1D, danieeinn  virldms
o~ 4 LY
naneamsAnyIMs Tnvounsuves Tanzuigns laowninldauns D =& unuaums 220
] od A 1 9 A a a o Y .
ao W lsnmuiitessnauniswis Tumegmolditeu luwazanudgusaunnyi aunis
aanan lueuisavinnonganssunszuaunms TaluTanzdaulngld mszdninavesasuaiu
(Impurity), #391U (Inclusion), AIUIATHAULUUALGY (Plastic strain) UAZYOUNIUAD Grain
. . @ 2’; o a IR o = 9/ v [
boundary migration AIHUUUUTIABIMNAMAmTAINNMsYSunoultaeandesiumsnaney
14

M3 1A UNTUUVY Tsothermal 04 lanzarulngissaunsil

D-D,=kt" (2.21)

3 o s I3 . . g 1
Taohia k @Wudnilsimuana’ln Thermal activated mechanism iounus k Tuaunis 2.21 15792
3 1 4

8auuvauns lminldlunsnaasedsil

D-D, =(ke?tf 2.22)
A A Y ¥ A o @ Ay a4 o ) aw
(o Q ADWAINUNTEAY, n ADAIWAAIAY 1AL R ABAAINVOLAT 21NA15ANYIITEUDY V.Randle
uazAm [39] WU A1 n uaz Q sxlimuanaranu l luudazsrsgungiilashiar n ezidrlnden 0.5
A o 5 1 1 t Q 1 1 =
Wegamilunseugau daum Q szuanaredu lumuna lnmsTaveunsulunrazsrqaingi

& [ a o [ [y {
‘N’d'lil'liﬂlm\‘l‘lf’NQiqu‘]Mi)ﬂﬂl‘]J'I..l 4 $99 A1 25

4 v o d J ] a o
M3 2.5 ﬂ'J'lllﬂllWUﬁiSﬂ'J'N‘!f’NQﬁlﬁQNﬂ"Uﬂﬁvlﬂﬂ15ﬂ'JUf]11ﬂ'liT9'l‘llﬂ~11ﬂ‘i'u [49]

FRNYUNYN nalnA1sAIuguns lnusunsu
FIQUNHIUA MIUNT IUAIBQ (Volume self diffusion)
1 ad . AW 1 A
FNYUNJUN 2 _ anomalous grain growth Aluiedes
¥2QUNIIN 3 M3uN3 TUAB (Volume self diffusion)-
FNQUNYNGIGA Temp — T, ATUNTVBIVOUINTU(Grain boundary diffusion)
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2.6.3.2 wansznuveledvarshiinanens lauounsu
o A A
1) Msazarvvoandauaz ey
d :’, o 2 o A ]
myazatsvoadane Tulansiuilunis lutheniinanonszuiums laves
r-¥-% = L] A [} 3 3 H
insulastidniwamanadnnuanngalumsinAoudIvIvB LINTUARAY Li{BdINITINTDUNYBS
o & ¥ g A . o 3 d4 A <
vaunsusuudesmimsazarsveudsimsasznediseuveunsu ldde  vuznauveufe
4 2 v A 2 a ' v a 4 & o ¥ 4 o
wsseuns w13 iieennusieAIssnIRYe LIS UA IR TR Y Favesateesndondanu
- Q 91 a G4t 1 ; 1 1 = 3 9 A =) di = 3
Ao a1 o A 1dTiAwhng 0.5 uaza n ezlimgaudr Indamangu] (o=0.5) Negunqligean
2 a
2) WUHIDaTY (Free surface)
d” a s d‘ 9/ LY d' 4‘ = d'
HANTENUUDINURID ST UMTIAADUN R LINTY o USHwR
s j a o a 1 Y o 1 9 A’ a
younsuUsTLfURUADa szl namamiarNnuiius oy Thermal groove 19111 TR
Y 4 = z a oo w o t
fMudnre  issnnannzaugavsussisiivesiumdassiuveuinsui Idesasuunsoan
. . d” y ¥ A’ = 3’; A o a a 1 [ )
91n9A Triple point # TaslHdunsussinuiing 3 Midulszanimsunsvesozaangannady
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Reduction(em) hm,g (m) | True Strain ng (Mpa) Yavg (MPa) L(m) | Force (kN) [ Power (kW)

0.04 0.0078 0.0513 164.72 190.20 0.0048 10.30 0.06213

0.08 0.0076 0.1054 238.67 275.59 0.0067 21.03 0.17706

0.16 0.0072 0.2231 351.17 405.50 0.0095 44.61 0.53255

0.24 0.0068 0.3567 447.17 - 516.35 0.0117 71.03 1.04433

0.32 0.0064 0.5108 538.01 621.24 0.0135 100.04 1.69713

04 0.006 0.6931 629.58 726.98 0.0151 1329 2.52181

0.48 0.0056 0.9163 726.92 839.37 0.0165 170.3 3.53108
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3.4 Periodic boundary conditions (PBC)

1Y
o @ y o

Tunsadravusiassdmiuimadauniy Wu'ly 1d1defiszamnsaadeszun1dg

9
[

'] 9 ya [ a a4 o = 9 9 1

suezaoultlndifeefuszunssantsmiuszassumaa isuiaaNsead 1 dieediu
A 1 z/ [ zl H [ o o o . &’ =\

