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MARTENSITE DECOMPOSITION IN Cr-Mo GRADE T22 WELD.
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PWTH/HEAT AFFECTED ZONE/MARTENSITE DECOMPOSITION/LEEM/IN-

SITU OBSERVATION

This research study in-situ observation of dissimilar joining between 2.25Cr-
0.5Mo grade T22 base material with ER90S-B9 filler metal using GTAW process was
performed by implementation of LEEM. A post weld heat treatment cycle was
simulated on a welded specimen in high vacuum chamber. Both effects PWHT duration
and weld areas were studied in comparison for decomposition of martensite formed
after welding. At the simulated PWHT between 690-700°C in CGHAZ and FGHAZ,
martensite started to decomposed by dissolution of carbide flakes. The prior-austenite
grain boundaries were also shown. In un-affected base material, ferrite and new pearlite
grains presented and grew at the expense of old pearlite. Longer PWHT duration
resulted in more ferrite formed in all weld areas. Raising PWHT temperature to 730°C
the new austenite formed at grain boundaries in all area. The mechanism of martensite
decomposition is similar in each position would be the dissolution of carbide, followed
by formation of ferrite and growth as PWHT proceeded. The difference in grain size
and duration of structure due to the structure of the material and heat affected of the

welding that gives each position have a different peak temp reached and rate of cooling.
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W = Tungsten Modified
B = Boron Modified, etc.
Ni = Nickel Base

P = Pipe

T = Tube

a .
2.3 MAUA Low Energy Electron Microscopy (LEEM)
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(a) LEEM (bright field) |(b)
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Sample

Illuminating Electrons Tl Electrons

DD Objective Lens

Lens (system)

Magnetic field

7N
Electron gun /
v

Screen (detector)

gﬂ‘ﬁ 2.8 HaNMIMUVDY LEEM (E. Bauer, 1985)
Y o w [ o (] d' 9 k) A Qy % 1 Y o
Vo91NAV0IaNEULAI NN ¥ NAToUAI18 LEEM A0 T UITUAIDE19ADIU1

i 1didniee tanvaztuuey SREe vnadszan 1x1 sy lify 3-4 u,

@ @ ]

~ =g Y
31]1/1 29 ﬂﬂ‘]&lmg@]]i’]ﬂ%ﬁ/lslﬂﬁ/lﬂﬁﬂﬂ

v y o A
2.4 ﬂ‘lihlﬁﬂ:)']u'iﬂuﬁaﬁﬂ‘li!‘]jﬂu
Y Y (2 A A T d 1 2 Ao s A FY
ms linnuFeundimsiendeiniluniseudeu Faiitaglszasdioannnudu
v A < Yo A a g ] ] o A
ana1euaziiuauuddIdiununsen Tasdnaudinis Iianudeundimsisounds
o A o A o ¥ ¥ o A o N ¥ v ¥
autumsnaimsFouiui ms Manufeundimadouawisoildlasmsliaiwiou
T NI - O U SO S - o o o
PWZUUATOUNITONINIT T NG gIaNIudY AC, FanilaTuaumsdmSuduia
ganglidu AC, @nsam 1danaunis Brandis tenlsdmsvmsAniguuginisnans

v 4
waeuilasved les lsauazesmmnuluiluTanzwandatl (P Schulze, 2016)



17

AC, (°C)= 739 -22C - 7TMn + 28i + 14Cr + 13Mo - 13Ni + 20V 2.1)

Tasm3197 2.4 uaasNgunginaznaIns Manuseundinsiouniuuzihd sy

o <] aa o
Taquannalasilen-Tuaa1iy awnasgIu ASME B31.1

1 1 a (2 : { o_ o v W ]
A5 19N 2.4 °1$Nqmﬂgnuaznmmﬂﬁ}mm%}auwmmm%auﬁuuzmmmuaagmaﬂﬂtgﬁ

Tasiieu-Tuamiy 2.25C-1Mo (ASME SECTION I, Jundusu 1 damay 60)

Holding Minimum Holding Time at Temperature
Type of
Temperature for Control Thickness
Steel
Range (°C) <50 mm > 50 mm
1 hour per 25 mm 2 hours plus 15 min for

2.25Cr-1Mo 675-760
(15 min minimum) each additional 25 mm over 50 mm

1 hour per 25 mm up to 125 mm
1 hour per 25 mm
9Cr-1Mo-V 730-775 plus 15 min for each additional
(30 min minimum)
25 mm over 125 mm

Y a Y
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& A a Y A 2 1S ) D) &
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' an o Y AN o P A a 9 Y &
mﬁmuwmmmmu%ﬂawmm Ia'ﬁg‘ﬂilﬂ'lu'lﬂ'ﬂlli@uqqfﬂgllﬂilflmWaﬂizﬂUiQUﬂ31\1 BN
1 1 wAa Qy A ] A 9 a
AINANDFTUUAN NN AVDIY WITULFDUBDYIIUTN IﬂﬂﬂﬁiLﬂaﬂullﬂﬁﬂTﬂﬁ\?ﬁﬁ?\?ﬂﬁﬂ?ﬂiﬂﬂﬁnm
y 2 Vo o v ) . A o 3 o
ﬂigﬂﬂiﬂumuﬂg U 9’]51ﬂ151°ﬂﬂ31115@u (Heatlng Rate) L'JﬁTGlLlﬂ15l5]5'ﬂll DATINITLYUAND LAY
Y 9 o A a ] ' o A v o =
ﬂ'lii’ﬁﬂ'ﬂlliﬂi!ﬁﬁ\?ﬂTilf’]f@iJ TﬂEJ‘]Jﬁl'JmﬂingﬂiﬂuuUfl@@ﬂlﬂu 3UTIUNAN ﬂﬂgﬂ‘ﬂ 2.10-
2.11
1) UINAUNTENVTDUNTUEN (Coarse-Grained Heat Affected Zone; CGHAZ)
2) UInAUnIENUIeUINTUAZIDEA (Fine-Graind Heat Affected Zone; FGHAZ)

3) UINAUNTENVTD ‘Lﬁﬂi]ﬁ (Intercritical Heat Affected Zone; ICHAZ)
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s 211 Tassaraiiodson tazuSnuransenUs 0w HAZ (Cerjak, 2008)
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AT NN 3.1 mumﬁmwmmmaaquazmmﬁmwh

Element (wt-%)
Material Composition
Cr Mo Mn Fe
2.25Cr-1Mo nominal"”’ 1.90-2.60 0.87-1.13 0.30-0.60 95.1-96.8
base metal measured”’ 2.4 1 0.6 96.0
ER90S-B9 nominal®” 8.00-9.50 0.80-1.10 1.25 87.3-90.3
weld metal measured”’ 4.1 1.1 04 94.3
*UUALHE: 1. Standard ASME SA-213/SA-213M Section II Part A

2. Standard ASME SFA-5.28 Section II Part C
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A Y a 1 A 1 =}
gﬂ’n 3.3 (a) Tﬂimiwgamﬂummiaﬂmumwamm SEM, (b)-(c) @IUNTUNIUANUB

TAQUIU T22 HAZ 1az WM aua1alan EDS

4 .
2) 1393 Wire Cut
< 4 { o 1 ] @ {
hueiesildatadalilaginlunuds aunsodanuldinesas

v Y <} J & o @ a o Z; dal vq ¥ A Y
(3p uazm'lﬂmmmaﬂmw 5 ‘liJﬂiE]“L! “HQﬁTﬂiUNU’J%ﬂﬂiiuulﬂGl"lﬂﬂif]xi@ﬂiﬁﬂ%ﬂi%mﬂ EDW



27

Wire Cut 54 Charmills Technologies Robofil 190 Wi aualsaladamaie langneunansuuia

] 14 a a o {
duruguenans 0.25 Tadwas waainigli 3.4-3.5

d' v o Y A 9 1 4 a Aa
31]1/] 3.5 mﬂmmmﬂamﬂmmammmmﬁumug{uaﬂan 0.25 waaLtuag
4 o<

3) RIDNVAY U UHSTULDUITUN YU

< A o A a v

uJumi’awwmmamﬂaﬂuﬂizmymw"lmmzmgumamam

A o < [] v A Y YA a 1 =] A @

’mmimwuamm’ﬂumfmyumﬂiumselmw’mmTawﬂwummwﬂmmmqnu SENIATBNURA
=) = ic: & o o ~ 1 Y= o 9149}
lli$°U°]Jﬂ1iulﬂalﬂﬂuﬂlﬂiu1LW6ﬂWi]ﬂlﬁHIﬁﬂzﬂﬂq@ﬂﬂﬂiuigﬂ'.]1\1ﬂ']5GIJﬂ M Iy wau

dedrlianuazeranewi llhminaass uaasdazili 3.6



28

a A o
3111/1 3.6 IATONVANTEATHNTWITUNYU

' v
4) Lﬂ%ﬂ\?sﬁlﬂ"]fu\ﬂ“l,‘lﬁzlaﬂﬂlluufﬂ'lu‘qulu
< A Aq Yo [ t% Y
Lﬂumi’eN‘I/lslﬁli’gﬁWi‘Uﬂﬁﬂlﬂﬂ’;'ﬂ@ﬂ‘ﬂﬁﬁﬁ%awwuwf’lﬁﬁuum 1

