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Effect of Mn Depletion on Intra-granular Ferrite Transformation in Heat Affected Zone of Welding in Low Alloy Steel

Genichi SHIGESATO, Masaaki SUGIYAMA, Shuji ATHARA, Ryuji UEMORI and Yukio TOMITA

Synopsis : Role of Mn depleted zone formed around MnS precipitate in austenite () in transformation of Intra-Granular Ferrite (IGF) in low alloy steel
subjected to simulated thermal cycle of weld Heat Affected Zone (HAZ) has been studied. Mn distribution in y adjacent to MnS were exam-
ined by Field-Emission type Transmission Electron Microscopy (FE-TEM) with Energy Dispersive X-ray Spectroscopy (EDS). Foil samples

for TEM observation were prepared using Focused Ion Beam (FIB) in order to prevent ununiformity of thinning rate of MnS and steel, and to

thin the nucleation site of IGF specified by optical or scanning electron microscopic observations. The authors demonstrated the direct mea-

surement of Mn depleted zone at IGF nucleation site. Mn depletion varied from 0 to 0.4 mass% depending on annealing temperature and

holding time at y phase region. Calculated concentration profiles of Mn near the depleted zone for various thermal cycles showed good

agreement with experimental results. Change in area fraction of IGF with thermal cycle conditions was well explained by the extent of Mn

depletion. It was concluded that formation of IGF was controlled mainly by the Mn depletion effect in low alloy steels.

Key words : intra-granular ferrite (IGF); Mn depleted zone; Mn depletion; heat affected zone (HAZ); low alloy steel; toughness; phase transformation;

FE-TEM.
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L2 U, Mn#@iEl L IGF OB & % BAIZFEE ¢ 5 (2%
EoTwan, ZOREKIL, (1) TEMBEERIZH O TEEL
TS MaSHRT LEIGEFDMTH 2N LT & 1C
MA ., ARHMERMA S T 2125 D [BEEER S R T
b3 L, BEU2)BIEBIECBE L EIEEAR & M4
BI2H7o THMHEMS 21— KZ X ICEE (T2 &
MNEETH 7272 MnS R0 Mn B 4 EREEIZ (B
BHIIZ) BT BIENTE RN 8I2k5,

I, EHSIEHEFR A+ ¥ ¥ — 4 (Focused Ion Beam:
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MnS EZIZHE R & 7 Mn #5888 & BIEIE T 5 Z L 10
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EDS3tric K OMIE L7z, 72, BB th o) MnSHT Y I
& B MnATHIROTEEORRE (b Mn#BIE 73 16) A#3tE L,
FRNE L D AT -7, ThH6DFRAE LI MRS
2857 74 MEREREEDRIZONTERL -,

2. EBRF*E
2.1 HEMSIUCERHAZEY 1 VLG

Table | IZHEEBREEREMRIZ K DERIL 72RO L K
T EINY . RSB A 1423K T3.6ks B, BRIELEIC &
D1ISmm/EOHFRE L, 12mm A X100mmDFEHY 4 27 L
ABR I A BREL L 72, GRBRFY I Fig. 1123 BURBE & 25 FElik
BB IZ X OG5 Lz, (5 U -BBRRII3FEETS 5,
120, KA#EE: (ABE20k)/mm %2 85E) (k158
KHAZHOBIBIRE A FHBET 5728, 163K THIEL Z
D% 823K & T3.6K/s THEMMIZHHAIL | 30s1R 2% L
7z(Fig. 1 5 (C))o k2 2O EEREIL . MnS DHTHL L Mn
FEBEROBGREHANSE Z L 2B E L, 1713KE T5H
W%, (A)IS23K » 5 E(B)I373K £ TssPINTAG L Z
NTNOWEE T100~1000s 7L . ZD% 823K FT5sb
NTEMUBKT30sRIFELT 7254 FEREAEL &
H2RIZ, BRETRW L TEREL B L 7= (Fig. 1; (A),
(B))o BUMITTRNTHe H 2% HWTITH 7=,
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Table 1. Chemical composition of steel studied (mass%).