wHaN Y AalumMsNisnzannsasasngAnssuvesiagfounazivanansenuniniiuaa 14

¥y ¥ '
wu suiudesldidou lvAwsuiwauuuniy BC) 1duszuy a1eld PBC ayninvzegninlu

raaAa

& a . Y . o
UVIAUD cm151ﬂ1n15n%ﬂu1ﬂ1iqﬁ'ﬁ1ixuuﬁgﬂmaamuuuuﬂm wﬂﬁ’mmmms:nu‘lnw

2 ' @ A i o v . Y o '
Fuga niod1nzna1dmioniladn mn particle agfidwmis 7 Tuszuuuda Particle udanangi
° oA 3
NIPAITGITE T
7 +1d +mb +né, when (I, m,n = —o0,c0) (.7
4 bt i i [ 5
die Im,n A9 QUSWINAY WAL G,5,¢ ABNINIADTAUAAIVUIAYDITLUY AILUBYAIN
] A d o [Y A& i s as Iy ] o
il luszuunilsfaioutioymadadurduluszsuududin  fegaaqiulylifuga edwlsn
o P a S ) L LA S . 1 -] .
. vinavesszuufasieslivinadisane i lufilfduiusnnoyma i dedreymaaiiou j1
A A [ 1 [ o J 1 A ] ]
uaz 2 Fadeulvasnanyh iMunavewuusiassiivinannani 2R, luudazdn Funiveun

y P ow v 2o~ 2
n151¢ PBC 1y 9219 ud s 1 lddiladamansenuaniuAniues
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3.5 Time integration algorithm
naanns ldeenuuuszuuhlseneudau Potential energy fumction MNAILAY YUIA LA
A J tY a a o M =2 a A o
faulumveuauds mitaoamensuRamesfomsanyimsnlasunilasvesszuuniannay
v Ao ' . . 2 ° a 4 S
ran muldaumsNizenan Governing equation Falunsanunaluagars lawniind aumsiide
ZF; =maq, -
9y dy P 3/ [ . . . A a
ASUATNN1THINBI989A Y System of Differential equation YDIAUAITAITIAADUNYDL
aa a o v & A ° J LY 2 o 2 2 tY Y 1Y 1
symandlfduwus laousiinszviszninedu Fesansinulunsudaunisnieduay 1dun
b4
Finite difference methods Ta8 1 szuuwmulUaudunouvoaial at 10015 Integrate 919
AUMIIQ LIAZ Trajectoery YBIDYNAT t + At FIMTBUANTNNRANBYTZHINITAUINITUBITTUY
@ [ a SR ' a @ 28 A o, . .
funantuisamslszanamniu manudanainendane TN un 1¥11un15v11 time integration
1 9 a d’
ANVaNITaLLe A Aell
Truncation errors — AAANAIANNMIAANDN AT A1Age0en IuaynsuM@ey Tu
M3UTZuMUANIIT Finite different method
[l 1] ¥
Round-off errors — A1AANA1A91nN5 ALY FUN8INUNITAURUNUYITUADULT
wusuuauavi ¥ lumsdasineaouiunes
1 4 ¥
FOAANAIANIADUULANNTOAAAL 1A AI8N15AAAT At 1ei1 At g9 Truncation errors 9z 1if
] . ' < .
411121 Round-off errors 1A% Truncation errors 92 AARIDH19AAITIAIY A" 1U Verlet algorithm
1 2 @ a . @ 3
27 Round-off errors vzanaan1y at ¥ ludegiu Arunoufiuned 64-bit 1 T1sunsy Fortran
1 4 )
Aanaiaiinoud1eiAuA @I Double precision
Time integration algorithm lun13A 1M IMITAUINTA0321T 17T Molecular Dinamics 1 1A3UNT
1 4
utmﬁeg 2 T5Muu 1Aun Verlet algorithm 118 Predictor-corrector algorithm fail
3.5.1 The Verlet algorithm

. [ 1 v a_
Verlet algorithm [51] 1Hudansfiuiilfisuga A18n15n529100YATN Taylor A18e 3 HYY

Forward 110 Backward 403WaAdUs M 7(F)

2 3=
F(t+At)=7(t)+dF(t) Ar+ 18 rgt) At + 1dr ()At +0(AtY)
t 2 dt 6 (.9)
_ LYV d¥ (1) 1d3r(t '
F(t—At)=7F(t)—- R At* - P are o, +0(AtY)

diouh 2 aumstinuandues 1
Flt+AL) =27 (t) -7 (t — A) + a(t)At* + O(AtY) (3.9)

d . dr(t ~ d*(t
Tagh ¥(t) = () uaz a@t) = r() AUNIT (3.6) Lﬂusﬂuuuﬁgumumm Verlet

dlgorithm UAZITIAINITOM a(t) NAUNT
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al) =_;1VV(F(t)) (3.10)

Y1 v o o 3 aw J d oo o o
uin 50 s lusuiluaemsifauinisvesszuy uaanuGandaglunsdiuau

[ 3
Kinetic energy IBNATDY Conservation of energy (K + V) anuSalaunsom ldnnaums
- Ft+A)—-r(t—-At
sy = FEEA) 7=
2At
2 A a 2 e o 4 T a o . 2 o as 4
FIUANNINHANAIA AL Lmumzlﬂu At IFUIRYINY r(t)‘lf\‘lﬂﬁﬂﬂiﬂllﬂﬁ'llﬂiﬂ

(3.11)

uﬁ‘ﬂﬂluﬁ1‘ﬁ 18un Leap-frog algorithm [52] L8 velocity Verlet algorithm A1l

F(t+ Af) =F(t)+ V()AL + (1/2)a(t) AL (3.12)
P(t+At12)=(0) +(1/2)a()At (3.13)
a(t+At)=—(1/m)VV(r(t+ At)) (3.14)
V(E+A)=v(t+ At/ 2)+(1/2)at + At)At (3.15)