A o A a o Y ya 9 = ~ ~
‘lllﬂi’ﬂu LW@ﬁUi@UGUﬂﬂlﬂﬂi]']ﬂﬂ'ﬁ"Uﬂﬂ')ﬂﬂigﬁ']}:l‘V]i'lflllagchW'JWu’]GU@Q(’]fu\ﬂullﬂ'ﬂllﬁﬂu
' v '
ﬁl‘hlﬁll’ﬂ ﬁigllllVlﬂaﬁﬂu“ﬂ@ﬂﬁuﬁ@ﬁ']%ﬂlﬁyTaﬂgllagﬂfgﬂwa@ﬁi‘lﬁ311/7’)']\1ﬂ5$ﬂ'311!ﬂ']55ﬁlﬂﬁ}\1

3N 37

%

] Y
3.7 m%wmu\‘nuazgﬁﬂmmumuwyu

PRINT



29

A <3 a 4
5) Lﬂiﬂ\?ﬂﬂﬁ@ﬂﬂ?’lﬂllﬂlqLlﬂﬂqﬂiﬂiﬁﬂlﬂﬂi

A < a P A A A
Lﬂiﬁ]iﬂﬂﬁf)ﬂﬂ’ﬂmlﬂliLL’U’]JullITﬂi’Jﬂlﬂ’ﬂiL‘].]‘L!Lﬂiﬂﬂuﬂﬂi%iuﬂﬁﬂﬂﬁﬂ‘llﬂ’,]13J

v YA o

< 1% zé a Y o = a d‘ d‘ o
HUITEAUYANIA GINEI,“LN11!’Ji]EJW’Ji]EJGLGHTT’JﬂﬂlW%igﬂWi$Nﬂ§1uﬁlﬂﬂﬂuiuﬂ1§ﬂﬂﬂ1ﬂuﬂ

U

Y v v
FMUMUIAIUUAY U Mnsadeniminnanagen laaaua 5-2,000¢f, tmanzd s a3 19

@ 1 ) < Y o v AN Y = =1 a z:y A
Q1U1U’Jﬁ@@@ﬂ%l&ﬂi$‘I/NU,"U\13J1ﬂ UBAINAABADIUNITIATIUANIY UITUNA

A A < a 4
Elh/l 3.8 Lﬂi@\?Wﬂﬁ@llﬂ'J’lilll"ll\illﬂﬂullliﬂi?ﬂlﬂ@i

v '
6) n3saluain (HNO, ), Msazaenialalasnaein (HCI) uaziingy
@ 1 Qy o [ Y A <3| Y
msnaniau lusuaualedalaslgasmindanmilunsa Taely
a a Z o d‘ o Bldy a d'l %
nsa luasn a1sazarensalalasaaoinuaziiinau e ldnum TanesNE 1M TIALI

< o o o 1 o -]
ﬁ'lll'liQLWUi'lfJﬁz!ﬁﬂﬂ‘llﬂ\1Iﬂi\?ﬁ%,'l\ﬁ]'ﬁﬂ'lﬂﬂlﬂl%ﬂ'lﬂ'liﬂ'lﬂuﬂ@nl'ﬂu\?Glﬁﬁﬂ')'lll"lfﬂﬁ]uﬁu

517 3.9 nsa'lumsn (HNO, )

U



30

317 3.10 dsazarensa lalasaassn (HCI)

A A A A
313 MIANIBNAIFUIUTON
o 1 3 Y] ~ Aa o A A )
1) ihemannal Insien- 1uaaliy 1059 T22 NFUAATZUIUNIT
IFDUNN A28AIAIFDY ERIOS-BY 110 1TAAAI8IAT096A Wire Cut LND 9T 8UAIFINT UM S
[ d‘ slay =\ a A Aa A (% d‘
nAaod naaenagli 3.11 195 uanulinnwin 3 Jadwas A21we17 15 Jadwas uaaeasgili

3.12-3.13

~ o Qy 1’4 . .
31]1/] 3.11 MIAAY UITUAIYLAT B Wire Cut



31

ER90S-B9 Weld metal

2.25Cr-1Mo Base metal Cutting line

1 4
319 3.12 MmIdar uUA NI

ER90S-B9 Weld metal ER90S-B9 Weld metal

] Fusion
> boundary

2.25Cr-1Mo Base metal <>  Cutting line 2.25Cr-1Mo Base metal

3 mm.

ER90S-BY { I I [ ) W

HAZ <« FB
T22 BM

O 65 mm

6.5 mm

<«— BM

d‘ Qy % ) dl ) U
5UN 3.13 F UNUAIENNHIUNTAR

U

Y '
2) 1% UNUAIENNHIUMIART IUS 08 MVANVAIENT EMBNIT 1Y

g 1 14 4 % t:y
AaUAIIBT 100, 320, 400, 600, 800, 1000 LA 1200 AILATDIVAY mmﬂmmmmmmgu“lﬁ'ﬁ
mmwm”lmﬁu 1 ﬁaﬁmmuazv‘hmiﬂ?’ﬂamﬁﬂﬂﬁ"wmeﬁmwmmum 1 ‘lllﬂiﬂu Lﬁf]ﬁﬂiﬂﬂ‘mﬂ

o Y ~ ° = A Aa v 9 A
mi"Uﬂﬂizﬂ1Bﬂi1ﬂiﬂuﬂ31uliﬂuﬁunﬁu@ 13J3Jif)ﬂﬂlmnu1fm3ﬂu1%umu Llﬁﬂ\]ﬂ\jgﬂﬂ 3.14



32

d‘ Qy L ] d‘ ] LY S
319 3.14 FunudedRImnuTaE DLaz az1DYN
o v A Y Qy d’ Y
3) MIMINANINUNY U1ULFON (Etching) A28NTA 10ml HNO, + 20ml HCI +
I a 4 o o o 1
30ml water 111781 60 31N Lﬁagtﬁﬂﬂﬂiaﬁ%’nqamﬂmmzmmimwuﬂmuﬂm
314 MEIMHUAM KUY U YN
' Y ¥

1) MAUASIHUIUTUTDIADVDITDUFOULUAITUIUAIYATBINATDU
< a o’d"o’ o 9 [ [l (Y [ ~
anuudauunlulasInnes Mimin ikef. AIYTTHLHILADLIAININY 300 'lmiaumgﬂ“n

3.15-3.16

~ o o [} Qy Y A < a J
3‘].]1/] 3.15 ﬂ'liﬂﬂ’iuﬂ@n!,n’iu\ﬂi“L!\ﬂuﬂﬁﬂlﬂi@iﬂﬂﬁ@ﬂﬂ’ﬂm!,“lNl,L‘U‘U"lJJTﬂi'JﬂLﬂﬂi



33

FOUNANMHUAA I“h);l

Base Metal =~ Weld Metal

517 3.16 s0enafumLIAaz N 300 lunsou

U

4 '
2) ¥ vunEIumMsMruadiunis llvimsvaneiudlenszaiynine

@

s Y o o = % o a ¥ A
U 1000 48 1200 LAININITUAALLDYAAIYNIVALNT TUUIA 1 ‘lﬂﬂi@uﬂﬂﬂiiﬂigﬂ'ﬂ 3.17

d' v A Qy Y
3’1]1/] 3.17 MIVANIT U UAWNTEAIENT 1Y



34

o A av & = Y d A Vv
32 mEsaunuauIdmnefnEmsaaiiIve N laa Usnamnsznudeoums
a W d’
Hanna AN N-TNAVANY (N5A SA213-T22 NANTZUIUMIIFONND A8

maA Low Energy Electron Microscopy (LEEM)
321 duneumsdiTiuadde
1) fAnpdeyanazeeniuUMINAAD
2) AT O3 11U
3) MIneassalemAin LEEM
4) JUNNANLY in-situ
5) dunamsgatearvesumnu lae
6) ’EmiwﬁTﬂNﬁ%’Nﬁ;amﬂLﬁmﬁﬂuﬁ’mamﬁﬁummmqG]
322 m3esiie Yaq qunsaimdlumssuiivaniise
1) MW’ lun1snaasd
lumsSaaungiivesmsnaassdesimuan Emissivity voeSaqild
Iy

4 1 a % a Qa’ 1T § ) % 2 1T o a
iesnniaquaazyialiddulse@nsnisurssdanudeun limilounu Iuegiuriaves

F4
[ A a o

ada @ & A g o &2 Ay '
AANHUSWURNIVDIITAUASYUNHNNNIVDIITR F900 1Y uIvenHINdINaAen N

¢

v

[ a gy a s A Y Aa [ A w Y1 Y A ] 1 d'
gﬂmewmmiaﬂqmwgmaﬂ'lwimmm LW@Glﬂﬂ1Qﬂle3J"U€I\1’mq‘VI ﬂllﬂiJﬂflﬂamEJ\iﬂ‘UﬂTﬂ

Y a

UNDTI ARSI N 3.2 LAAIAT Emissivity U9 1A510en

M3199 3.2 A1 emissivity V04 IngLHow

Material Temp °F (°C) e- Emissivity
Chromium 100 (38) 0.08
Chromium 1000 (538) 0.28

Chromium, Polished 302 (150) 0.06

d‘ 9 a 1
2) 1A309gan311wiln 31 GT SONIC
A ° Y A ¥ A 3 A A
IAT09MANNAL01AAIAAUYANTT 1A U GT SONIC AT 0INA 1D
@ 1 H [ . o I %] o
USumn1ud ldraresie Fanszurumsmanuazeiadesivearaniudinaralunisi
v v
ANUALDIA U 11 AT NADNIUDA BLF 1AY Aa< A 1HSVNUIVIUEITALA1gAINA

d‘ A [ d‘ Y a A a dy % d‘ =
ﬂi“ﬁi?ﬂﬂﬂlﬂi@ﬁ@ﬁ@liWI%uﬂﬂ@ PMUoALAZH15a2a100:% 1o UoNIINHAUATINNS