C Si Mn S Ti Al N
0.08 0.19 1.47 0.004 0.012 0.026 0.004
1713 K x 4s
A 1673 K x 8s

\ A:1523 K x (100~ 1000)s
11373 K x (100~ 1000)s

823 K x 30s

Temperature

(3.6 K/s)

Quench

Time

Fig. 1. Schematic diagrams for
simulating HAZ.

applied thermal cycles

MnS 10 regions

0000000000

Fig. 2. Schematic drawing for measurement of Mn con-
centration by EDS at X nm from the MnS/matrix
interface.

N7ZEDSOMEEIZL O S EWREL D Mo % HIE L
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SEMBIERIZ K D N EMMIGF DR E T2 > T B T & 4 HEER
%, TONEWMEECEB A FIBM TiEICEDE XK
100 nmISERAL D $ 5 Z L2k O ESRIL 72, FIBIILICIE
MEBEIOKV D Ga{ A v ¥ — L% FHN,

EDS 3 Hif§ A 5 O Mn iR AT EIZ . Fe, MnD#HIH
100% &2 K ITHBHEMZ 4V 4 — FL 2EAFNWT
IR L7, 7, HleEsm b3, AEwe i
HEDREA S DOFFEEMR L TH 5 10 #FTIZ B TEDS
A EERL, &HIZHF 5 MnlEERIZEO EWYE4 7
DOFRFEIC B 5 Mg & LTV (Fig. 28H), #ilE
U 7z MoK a#R D X#RFE 53 5 E 13— 512D X 1000~ 1300 7
Vb THY, FHAFTAE100000 Y U ETHES,
—ROBERFIZ200s & L7z, £7-, BHICH WY —
LRI 5me TH 5,
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Fig. 3. Optical microstructures of samples with various annealing conditions in the simulated heat cycles : (a) at 1373K for 100s,
(b) at 1373K for 300, (c) at 1373K for 1000, (d) at 1523K for 1005, (e) at 1523K for 3005, (f) at 1523K for 1000 s.
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Fig. 3, 4 \ZTHIBMRFFEVLEEM 5 & Okt i HIBVLEEH O
FeFSAmMEIC X % 3 7 uROBRERE T T,y
TR T 3 BUERE (Fig 1O&HFABLUB) 215
L7=@B T3, 1373K T100sfRIF L 7235410 & % £ < IGF
BHERLTED, REEEELEL & 31220 TIGFIXED
LTW3, -3 FEEHN1523K L &< k5 & IGFIE L
AERB NI, — 7, 1673K %2 5 &EFmHI L 7238 T
I IGF IR B RAER L 7=, Fig 51220 6 DR IRMEEHIAR
75 IGF DML A JIE L 7R A4, REREH & REr
HEICE D IGFIHEEIZ0~80% DB TEINLL T, f&
AR 5 IZ ONTIGFEMEXETL TS, % ‘ . . .

Fig. 4. Optical microstructure of sample continuously

7o, 133K T L 72854 1000s /FF L T & IGF AR cooled from 1673K.
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Fig. 5. Effects of holding time and annealing temperature
on area fraction of IGF.

Fig. 6. SEM images near inclusions in steels annealed at
(a) 1373K for 100s, and (b) at 1523K for 1000 s.

940% FTUAE P LAV, 1523K TIRFF L 7541203
300s DIRIFTIGFIRIF L AEER L EL BB Z b h
5,

3.2 AEYALDOMNBERD

Fig. 612 1713K £ THIE % 1373K T 100s /¥ L 72 50K
(IGF i f& £ £9 80%) &, 1523K T 1000s iR+ L 7= 06
(IGF HifE=E 0%) 12D\ T, REM A FEPD SEM 8 &R
9o 1373K T 100 s fR#F L 72 a8 Tid ALO,+MnS+TiN 4
TEDEMIZIGEF AR L TO S ERA LR I,
Fig. 6(@)i3Z D —HTH O, fi{Es S MEIRIZRE L 72
IGFR A FI~F5 T/ L7z, £72. SEMIZIZBWTHTEY
DIFEBAALO, 721X TINTH D, HEBAMS TH 5,

— 7, 1523K T 1000sfRFF L 23K T3, F#kOD
ALO;+MnS+TIN & T TEM AL L T T & IGF 34
L6, NEMREISIZy Lo amdhi72b~ L
7 VA4 MR & > Ty B (Fig. 6(b)). Fig. 6(a)D {91
WA EIAKLZSEME, BXUOZONTEY % FIBHILiE
THEF{LL, TEMEISL 2258 % & 4 Fig. 7(a), (OIZ/RT,
Fig. 7(a) & Fig. 7(b){Z[E—D - {E¥D SEM 1% ¥ &K ' TEM 1
TH %7, TEMBRHABERIEIZ, SEMBISOFEIC)E