3.6 Predictor-corrector algorithm [53]
Predictor-corrector algorithm (318 033 # 1972 11/ lunsufaun1sniswdeuiilu Mp
Usznoudan 3suneumdn ldun
1. Predictor: ¥i18a18 199409520y 1RUA dumils aAnmuda aannse uazeywus
S99 7171 tHAL 9INBYNTN Taylor
2. Force evaluation: f1LAUALIIHIAASUANA Predicted value dathsusanfuanm
A71U154 A1 Error signal MnAANLLANeYBILE R 18 Tusune LT AL
Sunoufians
3. Corrector: 11911 Error signal ¥1¥NUIU Corrector ‘lumsﬁﬂﬁ"lﬁ'fhﬁmmxﬁn‘lumi

v‘imwuazvlﬁ'mmmﬁﬂwm'isz
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a
unn 4

ad o =\ a
IEAUUHUNITIVY

4.1 MIMIUNAVDUNTH (Grain size measurements) [54]
4 d é 5 ] 4 4 s
ynamdsveunsuilunililuFinaiiddguesiaglumsanyquansifvedlany
4 H H o ] sy
flssmnunamnsuannsafmuanasundainalaa g finuguiagunle wu gauauianmna
A A Y o o ¥ - aa Avly
maundl v3ouduaneIiih dsniunenmilennguauiianinaveslanz # ldnnmsnageum
) ) ) o Y] 2 o & oy A
ANUAUPANTIN ANVATUUTIAL AU 13D nnansusatuniialufSnandeam me
’ 14
fmuafirmeresguautianeresmsnnlassaiegania lusddsil mldimsiannansu
mumm‘gmmsmﬁaui’ﬁauﬁaam?m (American Society for Testing and Materials) HUVIEMS
9 (" [] é ~ LY j 9/ [ dy
ANIFUAAKIU (Intercept method) FAUNANNITIUDIAUAIL
3 >
Funnmsarndulinauenninus 500 Taawas uduauuna1s Inssaiegania
Ae o A Y o o Y v Y oo s & v 2 al Y y
Aidsveenils 1 MUS AT URIFUIMAIUUARMIY FUFUNATOUUU UNWUIAUATE 4 1dU
mlunndinmi 4.1 vienuuanan 3 aedeuii Ndurugudnans 79.58, 53.05 uay 26.53
a a o @ a Y o 1 o 1 @ A Y w A d 1
tadwes mudey Tagynqnsungadudamnulisumny 1 Tuvasiidudamuyanidlusosas
' v 1 2 2 o A e - o
szrdn 3 nsuliiin 15 smiuSahm ldumuluaums (3.23) ilemasuausensugnda

HUABAIUIMVBUTUNATOU LAZYUIAINTUIRAY

P
P =—i_ 4.1
Y, (4.1
G = (6.643856log,, P,)—3.288 “.2)

Tau®l Pi flo Sruauvsuinsuiigndaiiudiodunaaey, P, fie Suruveunsuiignaariuionny
imvoudunaoy, L Ao mnisnvsudunadey (ladwas) M As vuamMawee uaz G A

VUIANTUIRAY

L - t ¢+

2 4.1 nraudunaeo uuuUIdUATE 4 1Y LAZUUUNINAY 3 29 [54]
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42 mMiTanaznsinssriiaveuinsu Coincident Site Lattice [55, 84]

Jegtufimadinnisdnserfenemssaid sdveswdnegnawds Widnadhumadiaily
X-ray diffraction #30 Reflectometry 8613 Isfinmmaiing 1auanuiioninn e mafindidnaseu
HUAANMADSANLUWINTY (Electron Backscatter diffraction, EBSD) diownmaiindanaause
Sns1e 18 TnensenngUnsel uaz Sofware MiTuedFumugvesndesganssmisidnaseu
wasg azldmethaiituneumsiiisumaetialumalanginmogudas dnfululegiunis
Sinszins A usmdnssmusaimoug lfu Tassadugamavesiueidias o1y
mslinsvtiavearla  AnvaizmsnszaleRvesiARANLLALAY Tnssadunanuosiag
ynansuiasysennuesueuinsy Wudu Funafindudeudiaildnnlumealjoa

maiindidnasoununaunamesaisnsufnadosiuiidnaseufinansznudy
AfuamuudnihlisdnaseunansnszRandy (Backscattered electron) Feflaumsuaasiiama
yosmsiarudiuimuden lvuesnguesusnd (Bragg law) Aeil

2dsinf =ni (4.3)

Tashi 4 femwemnauvesdiiinasey 8 fie yuannIsNusEHINGBAnATOUSUITIUKAN
d feszezsewinszninukan uaz n Adwuvesms@eaun defivswninaums 43 awisa

a2 ad ' a o 1 a
apinngmiieanuuvesdidnaseumunguewusad landimuald d uaz 1 Huan

y d’ a 3 sh:: ' ~ 1 J o_ o A:
uan ﬂ']i'lﬁU’JLUu%Slﬂﬂ‘qulﬂ‘ﬂqllﬂﬂﬂiS‘Yl'lJﬂ'lmW']ZlWUQ‘UNﬂﬂNL!ﬂﬁSﬁ'Iﬂ'U‘IlfNﬂ'li'lﬁU’Jl‘UN
v 2 2 :’l’ ad a ar a o a
MUY °INﬂ'lilﬁEJ’Jlllu‘llﬂQE]Lﬁﬂﬂiﬂul!‘U‘lJﬂ‘i3li)\iﬂﬁ‘lldluﬂﬁ’ﬂQ?‘ﬁ‘ﬂi‘iﬁﬁ'ﬂlﬁﬂﬂiﬂuﬂxlﬂﬂﬂ'ﬁ
a Y 2 (A a o s =) ) ol aa
DEUVUNYININGT DALY IVDIRNITU A YU mmﬂumuunuﬁmmazﬂm%mﬂuuwumww11

4 2, 2 v oa A 3 o 2
slunumw deasnnusadunuiudFunmiminza sz 70%) Tagluuuduious i
gasuwy Tanininsenaaiynqiuiivedn as.wd% AfY (Seishi Kikuchi) Juuummzunms
A: d"d A ! a a . . LY a1 A o« s a a
Aonuuiitagniseni “jUnUUARY (Kikuchi pattern)” HosiiUUALAANY FoAN “ITULAUANY