35

E4 [ ' E4 b4
anasi lianudowiehsamsuanuimizeguud uau aaiudumnz auaemsihunldm

[ [ 2 =

Y '
ANuazoa% U luaud ﬂﬁﬁﬂiﬂﬁﬂﬂﬂﬁ%ﬂ1ﬂ’g\1 Aa3UN 3.18

U

517 3.18 1n5099ans1 Twiin 31 GT SONIC

U

3) 3¥UU LEEM

E4
[ Y

I A A A 9 a = ~
5211 LEEM 1wnsoalon e lua1uldetuas vedan1inaasd BL 3.2b 7

Ll

v Aaw a 4 [ [ [ 4
A0 1WA ITU IATATOU(@IAMIUWIFY) JINIAUATIIFTIN A3317 3.19

519 3.19 521U LEEM

U

4) asarangezdlauuazioNuea
= 1 d” YA o o a o @ Y <
mimmwmu%mamﬂﬂmﬁﬂﬂiﬂ%1wmmm"lwu“lwwqmanmﬂﬁvmm

é o 9/ 1 o d' 9 a [ d'
Fainez lonIugnumseaganii letin Aagii 3.20



36

71U 3.20 Msazaees s lauuaziomuea
[ [y d
323 MEaANaMIaaIssiIve My Isaus NN ST N o UMy T22
Y Y v

W3 EUT UINUTIUS UM INATOU TAg1d LIIUNHIUNIT I HUAA LIS

> ° v a v A o A 9 A d
nanua llhanuazeiadiomsazaisez s laualons eshanuazeianauganii letaiu
~ Y 9 o = 3}/ 3 =
syezIal 15 WN uall¥aisazaraemueaninnuvazeinonasuiuszeziial 15 U

o w A < @ o Aa t:y o Slay ~ zg :’1 o
AU meﬂumim%@'lmuum@uu%mm%ﬂwﬂfuﬂmummﬁzammﬂﬂmmﬂuu‘mms

ES £4
v A

a [ d‘ Y o a A 2’; J 9 d' d'
anA 9% 1311 11 Sample Holder A331/7 3.21 uavimsailameswnaiinen Tnanuasoaune
= = a (%) Qy 1 o A o ] a Y 9y
NANAEIM TN ALN AN LU @D 1UHINITA UM IHU T NN TENUS DUNIIAIY T22
a 1 4 o o 1 4 <
TAgd1999AE ULULUYAUDITOUFDUDINAT U UAMLUUIAIIAT DINATD LAY IV
a Jq YA 1 1 Aa A A o " Ay A o
TuTasdnnes Iitszez e lumu 200 ¥5e 250 Tuaseu WonUAHUINADINT 15 1115
0 Y
mugungl i F uameldaniz gy imaszaugs (High Vacuum) Tagaiuguaiuau
q Y 1 9 a A 4 d‘ [ a Y Ay [ d' o Y
Tilnnanat 3x10” Haaurs iedesiunisanisens anusuauaegUn 3.22 agimuald
A1 Emissivity ¥99389 Cr-Mo TLAWMAY 0.28
MM ITURNMNIDY In-Situ Tae 1% Tvua LEEM Tumsdanams aaiedives

Jd a 9 Y [ A
ll'lWluU],“]f@]‘]Jﬂ'Jmﬂi%‘ﬂﬂi@u‘ﬂ’lﬁﬂ’lu T22 mu’dﬂﬂugﬂﬂ 3.23



3109 3.23 PpuanINaYVLININAADY LEEM

37



38

¢
324  MIAATHRANINAADY

ﬁTNﬁﬁ\{lﬁlﬁnﬂﬂﬁ maawmmiﬁuﬁﬂmwuuu In-Situ LAQZAUNU

=1 o as 1 o Qy A < F) =} Aa Ao
MIUNVIANLATUUYUNUANATWNU G],“Ll"lfu\i114L$E]11L1’iaﬂﬂa1IﬂiL3JfJ§J-T§JmJﬂu3J 1N3A T22 W1

o a o 9 1 @ A
‘I/l'lﬂTi'JLﬂi1$1’iIﬂiﬁﬁi1ﬁﬂaﬂ1ﬂ1u3ﬂuﬂTJSUE]\?ﬂ'IWEﬂEJ ﬂ\’lllﬁﬂflul'ﬂu‘ﬂﬂﬂ 4



uN 4

a d
WANTIINAADILATIATIEHTINANTI TN A

a d: Y a v di c:’ t'!
41  wamsnszHlAsIa3199amaus nuseunaveITelTaNl UT HIMITON
wanna  asien-luaauiiamaa 122 Tagl¥msmualamen ER90S-BIY 1u

A a a
NIZUIUNMIBINND MNHINAUA LEEM
a = 9 L a Y 9 [y
ninmaia LEEM lumsanuimsaatesaaveanmuled luisnansgnudoumuiaa
<3 aa ] o [ Qy 4 ] [ a 1 <
mannd Insdieu-Tuaauiunsa T22 4195 UF Ui aga s lasenItuuannad
Tasaien-Tuaauiumsa T22 tazalaael ER90S-BY luan1iinaaod BL3.2Ub a5 aLaad

Y o q‘ ] ] a 4 I ] [ ~
\lﬂﬂigﬂ‘ﬂ 4.1 Tagtteas9nsAns1eHoan iy 4 F19A9015 199 4.1

Temperature (C°)

770 I I |
| I \
760 | - - !
| | | | A3
****************** i e
| | I
740 | i | =
| | i
730 | I — | ‘
| I |
| i |
777777777777777777 F,,,,,,,,,,,,,,,,,,,,,ﬁ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,‘,,,,,,,WL,,,,,,,,,,,,AI,
| i I [
| i | \
| i I
700 j— L — i
/I | |
690 /1 i [ ‘
| | \
I i [
| | |
| | |
| | \
i i i
| | \
| i |
| | i
| | |
| | i
| | |
Step 1 : Step 2 } Step 3 lStep4
2
| I |
o h i ;
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 a4 46 48 50 52 54 56 58 60
Time (hr.)

= [ v J 1 a Y Y (3 d'
3’1]1/] 4.1 ﬂiW\lLLﬁﬂQﬂ’ﬂiJ’diqu‘ﬁi8%’31\11’3@%&@8@&1%{]%ﬂﬁiﬁﬂ’ﬂuiﬁ]u%aﬁﬂﬁﬂf@u



40

' Y
M3 4.1 $190IM 3 1NN AT U

LY

9 (Step) mﬂﬁ’qmwgﬁuﬁ%”mm
1 gaIHIND 25-690°C
2 690-700°C
3 700-740°C
4 740-770°C

a ¢ =y S <
Myannz laseadgamaluFuaudeuiaquannd T22 2.25Cr-1Mo #18879
iFou ER90S-BI 390 lanssnndnvazveunsuuay Insaas 1eiuasunilas hilijeiioy

[ H o ] [ ] a a 4 I a [ 1
AN UIA 9 Taguieysnamsnsizioondu 4 mnmwaﬂ”lffﬁm

Fusion line
O @ ®

LR905-B9 HAZ '\ 122
Weld Metal Base Metal

1 Y 1
5UN 4.2 @Tumuwawmmg%ﬂmmazmnm

U

Y

o oA = 9 Y o < Y = aa
1. UARUIN 1 UiL'JEHﬂiz‘VI‘Ui@ulﬂﬁuﬁﬂ?ﬂﬂ?u’)ﬁﬂlﬁaﬂﬂaWIﬂillllel-IiJﬂﬂUuiJ
IN3A T22 (Coarse Grain Heat Affected Zone, CGHAZ)
o A a Y = 9 ) < 9 = aa o
2. NUHUIN 2 Uil’)ﬂlﬂi&"ﬂﬂi’E]“L!Lﬂiilﬂ%t'ﬁ]ﬂﬂﬂ?ﬂ')ﬁﬂl‘ﬁaﬂﬂaWTﬂilllEJiJ-IﬂJﬁﬂ‘]JLlﬂJ
195 A T22 H1991AUUIMUUVANITHAOUIMA) (Fusion Line) 250 1uAT U (Fine Grain Heat
Affected Zone, FGHAZ)
v k2
3. unuean 3u5naie Tanziay (Base Metal, BM) ¥1199100UIMUUANIS
nasuLyial 500 llllﬂi@u

' ' Y 1
4. MUNUIN 4 ‘]JiL'JmIﬁ’HzL%E]ll‘ﬁ@]ﬂﬁl’l_lLL“L!’J!,HJQLGUG’IﬂﬁWaE)MWa’Ji?Jﬂ’JNLﬁ@&%@ll

Austie Tanz a1 (Weld Metal At Fusion Boundary, WM)



41

a <3
1nMsasadonInsadsegana u gurgives veelasedswganiaveurannad
an o P ¢ ad P P Y
Tasdien-Tuaaiunia 122 Usznovudle Tassas1uned 159 wisa'lan vazwanas ludng
MelunATULAZ YO UINT U (Sac-teaw et al., 2010) 11UBINNTIFBUAIIAIAYON ERIOS-BY 1A
9 d' o ] J o 9 [ Yo a A o
m3nszneanuioulununsenludumnsai q imldudaz e ldsugungiinazidasnis
<3 v A 1 [ Z/ =K A Y A [ o
udAuana1e Aniuluna lnssadsgamaiuanaany