(Kikuchi line)” AN 4.2

Mu 4.2 ununmzduuudnFuesiinfiafianiud1adng 20kv [55]
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aw 4 Y o a ad o o a s A °
Tuaniseit laiuatindidnasoununaunameianuws nduu s izviion s Uy

o 1 = v 4 ¥ o o o a L4 a ad a L4
dadruvesvounsuriia CSL Tasdoyasuaudnanldlumsinszvoingluuufnifewas nd
a 1 & s a o
HAM19UBINAN (Orientation matrix, G) YoAAZINTU Farmisasuadoya lAengluuufnd

1Y act . o ] a Y v w 4

#2677 Triangular method AIAIBERAMA 4.3 MruaumsaNuFURUS

cosy -siny 0

G=(Xp X, xZ, Zp)- siny cosy O (4.4)
0 0 1
(=D}
(z § e : 7y
S (131 o, "
o ; N ’(ﬂ.i)w
NV <
N =2 AT
e af”‘?z‘% ‘o :
- ; "\X A |- {1y
7N\ /4 Y
; A / .

o, (233
YA N NN Xy
17 N\
3 /‘/ \"% 1 ‘i
Z x

MA 4.3 3UuVVAYFUNT w2037 Triangular method [55]

’ ¥
Tash ¥ Aoyusgninnanei A IndulouAnFuunIniEoaumed a8 (Xp) futnuundiens

2 a o a o i
VYDIYHIUAUUNU Y (Ys), Zp ﬁ@ﬂﬁﬂ'\\?ﬁ'\ﬂlﬂﬂﬂiﬂuﬁﬂ'lUﬂQUuﬂ'lﬂﬁ'ﬂQllﬁQ fT'llJ'li'ﬂ'H'lvlﬁ’ﬂ'lﬂ

3
AUNS 4.5— 4.6 Aatl

Z, \/(qi, )2 + (qiy )2 + (qz, )2 cose,

», = p (4.5)
1‘
ZPz
q,
q,
@, = tan™ (IZ’J (4.6)

Taoh o, foyusznin Zp AunSnugadanuveudueuAnF, g, Ao Crystallographic indices, D
] J a o ad a o o a o
AoTzyzvnsznelignnuesdBlanasoudsnuyadatuveuduuoudnd, L Aeanusives

1 s 1 Q’ r LY :’I 1
ndeadifwinuszezmessninsunuduanSowms anilumsudoums 4.5 domswaigy
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4 9y a :’: 4 a a 1
3 Hnlﬁﬂllﬂﬂ'nﬂﬁ 3 s ‘i]'lﬂuulﬁﬂ'ﬂi"mmﬂimfﬂﬁﬂ1ﬂﬂﬂﬂwaﬂ1ullﬂﬁ$lﬂiu 1310130
a 4 o 1o a
Ansziilszanvssrsuinsuaindeyamaiia EBSD Juiluveninsusiia csL Tasmsinfeuifioy
a o ] da v Yy A o P ‘o4 1
HUIATAFAIIUANTUUANAN (60) NUMYUUDYNFANUYUUINTANTINITV YUV UYDIUADS
a é a 1 o
Uszianveunsustia CSL (rums 2.15) =1Nqmlmmmﬂcfmmmmumﬂmqmmmmmnﬁnmi

a ¢a a & dyy Y [y a g a &
umiﬂﬂmJﬁTmiuamum"lﬂmmmgamq EBSD (M, ) NUINAINEL [Di38amaunauns 2.8

Jwa’

(Mg, ) Tammduriugaail

a4, G4, 4a;
— -1 _
My=MpeMcy =|a, ay ay (4.7)

43 43 Ay

6, = cos"(a” hi a222+ e _1J (4.8)

[ 1 b4
Tt M, =T(G'G,) tile T, Aewasndauuinsvenan wu aunmswanuuufadn Inanua
24 ATAY, G1,G2 ABIATAENANIWBIHANYDUATU 1 LAZINTU 2 (FIUIUINAUNTS 2.25-2.27)
fetumsnzsuisudoyaveunsuiildnmaiin EBSD fMuveunsusiia 15y yumasngnat

\ d‘d "9y td' a1 ) d. =] o/ td'
AVUANANNUANUDENFAINAUANIT 2.29-2.30 UM 0D=4.5 WBMYUNUYNIVBUVUUBIVOY

o 1 6 1 ) :’l
NFUFHA T3 1IANHUBAUTUABYU (§1A7 G_D <1 uaasiutiuvouinsusila CSL) Hufo

m

0 4.50 (= a
b _ ~=0.52<1- UEaINUv LINTUFHA
6, 8.66
dmiuinnudadnuewsuinsuyila CSL ( f,) LUV Length fraction ansant laenaunis
@ v Lo dy
ANUTUNUTAIU
¥
S = ANUENUBIVDUINTUFUA CSL / ANUENIVDIVOUNTUTNNUA (4.9)

a. a d a o QIJ . R .
43 IEmsinnzidiamailensinlusion¥u (Stereographic projection)

a r'd 9 2 a d" @ o v A a =2 o a a
Mg s araninninofuiamamssaiissnavewanluing  Tumaiin

é H 'q Q/ ﬂl 1 L o) s -]
wiefidluifion lumsuaasdoyannuduiuiseniszuuduisneuendnuuy 2 I8 Gon
a 2 a ) < . . . a & a 2
maniaii “te3 TonsHATs10n9u (Stereographic projection)” wanMsIaIAUYDUNATIAT
SumsuRsuadousunsnuruszuiy 2 58 13uunsanaus1ada (Reference spherical) g1y

=2 X Y &’ a -4 8 1 1 ' 3 9/ a  d
amveananau lldauRrvemsananminamduriuurussuuasgil lavemsanaunatiy