MunUan 1 USnansznudownsuviou lduunavamsvasalnal iU Iae

a

< Y = aa o I a A [ M Yo a a
L'Viﬁﬂﬂa11ﬂ§lllflll-11|ﬂﬂlluwlﬂiﬂ T22 Lﬂumnm‘ﬂawmm"luwa@mwm llﬁllﬂﬁll@‘ﬂ‘ﬁwa

9 A ' PN A o 9 9 ~ A
vinanudeuveImsiouginiiguuniingd il laseadsganinvesTaneigniyon
y a 1Y Jd o { o ] y a
mlasuuad ey suilsznsudats Taseasanumu'led aadiainndwmuan 2 us

Y = <) a A [} ") Yo 9
AszNVTounIUazdea 1WuuTnun lavz nulivasumal ua lasuransgnuiouInms

4 ' @ S o 1o A a
L”d]mﬂJQ'Qﬂ'ﬂ AC3 Llﬁgﬁ’ﬂﬁi1ﬂ1§LEJ“L!§]’J"]§}1ﬂ’JWHLLWHQﬁ 1 IﬂiQﬁ%1ﬁ;ﬂﬂ1ﬂﬂil’lﬂlﬂi$ﬂﬂ%ﬁ]u
v

1 d’ld = Lg [ ' 3w @ Y Y
aIUUWALIDYAVU muuslumqmswumsuanﬁ@ﬂizﬂ@uhlﬂmamium@ﬂmmﬁNmmu

4 o ] d' a 9 d' d'a 1% ] I 1 d‘ dy
\1‘;]5@] Az MuUKian 4 Usnauau lansyounaanuuuILLIvans vasumad Wuduiie

a

U v o 4 I y v 3 [
Tanguundrunasura N swanuaayemiluiomediu nazyail lasugumngil

QU

A ] S o ' < o Yo Aa 2 Y
VMUSIFDNEGN Glu“]f’N"lJENﬂ15LEJ‘L!GI’JE]EJNi’Jﬂli31/]111’73@79]7]%1?]51%8%@\1 (9-12%) ﬂi%ﬂ@ﬂﬂ’l&l

a

Tassadrauumnulad

' ' 4 1
MmmMsnsangen 165 udumsTianuiounud unu ieganging 650°C wuvey

d A Lg @ d a 1 o [
miumm@aamu'lumﬂmu TﬂEJaﬂymzmmmiu@a’dmu“lummﬂuzmawumumgﬂin

@ 1 Y

pazywialndifeeiu U 43-4.5 Feaunsoduduldnguugiadinanladrlndidn

QU

gangll AC, uan

E} LY



{ a @ J a
3‘].]17] 4.3 mMuanntnaun LEEM aﬂymzmiuaaﬁmu"lumﬂn

Tughummian 1 CGHAZ (a19) Ngamigil 650°C

Prior Austenite Grain

{ a @ J a
g’ﬂﬁ 4.4 MNnmaUa LEEM aﬂymzmiuaaﬁmu"lumﬂu

Tughumian 2 FGHAZ Ngaungil 650°C

42



43

Prior Austenite Grain

{ a @ I a
il]“ﬁ 4.5 mMuannnaun LEEM aﬂymzmiuaaﬁmu"lumm

U

Tughummian 3 BM Ngamgil 650°C

' '
A o

¥ Y v '
Wemsnugaungiiaeiilo Iuf 690-700°C Wy luszninaiimsiugungil
° oA o P s o a o
AN 1 uag 2 Imsaatedrveansmu lsduuveumsvooammnu ludaauludnvazas
o P o ° VoA { ' o o 3
ayemve9m s lud Taodmiai 1 (R 4.6(n) a19) Tnmsaarodrveunimu'led1a15
[ o 4 d o 1 H y % Id {
a1 i ldnuveunsuveues lsvineuduied 2 (319 4.7(n) FuduTaseadwhlianu
3 o =& ) U a a Y o o AA A
uded1 30 llgnisifiaus e Soft Zone Tndnuveuvanaswazareluiagniidsuiw
=} Y 1 so £ A A [
Tasiloutioandn (UFIAANA LAY LAZAME, 2553) LAZIT UNUANVUANA1VOUATU T

o 1 dl a o <2 1 o (] d' d' d‘
A UAN 1 ey 2 Tanyaziluins une1unMa1unUan 3 (3°1J°n 4.6(v)-4.8(v)) Tuvaugh

'
ISR

° oA = 3 ] & A P o A
AN UIN 4 Wﬂwaﬂﬂlﬂﬂlﬂullﬂﬂﬂ'l')1/!\1L"U’lﬂ’lﬂ\iﬂﬂ’]\?i’ﬂﬂl“ﬁ'ﬂullﬂﬁa']ﬂﬁjlﬂﬂﬂuuﬂaq

Tassahadlunduveales lsviillvunadnaziBoauaziizlsradumles lsviuvudy (i

4.6(v) VY)



(V)

51 4.6 mwnnmaiia LEEM msn/asunilaslnssadenngd () ilugal @nludunisii 1

CGHAZ (a09) 1ageiniail 4 WM (D) 32HI1m gl 690-700°C

()

51# 4.7 mwnamaiia LEEM msalasuntlaslnssadenngd (n) Szl @)

Tuditian 2 FGHAZ 331 9hn1siiuga gl 690-700°C

Pearlite Grain



45

Tughimian 3 BM sg#nammsiiugaivgil 690-700°C

1 A A o Y Y v A A <) o 1
9199 2 thorhms lianuFeundamsireun 690-700°C 1Hluszezinan 1 92 Tue lunwy
= 9 o VoA ~ & [
matlasuudaslassaiaganminludunian 1,4 uaz 2 (31N 4.9-4.10) FIuanA19910

o ]

A o sa 9 o ~ o 3 = s P I
AN UIN 3 W’]JLﬂi“LlGU’rNL‘I/\IE]i"li‘VlLi3JL‘]J13J15’)3J§]’)!LE18!58J\W]’JHJHWﬁﬂﬂl@ﬂlﬂ@ihliﬂnlﬂuﬁﬁﬂ
v Aad d 1 A A 3| A = TR o o 1
ﬂ’]JLWiﬁ‘lﬁVlfJEJNG]E]Lu’EN (gﬂ‘l/l 4.11) Tﬂﬂlﬂulﬂiu%ﬁmﬂﬂﬂﬂ’n PIANHUZLNTUAINANINTINITD
A o Y1 o oA I o 1 a 9 A A Y 1
ﬂuﬂu"lmwngmmw 1 L”]J“LlGﬂLl.‘l’i“LN‘UiL’J‘mﬂiz‘V]Hi’ﬂulﬂiuﬂfﬂUﬁ]i\i'l/lﬂgclﬂﬁ!LU’JmNHJﬁﬂ1i

NasuLan

31U 4.9 amanmatia LEEM manaeuntlasTassadaludumiian 1 CGHAZ (819)

[
= a

HagAUNINN 4 WM (DY) Ngaungil 690-700°C 1 51,



46

317 4.10 MwAmata LEEM malasuunilaslassads

U

Tughumiian 2 FGHAZ Ngaungil 690-700°C 1 ¥4,

A Mix of Small Size Phases

Pearlite Grain

31U 4.1 mmanmaiia LEEM msnldeuniaslnseadng

Tushumiian 3 BM Ngaumgil 690-700°C 1 %,

A o Y Y @ A =} a 1 A <

LJJ’E]“I/I'Iﬂ'I‘JGlWﬂ'J'liJi@u"HaﬂﬂWil‘]fﬂiJﬂqm“l’i{]ll 690-700°C ﬁmumzﬂuizﬂznm 6
) Voo oA ) a ] P o S Y A A
Glf’JIiN WU UIN 1 g 2 “Viﬁ\ﬁ]'lﬂlﬂﬂIﬂi\?ﬁi'l%wﬂi"liﬂiﬂﬂﬁuuiﬂlllﬁ'l INIULTUUNTT

@ ~ 3 v A ' ° oA [ s s
VI1IAIUBDNUDUINT ULINYIULANUD Y (3'1]1/] 4.12 a19-4.13) Tﬂﬂmgmum 2 IﬂiiﬁiNW\lf]iulﬁ/l

v
aa

Aad = 1 A o g A Id a o v @
LWiﬁ"lﬁﬂiJg'“]JiNﬂ]iﬂﬂﬂ%ﬂmuﬂlu L‘H’t’NiﬂﬂQﬂlWﬂllU!']JuQﬂlﬂ@jﬂﬁﬂ@ﬁﬂlﬂ%wﬁﬁTWiU’Jﬁﬂ

QU

v A

< v ~ Aa o A o ¢S Aad o A o '
L“Viﬁﬂﬂﬁ'liﬂillJEJll-IJJﬁWU“L!JJLﬂiﬂ T22 VlW’]JIﬂiQﬁi'NW\I’fJiulﬁ/l L’Wiﬁulﬁ‘ﬂ Glummzﬂmgmum



47

s S o = 2 o ' A A A ° '
3 miummmlai"li’nmmimmgﬂuwammzﬂm"lmim (qij“JJVl 4.14) 1A IUDNIIT UK U

A a Yy 2 ¥ aw < a P A 4
N4 Wﬂﬂ15lﬂﬁﬂullﬂa\Tiﬂi\iﬁi'l\uaﬂuﬂﬂﬂﬁﬂymzlﬂulﬂiuaglﬂﬂﬂ Iﬂﬂ!ﬂiuﬂf]ﬂiﬂﬁwuﬂ

U

Y ] =5 = v A g = ~
muuummmmmimaummuaﬂymzmi%msmmmﬂuizmﬂu (3‘]]1/] 4.12 1)

Features Changed

’/' ~ Grain Growth

A a o 4 I o oA 1
319 4.12 mmarnmaiia LEEM msvengarvounod 159 1udurian 1 CGHAZ (@) uag

mafasunlaTasead o lugwmis i 4 WM (uu) fguingil 690-700°C 6 3.