' v 4 a 7Y a b a A A 4 oo
AVUUAUTSHIY ANNINN 4.3 Tﬂﬂﬂ']i?lﬂi']gﬁﬂ]ﬂi;l'aqlﬂ\?ﬁlﬂiTﬂﬂi'ﬁ‘lﬂi‘ﬂiﬁ]ﬂmunlﬂiﬂqnﬂﬁ']ﬂfy
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4 a [} { é @ ' 2K o

Al lumsdinnzine e Net” (Mwh 4.4) S ldlumsiayussninssuuveswaniuunu
Y a A o ¥ ° v o ' a o A .Y =2

udndaiverthawesdoyalildlumsduaanuduiussenieiananssaid sadavewan

@ a 1 H ¥ = an o & ] o

AUAUILIDIBIA1eY NetimsuaaIwams IinTziadsams Tonsia Tusienduntsenniiiu 2

¥
v ldun

-
N

AN 4.5 Mnsveemas lons e T sonau [84]
o = 2 & o
4.3.1 ununwlna (Pole figure) WUIHHAMLAAINTRIEN N IABEATLUIUNTIIVDINANT
o LY o o o [y
aule Bidluszuundnlunsnignm  dmsussuunaniauleSonn “Iwa (Pole)” nanT
A v ' Yy agda ) ot & Yy a
(eeduMIuaaIRaUHIHUSZUIUATT URe N5 Nd U119 13 Rgagudnaisue insenaudreda
2 ; . 2 3
vniunwamanssnunaniauls lagmsanduasnusunnmeinminvessuuNa NI
o & a Y a v ¥ ' ' o ¥ay a o
TUnsenuduRufmssnaudess udrmnidudouniunuszuiuas I ldveansenaunadiu
PUUUHUTZUIY 19U wanfilifameamsaisadauaniwamuIng 100 AAgAUUUAUTEUIL A
d' 9 Adt:y ] &KX a a as =2 ~ ar
uaaalunmin 450 Tasasuaasnaalsdsiiyivendaian1ans S ssrrvenanfisufuunuuul
81994'14uA upuuTien@ (Normal direction, ND) unuiiua#ien155a (Rolling direction, RD) iag
UUINAAIWYIN (Transverse direction, TD) @IUITAMIANNTUNUTS EMINAANINVBINANA VA

Y any o o Jo &
llu’lﬂNENVlﬂTI'Iﬂ’(TIJﬂ'ISﬂ’J'IiJ’tTiquﬁﬂ\iu
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sina cos f g1 8 &:|X
. . |
sinasin B |= E gy 8n &nlY (4.10)

cosa & 8un 8Zul)\Z

Xyzfelwa C=VX?+Y2+ 2%, @ Aoyusendne ND AUQAVULNUSEUTY, B ADyUSTNIN

1A RD AUAUUUNUTZUIY, g ADINAS NANANISUOINED

@ a|
432 unumwInadound (Inverse pole figure) WuiHuAMUTAINTRIWA N IALTALAY

a o 4 a A Y aad = a 4 a
llu'J'V]ﬁ'Vl'N'Vlﬂuimi]umﬁ'ﬂ'l\ﬂuﬂ'ﬁﬂ'lﬂﬂ'lw HINVTUTAINAAIYITUUIUDNDITSHIUHNANUVUNUND

o

H ¥ [
YaqilinnmeiAmIn (Normal vector) ¥89szHILMANVMIUALUNUIWINEMINaNTY wannTs
A 9 ' Y aada R a2 A PR o
H0IRUMSUAAIHALUUNUT LU UAEIT HAD M T TZ U UNA N ATINAMD FAIR VLA
Aemenaulati s lunsinandeds  snuaIn@ R wTNILINMB T AIRINAUT LUV

v &4 a 3 a 2 o Yy o [ v a9 va
TupsznufuiuAmsenaudede  Fmdnmsadwotuusunming  augauUUHLSTIILR 18T
ST Us NSz IaNnasyeessuuIaseadendn Wy sTuusanuuuAldnaiituau
STHWANLAT 24 TTUILILHATIUIUAVUUHUSZUIY 24 99 Maduaalunmi 4.5v dmsy

o

T b 4
AUNSUAAINIFURUT ST HINAIMvBIRAnRsusuunUuuInam1shau laliaunsdeil

sinycoss) (g, 2. &ul[X,
sinysind |=|g;, 8n &xu| Y, 4.11)
cosd 181 8n &n)\Z
ERra
sin y cosd N, N, ]Zi* X,
sinysing |=| - — -7, (“.12)
N, N, N,
cosd w s / Z,
N, N, N,

A A a a A ' a A A

19 XsYsZs ﬂﬂuﬂuuu':l“nﬂ"mxmﬁu%, y uag o ﬂﬂuﬂiz'ﬂ'fl'l\‘illqulﬂu'Vlﬁ'ﬂ']\‘iﬂﬁualﬂ, uvw f19
[ 1 ¥

'V]ﬂ'V]'N‘UENNaﬂﬁﬁﬂﬁ‘"u‘luﬂﬂllﬂuuuﬂl RD, hkl ﬁﬂizu‘l'ﬂ‘"ﬂqNﬁﬂ'ﬂi’nﬂlﬂﬂ{ﬂqQ']ﬂﬂll'lllﬂlllmu

° 4 a < o =] ] ]
11142 ND, qrs = uvw x hkl , Ni fiesmauiinisduas Ididfuswaumuivesiiga
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a a s an a <
NINN 4.6 llﬁﬂ\iN'ﬁﬂ'ﬁ')lﬂi'wﬂﬂ'm')ﬁﬁlﬂiiﬂﬂi'lﬁﬂiﬂﬂﬂﬂ‘lﬂl

() wuuRUMHAIwa 100 v) uuuurunm InadeunduvessuunanuuuAltn [55]

d o
4.4 EMIMnITIveLINTHABIMANNMINITUBHAT AISI1010
d Y P 3 duw ve & ' Ay as
manndmivoudl AISIL010 A 1ATIU gaasIeapudIulsznounIuniiae35ng X-
L 4
ray spectrography lag Inseai1agamaiedinmsmelansine) nasnssuaumIsaiuudg
¥ »
ATTATHNTIY IUNTTRIHUNTTYUIA 3 micron TUTURBUGARIY UAZARNTAAIY H,NO, 3% 1u
2 ] i 4 i 4 1
uoanognd moumad Inseaiganinvesveunsy Tauansumao e uauAsdui 27.7 um
#2877 Linear intercept procedure AD U 1A UN15H1IAINTTUYOUINTUAY Small Strained —

Annealing process A9A1T 19% 4.1
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4 &
ﬂ’li’Nﬁ 4.1 UAINTLUIUNTT Fine tuning luasnssuveunTUABLABE TUNIY

Sample # | Plastic strain (% elongation) | Annealing condition
As received None None
1 6% 400°C /168 h
2 6% 400°C /504 h
3 10% 400°C/168h
4 10% 400°C /504 h
5 6% 500°C/ 168 h
6 6% 500°C /504 h
7 10% 500°C /168 h
8 10% 500°C /504 h
9 6% 600°C /168 h
10 6% 600°C /504 h
11 10% 600°C /168 h
12 10% 600°C /504 h

] y
Tumsinlasuniasgils1996199125 FUUAINYUIA Specimen 3 ASTM E8M {, 2008 #29} 14gn

a X A . . Y adg & A a
YUY INDAL Y Elastic strain energy AIYITNITAINAINUIATYIANTIT 6% Uag 10% AUFUNIT

% Elongation = ili x100% (4.13)

o

ME391NNTZUIUNT Small Strained — Annealing Process Tﬂi\‘lﬂ%"]\‘li]ﬁﬂ'lﬂﬂxgﬂﬂi’mﬂﬂﬂ
a 3 A Y a 4 4 Yy o a
DAANTI l‘WG@]i’Jﬂﬁﬂﬂllu’liuﬂﬂlﬂﬂﬂ]u'lﬂlﬂiumﬁU“ﬂLﬂﬁﬂullﬂﬂﬂﬂﬂﬂﬂﬂ@ﬂﬂﬂﬂqya mu‘luwanszwn
E4 b4
A 1w v a ¢S a ]

9N Annealing process ADYUNUHAIUU ABUAUATIEHTUAUDIVBUINTUIINYUANYDINITAN
@ o ad . . =2 1 t
ﬂia‘,’WlJﬂlJﬂ'liﬂz'ﬁ'ﬂu‘Uﬂﬂﬂ']mﬁﬂﬂiﬂu (Electron Back Scatter Diffraction) VUISUTUAANVDIULADTT)
J a 4 ) 3 dyd . . r 1 2
OTUUUNUNINGAUATINLURNWIZ mmgnmautﬂu"h]mn Brandon’s criteria 4DUIATUITHINYUU

o d ) [} < @ 1 A A ¥ o
Qﬂ%ﬂlﬂuﬂ]ﬂﬂlﬂiu‘ﬁuﬂwm‘ﬂ E)U'Nvliﬂﬂ'mﬂ'li'ﬂ']ﬂﬂﬂ’J'Ll‘UGQﬂ’J'llIU'I’Jilfll]lﬂiu‘]fuﬂﬂlﬂ‘klﬁﬂﬂﬂ’nil

¥ ? ° Hda 2 o a o
HUDUNTUNINYAUU  (%CSL) mmu"lﬁ'mn Software 'ﬂﬂﬂﬂ\‘lM1ﬂﬂﬂgﬂﬂﬁﬂﬂ55ﬁﬂ{®mﬂﬂiﬂ

UUUVADINIIA
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a d
4.5 MINANDINNIINOUNWIUADS (Computer simulation)
45.1 MIAMUAVDUIYAUAZFUAVDITLU
= ° a a PR o I ¥ A W
TunsAninstiaeangans suvasszuu lunsunanesuu s utludsisuduanms
§ & ° [] o 1
51932005 1RDINTANYT H91/5ENOURIVYUIATBITT U LAZYARIUMUIAZANIT 1WBILADY
[} ) ¥ f . a
aymaluszuy #9533 Iaoa 1§15 Condense matter VA gARUIMIIUBIBEABNANHHAYD
8 o a 9 a a a ¥ 4 4 ¥ 1o ~ ' o
nanlnAudalinuafos # T =0 A20A2INI3ATUAUMIAY 0 HIBISIVLNTLTIIWAINING U
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Abstract .

The overall objective of this research program is to increase a fraction of low-sigma Coincident Site Lattice
boundary (CSLB) in BCC materials and low carbon steel, AISI1010, was used as their representatives. Indeed, a
series of annealing and straining was successfully applied for FCC materials. High fraction of annealing twining was
introduced during grain growth or recrystallization. However, the annealing twinning enhancement process is
unique for FCC and major controlling mechanism in each material is different. For BCC materials, plane rotation or
grain rotation becomes active. Long time exposure to low temperature range of small strained AISI1010 at 6% and
10% tensile elongation was conducted to activate the mechanism. Annealing temperature was at 400°C, 500°C and
600°C in a period time of 168 h and 504 h. After heat treatment, Kikuchi patterns were collected and interpreted by
Electron back-scatter diffraction techniques. Software embedded in SEM can evaluate sigma-value of GBs using
Brandon’s criterion. Primary achievement is given 6 % of strain on specimen followed by with heat treatment at
600°C for 504 h. The maximum %CSL attained is 22.5%.