Pearlite Grain

A A o 7 7 o 9 Aad P
qTlJ“I/l 4.13 MNNNLNAUA LEEM ﬂ1imﬂ1ﬂﬁ3mﬂﬂlwﬂiuliﬂllﬁ$ﬁﬂBm%TﬂiQﬁiN!Wiﬁulﬁﬂclu

AUMUAN 2 FGHAZ Ngaivgil 690-700°C 6 ¥,



48

~ a o 14 4 o oA
g‘ﬂﬂ 4.14 MWIAMATIA LEEM m3venearveames 154 (MUQNAT) Tugusuan 3 BM

v
=1

QMg 690-700°C 6 WN.

o Y Y o A A a 1 A I )
VI'Iﬂ'lfl'Gh’iﬂ'J'IJJTI"E]uﬂﬁQﬂ'IiLGH'ﬂJJ’VlQﬂlﬂQIJ 690-700°C mmmgﬂuizﬂznm 14 GH')TIN
14 4 v 1 J A ) oA 1 Y ad
W']J"U’E'J’UmiuellﬂQL'I/\I’E]‘J"lﬁ/l"UEJ'IEJGI'JﬂE]ﬂﬂﬂTﬂﬂﬂLu@Qiu@nuWuQﬂ 1 Iﬂﬂﬁﬂwﬁiﬂlﬂiuﬂ'ﬂiwﬁﬁ
d o oA <3 Y A A o oA o
"lamﬂﬂumuﬂuw 2 UAvaanNUeY (:.l"ﬂ‘ﬂ 4.15 UU-4.16) Elummzﬂmgmuw 3aNHUSNIT
% 4 9 % d' 9 Aad d é [ a 1
EUEJ'IEJ@]'J“U’ENLwﬂi"liﬂﬂlﬂsllﬂ1ﬂ@3uﬂu1/liﬂi\1ﬁiN!Wiﬁ‘lﬁﬂLﬂ'l maﬂymzmmmiuugﬂﬂwmﬂ
s = o roa o Yy a 3 9 =
anuawe (FUN 4.17) uagdumian 4 numMsveeadved laseaiunsudntios (31U 4.15

Y1)

per Features

Grain Growth

~ a % 14 o o oA [
3109 4.15 mwanmalia LEEM msvenaarvouneod 159 1uduriaf 1 CGHAZ @) tag

mslaeulasTaseaiieludumiish 4 WM (uu) figungil 690-700°C 14 .



49

Pearlite Grain

~ a o 9 Aad o o oA
i’]JVl 4.16 MUWNnNNAUA LEEM aﬂymﬂﬂﬂﬁimwm‘lavﬂumsmum 2 FGHAZ

U

Nl 690-700°C 14 3.

Pearlite Grain

~ a % 14 o o oA
i’]JVl 4.17 MunnnaAUa LEEM ﬂ'lfl'leEJ'lEJGl'Jﬂlﬂﬂlwﬂiuliﬂﬁlugnuﬂuxiﬂ 3 BM

U

a

Nguwil 690-700°C 14 F.

Tugaai 3 ieudungunginig Idanudeunaimsiden 690-700°C Nszeziia 14
o o A 9 I Ao 1 a 4
%7 Tugveamsdunamsnlasunilaslasead wgamailuguugidinguvglgmaneea

o A ag ~ I ) VA ) ] [ [}

Tagvhmsmiugamgivn11n 730°C Wuszeznan 7 57 Tus woduile 153 Tuesin 1) dwmnig
A ad A v a g a = Id’! a
12 uaz 3 insuveunsa laviz vaawandauiiuadedvesesdmu luaiua s nuve

suvesled laviuaznszatvegia 1 lwid alasin liainsanldeuluiluessnuludld



50

o oA 1A v o oA a s A ' A o oA
NUN FULAYINVA ULV UIN 1 W‘]Jﬂ’lilﬂﬂlﬂiuﬂﬂﬁlmulluﬁ (gﬂﬂ 4.18 a’N) ﬁlummzﬂ@nllﬂuﬂﬂ

a &% 1o o A
4 mimﬂmiuaaﬁmu"luﬁmﬂﬁﬂ;]"lmsm%uuﬂ (g‘ﬂﬂ 4.18 YY)

Austenite Grain

31U 4.18 mmarnmaiin LEEM mManans uooanu lud lufmumuan 1 CGHAZ (a19)

azMuNai 4 WM (Uu) Ngaingil 730°C 1 %,

{ a a J ad 4
iﬂﬁ 4.19 ;AU LEEM ﬂﬁlﬂﬂlﬂiu’ﬂ’ﬂﬁlﬂu"luﬁﬂusllﬂﬂlﬂiuw\ﬁﬁulﬁﬂ

U

Tushumiia 2 FGHAZ Nigauvigil 730°C 1 .



51

A ~ a s s s A o
i']J‘I/l 4.20 MNNLNAUA LEEM ﬂ'lilﬂﬂl,ﬂiuE]f]ﬁlfl/luulu@]’u“L!Lﬂi“L!W\I’E]iuliVllmzL’Wiﬁ‘lﬁﬂ

L1}

Tughumian 3 BM Ngaumgil 730°C 1 v,

A g9 F < < 0 g Ya 2
maiwmmmmﬂmzazmm 7 ‘lf’ﬂll\i Nﬁ‘UENizﬂgnﬁﬂﬂ11ﬂu3lﬂﬁﬂﬁﬂl@ﬂf]ﬂﬁlﬂu
s a Y o 49! ~ 1 a o o oA
uluﬁﬂ!ﬂﬂulﬂllﬂ1i"l]ﬂ'lﬂﬁ'3"l]u (:cl;’lJVl 4.21 a19-4.23) mﬂmﬁmmﬂymzmiuslumgmum 1 ey
A ~ Y} o ¢ ad P ' o VoA
2 L“L!'EN%'IﬂlIEUU'Iﬂlﬂiuﬂlﬂiiﬂiﬂﬁﬁ'l%wﬂiuliﬂ LWiﬁ"lﬁ‘Vl “ViEJ'IULLﬁZTﬁﬂ'J'ILﬂiuGI,HGHLLWHQ‘W 3
[ Y o ] o 1 2 a = J o Y ] ~
ﬂﬂﬂmgmuamﬂanﬂﬂﬂ;]‘ﬂimmuamaEl’daaﬁmu"lummauuaﬂmmazums

nasunlasninlassadunialanluiueoamuluddn

Austenite Grain

{ a o I o oA
5'1J17l 4.21 Munntnaun LEEM ﬂ'lfl'ﬂ]il'lﬂﬁ]ﬂlﬂ\ﬂﬂil!ﬂﬂﬁlﬂu"luGﬂu@nuﬂuxiﬁ 1 CGHAZ

U

(a19) Nl 730°C 7 v,



52

Austenite Grain

{ a o I o VoA
leﬁ 4.22 MNNNINAUA LEEM ﬂ'li"UEJ'lfJﬁ'JEIJ’ENLﬂiu’E]’E]ﬁlﬂu"luﬁslu@'lllﬂuﬂﬁ 2 FGHAZ

U

v
a

Poaurai 730°C 7 ¥,

E} QU

{ a o g o oA
319 4.23 amninmaiia LEEM MsvenaalIveunsueeany lud (ugney) Tushusinian 3

BM Nigaungil 730°C 7 ¥,

A o A ad’! 1 A ~ Id ) 1 o oA
WaMNIIWNR U HUVUABLIUDIN 740°C Lﬂui%ﬂzl’)lﬂ 12 GH’JTIN NWUITIAULUUIN 2
o s I { ad I { 3
uaz 3 danasingnsumles lsiluvaz inswinialanfinide 1dgnuaswiluns vesdimu

s oA 2 o ' A
"lu@muﬂ uaz‘1Ji1ﬂgmmﬂmmmiuaaﬁmu"lumw mumﬂmmmﬂiumﬂ"lﬂgmmmﬂiuimua

v
a =2

9 v % A < o o q ¥
DUNDAUFTIUVU IﬂEJWﬁ%1ﬂﬂﬁGh’iﬂ’J13JifJu1’iﬁQﬂ1iL°If’E]JJL1Jui$EJ$L’Ja1 12 GH’JTIN Vlﬂ“l’i!,ﬂiu‘ll’ﬂxi

a VRS

I o oA =) o ! A A o oA
pa ey lud ludumian 3 uaNuainaNeveegling (31U 4.26) Tuvagndumian 1 uaz 2

4 % 1 1 4 H 1 ' [ o ] {
Usinginsuesmnu ludveediod1eaeriion (UM 4.24 419-4.25) FaanA1INAWHLIT 4



53

A A A 9y ad d a A = = 1

Lillllﬂ15!,‘]JﬁfJ“L!!L‘]JaQEIJfNIﬂiQﬁiNLWiﬁ"lﬁﬂ%;(ﬂﬁLﬂﬂu’)maﬂt’f‘l]’é]ﬂ’f]’f]ﬁmu"lumWENUNﬁ’Ju
1 i A a g o 1 n:ydl 1 a A &2 a A 9

WMIUU LHBQMﬂQﬂlﬂ{]mﬁu AC1 mamnmmuumqqmminmau ﬂﬂlﬂﬂﬂWilﬂaﬂullﬂﬁQ%1

(319 4.24 Y1) (P Schulze, 2016)

Austenite Grain

Austenite Growth

319 4.24 amnnmatia LEEM msveneiave ey lualuduiad 1 CGHAZ(@19)

a2 Y o = A a
u.azﬂmﬂaﬂuuﬂmTﬂiaﬁﬁﬂumgmum 4 WM (UU) NgUviu 740°C 12 ¥u.