Keywords: Grain boundary engineering, BCC, Fine tuning

1. Introduction

A grain boundary (GB) is an interface plane
existing between two grains, or crystallites, with
disorientation of individual major axes [1]. GBs,
though typically classified as 2D defects in a minor
fraction within polycrystalline materials, tend to
control many materials behaviors involving
electronics and thermal conductivity, corrosion,
mechanics and even magnetics. Such the influences
of GBs are fundamentally advent from their open
structure which provides fast atomic diffusion paths
along GBs over those inside grains. To improve
physical and mechanical properties of materials,
certain diffusion mechanism must be abstained. It
happens that not all GB behaves indistinctively. A
special one with less free volume expresses favor
character to enhance materials properties. These
special boundaries are usually thought to be low-Z
value according to coincidence sites lattice (CSL)
model [2, 3]. The amount of excess free volume is
reflects by Z-value which is the fraction of GB unit
cell to a unit cell of a perfect crystal. Successful
increment of the special GBs, measured in length
fraction of the special GBs, have been introduced
firstly to FCC materials in nickel [4-6], austenitic
stainless steels [7-10] by thermo-mechanical process,
later coined Grain boundary engineering [11]. This
usually involves 2 major stages of accumulating
stored elastic strain energy during plastic deformation
and releasing the energy by atomic rearrangement
yielding GB motion upon relaxation mechanism at an
elevated temperature. Favorable routes fall into two
classes i.e. 1) single or multiple strain-annealing and
2) single or multiple strain-recrystallization. Finally,
the usefulness of the GBE is- substantiated- when
subsequent studies ‘have identifies' superior behaviors

of GBEed materials in creep strength and rupture
lifetime [12-16], intergranular corrosion cracking [9,
17, 18], ductility [19], as well as sensitization [20,
21}.

However, little attempt on BCC materials have

‘been conducted. A profound theoretical obstacle is

that twin-induced mechanism is prohibited in the
materials. However, plain steel usages in structural
market place are enormous enough to tempt
searching for specific GBE process to improve
mechanical improvement worthwhile. As a result,
only mechanism left to induce special boundary
formation is fine tuning method which is operative by
GB plane rotation and grain rotation. And this
becomes the main objective in this research as an
attempt to raise the fraction of special GBs in BCC
materials. A simplest representative of the steels is
chosen to be AISI1010 due to less complicated
alloying elements. The results obtained would be
certainly applied to other grades of structural carbon
steels for longer lasting service time of BCC steels
such as ferritic stainless steels and general high
alloyed steels.

2. Experimental

As received low carbon steel AISI1010 (Cr-
0.0802 Ni-0.0279 Mn-0.4332 C-0.1092) was
prepared dimensionally to tensile specimens
according to ASTM E8. The specimens were firstly
strained to 6 and 10% elongation to introduce stored
elastic strain energy resulted from dislocation density
increment. After that, a series of annealing process
was applied with tabulated details of process time and
temperature in Table 1. All thermal treatments were
conducted under ambient pressure in air.
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These specimens were then cut into pieces with
10 mm thick for microstructure characterization by
standard metallurgical polishing and etching, In
addition to visual inspection using a Light Optical
Microscopy, grain size and hardness measurement
was also performed to ensure the consistency of used
annealing condition.

Nevertheless, for grain boundary characterization,
special surface preparation was performed using
vibratory polishing. An electron back-scattering
diffraction (EBSD) is the orientation measurement
technique to capture Bragg diffracted back-scattered
electrons from the specimen surface. Software within
SEM can interpret the patterns automatically by
Brandon’s criterion into grain orientation and
misorientation, the needed information to evaluate
sigma-value of GBs.

Table. 1 Details of fine tuning process employed

Sample Strain (% elongation) | Annealing
As received None None
1 6% 400°c/168 h
2 6% 400°c/504 h
3 10% 400°c/168 h
4 10% 400°c /504 h
5 6% 500°c/168 h
6 6% 500°c /504 h
7 10% 500°c/168 h
8 10% 500°c /504 h
9 6% 600°c/168 h
10 6% 600°c /504 h
11 10% 600°c/168 h
12 10% 600°c /504 h

3. Results and discussion

An optical micrograph of the as-received material
is shown in Fig.1. Its microstructure consisted of
grains in average size of 27.7 um using the linear
intercept method. Measurement of special grain
oundary fraction of low-I CSL boundaries (£3-29)
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was at 20.2 % with average Vicker hardness number
at 108.9 HV. Fig.2 outlines the special boundaries of
the as-received material.

Fig.1 Optical micrograph of as-received at 20x
magnification.

Fig.2 EBSD ima;e showing random boundaries for
as-received AISI1010 23-29.

3.1 Effect of strain level on fraction of coincidence
site lattice boundary

To investigate the effect of strain level on BCC
material, the as-received material was strained to 6%
and 10% tensile elongation and then annealing. A
comparison of %CSL-strain relationships of the
samples deformed for different strain values after
annealed at 400, 500 and '600°C ‘respectively is
presented in Fig.3. Fig.3 shows that %CSL decreases
with pre-straining values for all annealing time and
temperature.
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Fig.3 Effect of strain level on %CSL at 400, 500 and 600°C
(a) for 168 h annealing time (b) for 504 h annealing time
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(a) for 168 h annealing time (b) for 504 h annealling time

It is recognized in Fig.4 that the higher hardness
values in 10% pre-straining samples at experimental
annealing time and temperature occur due to typical
strain hardening process even though their differences
in values - comparing to 6% straining samples are
relatively small. However, the concern in this context
becomes desirable in our case. Large straining usually
produces dislocation entanglement which later forms
substructure within grains. At low straining process,
on the contrary, dislocations aggregate densely in the
vicinity of grain boundaries. This structure associates
with the openness characters of grain boundaries from
which dislocations are absorbed or generated. “Which
one does dominate” is still a controversial issue.
Nevertheless, when higher fraction of 3 3—-29 boundary
resulted in Fig.3 at low straining followed by long-
time annealing while the same phenomenon was
hardly seen at intermediate strain, the dislocation
distribution at the GB which is distinct at the low level
strain should come into our mind, i.e. the local
dislocation density has played an-active role.