Austenite Growth

51 4.25 nawnnimatia LEEM msvetodiveseedmu lud luduiiisi 2 FGHAZ

MR 740°C 12 ¥,

E)



54

Austenite Growth

‘]J“ﬁ 4.26 MwMAtA LEEM anbae ﬂﬂamu"luﬁslumgmum 3 BM

figuingil 740°C 12 w1,

Tunandunudomnsanguyiglanauini 730°C wudwnian 1 wolsuna
J A 1 A o oA Y
vosoomnu ludanas (1A 427 a19) Tuvmzidumiai 2 uaz 3 insuveseomnuludld
A = N A a A A T 4 '
nlasudlunsules 15 Tasnativadsaveules lsinusnaveunsuoemnu luduazdoy
. o < :'z < y 4 -
7 Mmsveealenn (31N 4.28-4.29) Fa91nmsilasuuilalnseaiagamangumgi 700-

3 @ Y a { o I Ao a
740°C Hanunsaduduladngumgi 690-700°C Mimsnadeuilugungidiniigugiiy

U

I a
NANBYIAII

Austenite Grain

319 427 amnnmaiia LEEM snuaznsueoamuludludumiai | CGHAZ (@19)

= Y o 1A A a
wazmafdeundasTassadraluduniiad 4 wum (UW) NYUnuU 730°C



55

\ =
. S~
Ferrite formed ’ S~ .

317 4.28 muarnmaiin LEEM mslasulaansveoamu ludiume s

Tuguimiail 2 FGHAZ figavigil 730°C

Ferrite formed

31U 4.29 mwarnmaiin LEEM msnlasulaansueoamu ludiume s

lugumsiail 3 BM figaingil 730°C

4 o o a l a a 1 { <
Tugaai 4 PAvesinsdudugungidnasadremsmuguugiiaulin 770°C 1ilu

v Y
a a KX o

o 4 oA I
5821701 3 GIf'JTiJ\T ‘wmum}qmﬂgmwmumgmuw 1 ﬂfjm;]miueaamu"lwmumm
H 1 = [ o VoA = 4 d = I
AUUTUD LBULAYINUATLUUIN 2 g 3 Nlﬁll'lﬂlsllﬂilﬂiulwﬂiuliﬂﬂﬂﬂ 9 aﬂauﬂaﬂmﬂu

4 E FY o A S o
miu’aaﬁmu"luﬁ IﬂﬂWﬁ‘ﬂ'lﬂfﬂi Gl‘l/immmuwmmiwamﬂuizﬂznm 3 GIf'JIlN INTUUDN

o @ ° 2 1 1 1
poamu luaimsvereduazianudiiauovounsuniniu (31 430 819-4.32) 1AnA1g



56

o

o 1 d' = S A é! 9 1 a .ﬂ' é A 1 ]
VAULHAUIN 4 ﬂi1ﬂalﬂiuﬁ3lﬂﬂﬂﬂlﬁ]ﬂ’t‘)ﬂ’s’f!,‘l/lullumw muammmminmaumaa31"lu‘wu

]
A o

myn)asunlasndany (319 4.30 vu)

31091 4,30 nmnmAlia LEEM snuaznsueoamuludludumial 1 CGHAZ (@19)

= Y o = A a
uazmmJaﬂuuﬂmTﬂimﬁﬂumgmum 4 WM (UU) NQungu 770°C 3 Bu.

Austenite Growth

31U 431 muarnmaiin LEEM mslasulaansumledlsiduessmulug

Tughumisii 2 FGHAZ figaimgfl 770°C 3 ¥,



57

Austenite Growth

{ a 4 LN s
3191 432 mmanmaiia LEEM mswlasundasnsues lsiilueeamu lud
Tushuwinian 3 BM Ngangil 770°C 3 .

v oA ' S o 9 a0 { =
Tunenduiuiietdesliiguardienisanguugiidiasi 740°C iuszezinan 1

]
%

& A a o o oA ' A Y A
611’3111\1 WUINUNUDYU NN UAAA TN ULTUIN 1,3 10 4 ulll“lN“JJﬂﬁLﬂaﬂuuﬂﬁiiﬂiiﬁﬁiﬂ AU
v W o oA s 1 < e S 3 a
UANA NN U/ UIN 2 m:iuaaamu”lu@Lﬂaamﬂumiumlai"limmmmma NUINIUVDULINTU
4 { o 4 o & o
mmaaﬁmu"lm (3‘]_]17] 4.34) IﬂEJNﬁmﬂﬂ1i<113i}ﬂ’J13J%I’E]u1’iﬁiﬂﬁl"§ﬂllL‘]Ju‘JzEJZL’Jﬁ1 1 %QTNQ m

4 d 1 @ <3 a
GlﬁlLﬂEULwﬂiuliﬂﬂQﬂﬁ'l'JleEJ'IEJG]'J’E]ﬂﬂlﬁﬂﬁﬂﬂ@nuﬂinmﬂlﬂﬂlﬂiu

317 4.33 mmanmaiia LEEM anvazmsilasuntladlassadeludumiad 1 cGHAZ

(819) HaZAMNUNN 4 WM (U1) Ngungil 740°C 1 .



58

Ferrite Formed

51191 4.34 muanmatia LEEM mslaeunasnsueeamu ludidumed 1

U

Tushuvnian 2 FGHAZ Nigauvigil 740°C 1 1.

d' a % dl Y o ] dl
319 4.35 muarnmaiia LEEM dnvazmsn)asuuilaalassadaludumiiai 3 BM

=1

Ngauvgil 740°C 1 wu.

A 1 Qy Y v 0 A 9 Ao A <3|

Welaesd unulhigudideiiiosdrenisanguugiaiasi 670°C 1fluszezing 2
o 1 d' a :a o 1 d' 1 AR = v o 1 d'
21 nuuieguvgNaamasdumiad 1 ludsingnsueemmulugd wuRerdudumii

. 4 y 1o 1 y 4 I a

s nsueeanu ludlsumanasiGos (10 4.36) uaswmiad 2 insuvle lsininadnedu
= o J 2 PN A 2 g 9 ~ A o oA
tnmsvereaniwnsulavu vaziidsnamuiuandos (31U 4.37) Tuvme dd i 3

= ] 3 Y a A = 14 Id’!
Lﬂiuf]ﬂﬁmu‘luG]iJﬂ’JUJ"lJJﬁiJHﬁiJ’E]GUENTﬂi\iﬁiN Lﬂﬂu’)tﬂaﬂﬁﬂ]@ﬂlﬂiulﬂf]iqi‘I/lleUGniJEUfJ‘U



59

=1

A & A P A A o Y
INIU (3”1]1/] 4.38) “]NEﬂ'lﬂﬂ'lill]ﬁﬂuuﬂaﬂIﬂi\iﬁi1ﬁﬂﬁﬂ1ﬂﬂqmﬂ{] 770°C ﬁ'liJ'liﬂEJuflu"lﬂ’J'l

a < Aa T ' a a <
gungll 730-740°C 1flugungiinedssniuduguugl AC,-AC, uazguugi 770°C 1y

gamgiimiedu AC,

E} LY

Ferrite Formed

517 4.36 MWNAMALIA LEEM anyaznin)asunilailaseadialudusmian 1 CGHAZ

U

(819) HagsUMIAN 4 WM (Ul) Ngangll 670°C 2 5.

Ferrite formed

51/ 4.37 Mwnnmadia LEEM msveneaivoaes 159 udumiian 2 FGHAZ

U

[
a

Noaunai 670°C 2 ¥y.

E) U



60

Ferrite Formed

y a o I( o [ H
3U7 4.38 mwanimaiia LEEM ansaizins uooainu Tug ludumiiei 3 BM
Ngangil 670°C 2 wu.