Upon annealing, given thermal bath activated local
atomic rearrangement along grain boundary to reduce
accumulated elastic strain energy. This leads to
possible GBE mechanisms within BCC materials, i.e.
grain boundary plane rotation, or, grain rotation. The
former' ‘dominates ° inside ' the" samples ' 'while ' grain

rotation is limited within bulk materials but more
pronounced on surfaces. In searching for optimized
parameters such as annealing time and temperature,
trial and error seems to be best suited through
experiments but general rules of thumbs exist. Small
straining has to be introduced first to store some strain
energy which later relieved by atomic rearrangement
at GBs. The important issue is the extent of pre-
staining and annealing temperature. The combination
must not activate recrystallization or excessive grain
growth. Small GB migration is permitted for structural
adjustment of the GB to a lower GB energy state. This
condition is satisfied where small grain growth occurs
as shown in fig.5. Depending on annealing
temperature and time, the fraction of low energy GB
increase to a saturate point according to an equilibrium
state of the system. The position could be deduced by
hardness measurement (Fig.4). When limited grain
growth, the lowest hardness value assumes that stored
elastic strain energy have been used up to drive GB
structure readjustment. This lowest Hardness value at
78 HV was attained after annealing the sample at
600°C for 504 h (Fig.4b).
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3.2 Effect of annealing temperature on fraction of
coincidence site lattice boundary

The specimens were subjected to fine tuning
process including sequential small 6% and 10%
straining followed by annealing. A relatively low
annealing temperature was chosen in order to induce
local grain boundary equilibration type mechanisms
rather than grain growth. A comparison of %CSL-
annealing temperature relationships of the samples
deformed for various annealing temperature at 400°,
500" and 600°C respectively is shown in Fig.6 which

16-18 December 2015
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indicates larger %CSL for low straining case. With 6%
straining after 504 h, %CSL rises with annealing
temperature from 15.5% at 400°C to 22.5% at 600°C.
But for 10% straining, %CSL reduces from 12.4% at
400°C to 9.1% at 600°C after 168 h. Therefore,
thermal energy alone is insufficient to achieve large
fraction of special boundaries and a contribution from
strain energy is required. Pronounced recovery instead
of primary recrystallization, annealing temperature up
to 500°C and more, was required to obtain a large
fraction of CSL GBs.

0] ®)
7 - -
P2
PR - z i
- o mm
3 18 o hiflens mstrain (0% a, 1B
¥ 148 * *
4 133
12 .14 iy PR S e » 150
wiis
[ B+
* 3 400 300 10 300 40 st £o0
Amesingiempentee(T) L Amneslingtempennura(’)
Fig.6 Effect of annealing temperature on %CSL at 400°, 500° and 600°C
(a) after 168 h annealing time (b) after 504h annealing time
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Fig.7 Effect of annealing time on %CSL at 400°,500" and 600°C
(a) with 6% pre-strain (b) with 10% pre-strain

3.3 Effect of annealing time on fraction of
coincidence site lattice boundary

Upon annealing the specimens, the %CSL
boundaries increase with extended annealing time. The
comparison of %CSL-annealing time relationships of
the samples deformed for various annealing time at
168 h and 504 h is shown in Fig.7. At 10% pre-
straining, %CSL value slightly increases with
annealing time from 168 h to 504 h. Their data show
smaller standard deviations than the data of 6% pre-
strained samples of which their tendency is stronger at
higher annealing temperature. Longer annealing time
was required for successful increment of %CSL in 6%
pre-strained sample from 15.1 to 22.5. Without
significant grain growth, small hardness reduction of

the sample should be noted. It is believed that
dislocation density become less dense after annealling.

In the case of 10% pre-straining, both annealing
time and temperature shown less influence on the
%CSL fraction. The data is interpreted as entengled
dislocation network formed commence to move
inward grains. GBs becomes immobile as a
consequence which result in limited grain growth
(Fig.5). The change in £3-29 with increasing annealing
time can be rationalized as an overall reduction of
accumulated strains in the microstructure, which are
associated with local lattice rotations.

4. Conclusions
1. Low temperature annealing treatments in low
carbon 'steel AISI1010- with - fine’ “turning, ~ long
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annealing time explosure after low % pre-strain has
produced improvements to the grain boundary
population in terms of increasing %CSL by local plane
reorientation rather than grain rotations. This indicates
that the previously small strained samples produces
dislocations which later are consumed by grain
boundary migration which induce GB rotation to a
special structural ones during annealed, Primary
achievement is given 6 % pre-strain on specimen
followed by heat treatment at 600°C for 504 h. The
maximum %CSL attained is 22.5%.

2. Straining metallic samples permits generated
dislocations to form polygonized subgrain structure.
During fine turning, residual elastic strain energy
resulting from plastic deformation dissipates. The
major driving force for grain boundary migration is a
thermal energy, but its effect on the increase of
coincidence site lattices boundary is confined. Strain
energy is also important to the formation of CSL
boundaries. The recrystallization of low carbon steel is
about 525°C. These new small grains and then nucleate
at the cell boundaries, they will eliminate most of the
dislocation. Dramatically reduce in number of
dislocation. The recrystallized low carbon steel has
low strength and hardness but high ductility.

3. The annealing time reduces grain size by
minimizing the opportunity for grain growth. The long
annealing periods were conducted to occur re-
crystallization or microstructure network conversion
through grain boundary migration or re-orientation
Increasing the initial strain also reduces final grain
size by providing a greater number of nucleation sites
for new grains. This helps to prevent grain growth and
keeps the recrystallized grain size small. By
combination of strain annealing, %CSL increases.
Thermal energy and time is effective in improving the
fraction of special boundaries.
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