Y Y v v

= =< = Y a 1 =}

naimsanymalasuulaslass@ieganinainmaila LEEM wunmsnasuuilas

' v v
Tasead1eganiadiofioun VeI NA M LIA19 9 N9 4 @1t aNYULU0Ia1A LIS
y { % 1 4 4 o [

asuulasTaseadunldezadronaenunanne Tnsead s mulosdaarsar ludnyay
19 4 4 Jd a <3 9 4 4

MIazaen w03 luduuveumnsuyeaadmu ludamilulassaiauves 159 vazvene
Y 1

yuralugiu Faanaenuwissvuaveunsulusaazd ez szeznar lumsna

Y o ~ o oA = A T 1o VoA Z/ dy a

TA39er519A3015 197 4.2 Tagd wnai 1 uaz 2 Jyinans uilna nfmumuan 3 atiinaain

o 9 9 Yo 9 A Ao q U

anway Insead wuesiaquazkaInns las unansg nuawiounnmstreuiih ldudag

o 1 [ a o < Y { 1 [ ao g 1 1

A 185 vgungiinaz isas 1msoudNuana i 1az 9N UIeTn1NAVIANATS
v ) ' Ay = ~ S a Adq Y

Y93 1n3305199001AAA QR 1) 1009911 770°C U INAMINT Loz e gaI NI 1F

a

% ] J o A 1w { o
Tums anudou Fenoiniluesdliznounanilinaneansus Insadvganiaivhliing

) A Vo Y o 3 Y] ~ aa o < A

anpaeNLANA1AY deandednuannal Iasiien Tuaauty 2.25Cr-1Mo 1HuTane nauni
' A =2 o9 Ya v R ' ) ¥ A -

s1arauNINnI 1 v 39 Idife Tassadsgamaiiunnnid 1 Taseadie Meiinmsiiy

s2ezA AU NYeINs IHANUT oundINsFon v dana lRanyuzILIAYD N5 U

v 4 v

WYY HFIdANRDINUIUITEVDY Albert et al. (1997), Yuh-Ying You et al. (2001) 11a¢ Sudha
Y Y ) ¥ o A A T oA ,

etal. (2002) 183518911 1331 mslnanudeundinisweuiszeznauanasduinaneniny

Y Y A a 49!
ﬂ'J'l\ﬁJﬂ\ﬂﬂi\?ﬁi1\11/lLﬂﬂsllu



A13199 4.2 i?ﬂﬂ1Wd1ﬂﬁUﬁﬂLLUU in-situ GS]I’JEJmﬂﬁﬂ LEEM

61

guHgi (°C)

LEEM images Zone

Start voltage at ~ 0.40 V, 75 lm field-of-view(FOV)

Position 4: Weld Metal at

Fusion Boundary (1) Position 2: FGHAZ Position 3: BM

Position | CGHAZ (8149)

(2) Heating
T<Tpq;

500 °C

Taseasreganin
Uszneude o l3n

ad I'4 = o o
mia'lan uazwanas lua

(3) Heating
T<Tpq;

650 °C

Tassas1amu Tsd 1uns U prior austenite i3 11T aAEA

(*Prior Austenite Grain)

(4) Heating
T<Tpq;

670°C

o o o @
Tasaaraumu'lyduaznsy Prior Austenite da186 danala%a@ 1A Position 1




M13199 4.2 SWMNDBITUNALVY in-situ SI8NALA LEEM (919)

LEEM images Zone

Start voltage at ~ 0.40 V, 75 lm field-of-view(FOV)

U1 (°C) Position 4: Weld Metal at

Fusion Boundary (UU) Position 2: FGHAZ Position 3: BM

Position 1 CGHAZ (a19)

*

(5) Heating
T<Thc;

680 °C

(6) Heating
T<Tpq;

690 - 700°C

v
Tassadrawmu ladlunsu Prior Austenite # ugansaaiod lnwuveuinsuveq

(W
Tassardramles 1sivy (* Ferrite Grain)

(7) Heating
T<Tscy
690 - 700°C

@] hrs.

(8) Heating
T<Tyc1
690 - 700°C
@6 hrs.

(9) Heating
T<Tuc1
690 - 700°C
@14 hrs.

o 4 < ° o Pl
wam3lianudounaimsiyenszezinal 14 91 1ue mldvewnsulasaadraves sy

4
Veoua Mg I (* Ferrite Growth)




M13199 4.2 SWMNDBITUNALUY in-situ SI8NALA LEEM (919)

63

guHgi (°C)

LEEM images Zone

Start voltage at ~ 0.40 V, 75 lm field-of-view(FOV)

Position 4: Weld Metal at
Fusion Boundary (UU)

Position 1 CGHAZ (a19)

Position 2: FGHAZ Position 3: BM

(10) Heating
Tpcy <T<

Tacs
730 °C

@] hrs.

(11) Heating
Tpc1<T<Tpc;
730 °C

@7 hrs.

(12) Heating

T

Aact<T<T

AC3
740 °C

@12 hr.

Y J ld,! = 5 Y X
Tnseaswooen u'lumt’n t’l‘llu?ﬂcl‘l’iiy‘llu!!ﬂ&’ Ianwuaiiaueveslaseddauniu

(* Austenite Growth)

(13) Cooling
Tpc1<T<Tpc;

730 °C

Taseadrseoamuluduadrlasunlasiiulassadunes 151 ¢+ Ferrite Grain)




M13199 4.2 SWMNDBITUNALUY in-situ SI8NALA LEEM (919)

64

guHgi (°C)

LEEM images Zone

Start voltage at ~ 0.40 V, 75 lm field-of-view(FOV)

Position 4: Weld Metal at
Fusion Boundary (UU) Position 2: FGHAZ

Position 1 CGHAZ (a19)

Position 3: BM

(14) Heating

Tacs<T

770 °C

@3 .
Tassatranles Isiianuanldvumlasiiueeanulud tazravesszozna 3 wu.ih
Itinsueoamuludvensvinalnaiu (* Austenite Growth)

(15) Cooling

Tpc1<T<Tpc;

740 °C

@1 hr.
Taseadrseommuludunadmnldsunlasiiulassadanes lsvvuadn
(* Ferrite Formed)

(16) Cooling

Tpc1<T<Tpc;
670 °C
@2 hr.

Taseadweoamuluanldsuuasdlulassadrares s, tisalan nazmsuvesla

Y
U (* Ferrite Formed)
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LEEM images Zone
Start voltage at ~ 0.40 V, 75 lm field-of-view(FOV)
qmwgﬁ (°C) | Position 1 CGHAZ (bottom) Qmﬁ{]ﬁ (°C) | Position 1 CGHAZ (bottom)
(1) (6) Heating
CINTBRTIZON T<Ty
690 - 700°C
(2) Heating (7) Heating
T<Tacs T<Tyc1
500 °C 690 - 700°C
@2 hrs.
(3) Heating (8) Heating
T<Taci T<Txc:
650 °C 690 - 700°C
@6 hrs.
(4) Heating (9) Heating
T<Tya T<Tyc
670°C 690 - 700°C
@10 hrs.
(5) Heating (10) Heating
T<Tpa T<Tye
680 °C 690 - 700°C
@14 hrs.
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Start voltage at ~ 0.40 V, 75 Im field-of-view(FOV)

guHgi (°C)

Position 1 CGHAZ (bottom)

gaurgi (°C)

Position 1 CGHAZ (bottom)

(11) Heating (16) Heating
Tper <T< Taes<T
Ty 770 °C

730 °C @3 hr.

@1 hrs.

(12) Heating (17) Cooling
Tper <T< Tre1<T<
Thacs Trcs

730 °C 740 °C

@2 hrs. @l hr.

(13) Heating (18) Cooling
Tac1<T< Taer<T<
Thacs Tacs

730 °C 670 °C

@7 hrs. @1 hr.

(14) Heating (19) Cooling
Tpc1<T< Tre1<T<
Trcs Tacs

740 °C 670 °C

@12 hr. @2 hr.

(15) cooling
T<Tyc

730 °C
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Abstract

This research was to study the microstructure of Chromium-Molybdenum steel grade T22 at various post weld heat
treatment periods, Cr-Mo steel grade T22 welds were performed using GTAW process and ER90S-B9 was used as a filler
metal. Post weld treaiment temperature was carried out at 760 “c at various periods of 0.5, 1, 2, 3 and 4 hours. SEM and EDS
analysis was using to observe the phase mansformation at hard zone and soft zone. The results showed that at hard zone, the
percentage of ferrite was increased w 17.06 % and pearlite was decreased 1o 82.94% with the carbide precipitame 6.24%. At
the soft zone, the percentage of ferrite was 30.15% and pearlite was 69.85% with the d ing of carbide precipitate up to
1.43%. The different of percentage of ferrite, pearite and earbide precipitate occurred the carbon migration from the low-Cr
%ide(T22 HAZ) into the high-Cr side(ER90S-BY) during PWHT due to the carbon activity gradient. Microstructure
observation revealed that at the fusion line the amount of carbon has increased with increase of PWHT periods due w the
carbon migration from soft zone to hard zonc.
Keywords : PWTH Carbon migration, Carbide precipitate
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Abstract

This rescarch was to study the microstructure and mechanical properties of
Chromium-Molybdenum steel grade T22 at various post weld heat treatment periods. Cr-Mo
steel grade T22 welds were performed using GTAW process and ER90S-B9 was used as a filler
metal. Post weld treatment temperature was carried out at 760 % at various periods of 0.5, 1 and
3 hours. SEM and EDS analysis was using to observe the phase transformation at hard zone and
soft zone. The results showed that at hard zone, the percentage of ferrite was increased to 21.17
% and pearlite was decreased to 78.73% with the carbide precipitate 5.77%. At the soft zone, the
percentage of ferrite was 46.67% and pearlite was 53.33% with the decreasing of carbide
precipitate up to 0.92%. The different of percentage of ferrite, pearlite and carbide precipitate
occurred the carbon migration from the low=Cr side(T22 HAZ) into the high-Cr side(ER905-B9)
during PWHT due to the carbon activity gradient, Microstructure observation revealed that at the
fusion line the amount of carbon has increased with increase of PWHT periods due to the carbon
migration from soft zone to hard zone. Therefore, the hardness of the welding sample after
PWHT is lower than the non PWHT welding sample and hardness were depended on duration of
PWHT. Increased time of PWHT, hardness were decreased.

Keywords: PWTH, Carbon migration, Carbide precipitate

1. Background/ Objectives and Goals

Steam Piping is one of the most important equipment for power generation in power plants and
most-ef the power plant equipment is made from Cr-Mo steels. Cr-Mo low-alloy ferritic steel is
widely used-in petrochemicals and power plants depending on the service lemperatures because
Cr-Mo ferritic steels capable of with higher service temperature and” ability to resist
corrosion.[1-7] 9€r-1Mo (SA213 grade T91) is'a development of new Cr-Mo ferritic steels
replacing 2.25 Cr-IMo (SA243 grade T22) which-can be employed at still higher service
temperatures. Therefore, dissimilar metals welding is inevitable today in some parts of the steam
generator. When these materials are used for a period of time under high temperatures. The
mechanical properties of the material were reduced.
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One problem encountered in dissimilar metals welding is carbon migration between high Cr
steels and low Cr steels during post weld heat treatment (PWHT) due to different in carbon
content. As a driving force to pull carbon from lower alloy to higher alloy materials. Therefore
the low-alloy side becomes a lower strength area, call soft zone and the high-alloy side has
precipitation occurs in areas of hard zone as a result is high strength. [8-9]

The aim of this paper is to study the effect of variation for the different durations of PWHT
temperatures on the microstructure and the effect of hardness changes on the mechanical
properties of the dissimilar metals welding in 2.25 Cr-1Mo (SA213 grade T22) and ER908-B9
clectrode. It is expected to assist in the application of steel life expectancy. To change and repair
before the damage.

2, Methods

The base steels selected was SA 213 T22(2.25Cr-1Mo  steel) for tube and welding electrodes is
ER90S-BY. The chemical composition of tube and welding electrodes are provided in Table 1.
The tube size used had an outer diameter of 65 mm. and thickness of 6.5 mm., welds were
performed using GTAW process. The preheat at 250 % as minimum and interpass temperature
were maintained at 300 ¢ The post wcﬁm treatment temperatures (PWHT) at 760 % for
various time duration of 0.5,1 and 3 hour. Aficr PWHT will used for metallography and
microhardness testing. Microstructure were taken in different zone after PWHT, The samples
were polished and etched using HNO5 + 20 ml HCI + 30 ml water[8]. SEM/EDS line scan
techniques was employed for detegmination of the elemental redistribution across the weld
interface for chromium and carbon %ent mG&s microhardness profile was taken across the
weld interface from welding electrodes(ER90S-B9) and weldment side to 2.25Cr-1Mo side. The
hardness was used to determination hardness in each location of weldment. This was tested at
constant load 1 kgf. with distance between point of 250 micron.

Table 1: Chemical composition of tube and welding electrodes

Chemical composition (wt-%a)
Material
c Mn Cr Mo Ni Si
2250riMo | 015 | 03-06 [196-26|087-113 | 925 05
ER908-BY )[0.07-0.13:f. 125 | 80.95 {083y |\ 10 0.15-0.3

3.  Results
3.1 Microstructure Evaluation on Welding with ER90S-B9.
3.1.1 Ferrite and Pearlite Analysis
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As received microstructure of weld metal consisted of tempered martensite for all condition of
PWHT because of the nature of welding are fast cooling rate. The effect of PWHT could be seen
ferrite and pearlite. As received microstructure of base metal consisted of ferrite, pearlite and
carbide precipitate. Measure the percentage of ferrites and pearlite that change at cach point on
the samples by used optical microscopy to bring photos on processing program image J

Table 2: Percentage of ferrite and pearlite as compared to the time of weld metal, fusion
line and base metal

Weld metal Fusion line
mﬂx‘ Ferrite | Pearlite pwrrr’ BE arrite | Peadite
(%) (%) (%) %)
0.5 br 13.09 | 8691 0.5 hr. 1219 | 8781
1hr 1405 | 8595 1 hr. 1292 | 87.08
3hr 3436 | 65.64 3hr 2117 | 78.83

Tath;?uomNgepffuﬂemMumuﬂmthﬂﬁneofmm

‘Base metal
PRI o P
s | e | e
0S5hr 1482 £5.18
lhr 11.79 88.21
3hr 46,67 33.33

From table 2-3 The cffcet of PWHT could be seen from the ferrite band. The ferrite band
increased and pearlite decreased as PWHT duration increased because the weld interface of the
welded specimens on weld metal side occurred Hard zone is due to the carbon migration. This
area have a bit of ferites that make hard but brittle, In the weld interface of the welded
specimens on base metal side occurred soft zone that was composed of a ferrite phase due to
martensite decomposition, partial martensite transformed to ferrite structure fesulting from
carbon migration from the low-Cr side (T22 HAZ) into the high-Cr side (ER920S-B9WM). When
PWHT duration increased could be seen ferrite band and the width-of ferrite band increased.
This ferrite band had loweér hardness as can be scent from the hardniess results.

3.2 Carbide Precipitate Analysis
The amount of carbide precipitate measure by SEM given in Fig.1 and table 4
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4-.—;1
Fig. 1: SEM image J in hard zone and soft zone

Table 4: Percentage of Carbide precipitate i hard zone and soft zone

"|» Percemage of Carbide precipitate
PWHTtimd | g
 Hard zone Soft zone
03 br. 2083 3.031
1 hr 5.163 2452
3he | | 5766 0.918

Fig. | showed the precipitate particles in the weld metal(Hard Zone) near the weld interface and
HAZ of 2.25Cr-1Mo(Soft Zone) after PWHT for various time duration of 0.5,1 and 3 hour could
be seen precipitation in weld metal along fusion boundary and softening region in HAZ, Table 4
showed the percentage of carbide precipitate in hard zone increased and soft zone decreased as
PWHT duration increased because the amount of chromium was also different between HAZ and
weld metal. The soft zone has less chromium content than the hard zone so carbon migration
from base metal (Soft Zone) to combine with chromium in weld metal (Hard Zone) formed as a
carbide precipitate.

3.3 Carbon Migration Analysis

The EDS dline a:ans technique was performed for determinesthe redistribution of element
between weld metal and HAZ of 2.25Ci-1Mo, The results svere showed in Fig. 2 — 3. PWHT of
dissimilar joining resulted i carbon.migration, From the results of EDS line scans, it was found
that there was decrease of carbon concentration in the HAZ region while there was increase of
carbon concentration in the weld metal near the fusion line due to the coneentration of chromium
that make carbon diffusion from HAZ of 2.25 Cr-1Mo to the weld metal. Carbon diffuses from
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high carbon side to low carbon side. Difference carbon content is the driving force. From the
results it was found that carbon concentration increased as PWHT duration increased.

Fig. 2: SEM/EDS line scans unage. Shows the redistribution of Cr and C across the weld
interface. Cr (blue) and C (green) o!__'.ﬂ;eweldl’WHT at760° /0.5 and 1 hr.

Fig. 3: SEM/EDS line scans image. Shows the redistmbution of Cr and C across the weld
mterface. Cr (blue) and C (orange) of the weld PWHT at 760 °c / 3 hr.

3.3 Hardness Test Analysis

120

90



Ml Mo Hanien o

&

"
-~ ' .
R —— .
- i
' H
L .
" .
1 H
_ % H
£ &‘V"W—M :
B '
- -t
i - — 5. 4 : ' [
70 ~ C y . the
z 8o : e
£ et ' -
¥ e et
i ; 11 o
2
.
H
)
o :
\ o
i
13
1
(] L] e . I8
4542392633 1 27242118 1512090607 0 GI0SMIEILS 15212927 ) RIAE194I 4548515457 6 wm

Fig. 4: Hardness profile across the weld interface before and after PWHT

used in both the as-welded and its variation for the different durations of PWHT temperatures
(760 ) employed are shown in Fig.4 [
|

The microhardness measured along the hger weldment from the filler electrode ER90S-B9

rved for case of the filler electrode ER90S-B9
different durations of 760 ¢ PWHT temperature,
the hardness constant through the lengtl weld and near the fusion line where there occurs
an increase before coming down to th ralue of base metal side as a result of PWHT. The
hardness values were decreased in loeation where the ferrite band presented. When increasing
time of PWHT the movement of carbon is also increased as a result hardness value were
decreased due to base metal(2.25Cr%) contained lower Cr than the weld metal therefore carbon
diffusion from HAZ of basc metal to the weld metal. This will be consistent with the soft zone
has ferrite band formation, which is lower hardness.

As observed in the Fig.4, the hardness v
when no PWHT was done, is very high.

The hardness values in hard zone is higher than soft zone as a result of the carbon derived from
the area of soft zone, the reason being the formation of carbide precipitate in weld metal along
fusion boundary. In increasing time of PWHT, a hard precipitate-rich band on the high Cr side of
the weld interface were decrease because ferrite structure to insert more therefore when the time
of PWHT ntlpngar,n is an annealing, the hardness of this area isreduced..

4. Conclusion

* Ag increasing time of PWHT temperature, the percentage of ferrite was increased and
pearlite was decreased in Hard Zone and Soft Zone. Also, the increase time of PWHT
temperature leads to excessive carbon migration diffuses from high carbon side to low
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carbon side. Therefore, carbide precipitate in hard zone increased and soft zone decreased as
PWHT duration increased.

= EDS variation of individual elements, the chromium rich area is observed in weld metal. In
base metal, the concentration of dots arc observed to be less.

* Hardness was depended on duration of PWHT. Increased time of PWHT, hardness were
decreased. The hardness of hard zone has higher than soft zone.
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