LzRET v F ook bdnyFUrrBaRELE-D,
BN EL T3, HZIE, SEMIB TR AT

(a) o (b)
Fig. 7. Electron microscopic images of IGF nucleated on

inclusion in samples annealed at 1373K for 100s;
(a) SEM and (b) TEM.
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Fig. 8. Compositional profiles of Mn in steels adjacent to
MnS.
72 ALO;, TINATEMETIER S hAL H->TW5b, L
L, MHKDIGFRIZIZIFTEBDOEETHEEL TH D,
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PRFE L 72308 (Fig. 71258) TiE. MnS & ak ORHEIC
EIIZONTMnIREAEK FLTE D, Riliin S 10nm
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FE O MnBEIZH AT, H04mass%iE FLTWw3,
1373K T 1000s #+F L 723K T & MnS & o & O REEEE T
MnBEEKTARON S A, MniBEETE (RE» 56 +5
(200~300nm) HEN 2 FEIK TOMnIEE L D) ZREH S
FI10nm D FEHEEIZ & % FHIK TH 0.2mass% & R/ X Wy,
—7F, 1523K T 1000sec f##F L 22adA R CL2 Rl EeE T8 8
HMnBEIZKT§2 25 —EflidRmL T 5,

3.3 MnFHEEFEROEE
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ats — s( (;,,ZS -{-7 arS ) ("0§"§rmax) ................ ( 2)

ZZ7T, CpB XUV CEE 4, Mn & SO (mass%),
Dy, & Dgi3 4, Mn & SOFHDILRURI T, wmE IK)D
B, (I3BRR, A IEATEMI(MnS) 0 % R &5 S EREERE
r T EM AR L RE L 2558 DF1E, r, 30 £
YPEE#D 12 TH B, MnS & yOREIZHENWT, Mnk SD
BIRERIIMaSIZH L CRMICTPFEE2RD LIRET S
&,
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CMn, C

Iy I'max
Fig. 9. Model for calculation of Mn and S profiles in ¥
phase adjacent to MnS.
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ZIZT, ABLUBRERTSH S, £72, MnSOMHH 3
VIR I B WT, BEDEIZXL 5 Mn & SO flux 2 MnS
DILFEHRILQ - DIZHE LI EH» 6 TFTRAK D D,

ICin
" or

Dy

ZIT, CyuyBLUVC3HB4 . MnbB XU SDOELGH

(mole fraction) Tdh 5. & 61, BERFRMN %,
ICy dCy
! =D S0 ceere e e e e e 5
ar _ S &" s ( )

‘max

L, &ML LTI3BKIZE DTy Mnk KU SD
YuEE A K % 1.5mass%, 0.0001 mass% D —TEM & LT,
HEA S HEH, RFBOBEIZHT 5 MnSTERE - #HTH,
Mn & SOHEEE(1)~(5)REHELEH S Z LIZKDEIER
Lize 22T, AMEAFDOSOREIZADE T, MnSH1E

D 24 1, =0.5 um (=X LT r =10 um & L7z, A3,

reDELIZ P E DT, EE LT,

Fig.10(2, 2FOMRFHRE T 23 EMR, LU,
HAEHHNC T 23 ERRA T T, HEMIZyPTOMnE &
USSR | REElZ 1373K 36 L U 1523K TOIREFRER, AKX
BT X HEOENIIEE 2 KT, FEEREIZH VL TMS i
BRTE7-912, TEPREOMnE SOREERVHS7-A
Bl o TED, ZOHOAHHAMIEIZ T MnS 2 FT
W 3700, THEWRERLOMn & SOREIZEKTL, W
bW MnAEEAER I NS, 152K TREL 2546
(Fig.10(a)), RENIFEIZH T 2 MniREK TEINE <, &
KTH0.1mass% (F50s{fiF L 2Em) Th . REGRE
MAHEIZELS A3E, REAAFETOMIREDKTERIXZ
SIT/NE LD, 95005 L E#E T 5 & Mn iR R T A
OOPEMICRAREL ~EE A D, —F, 3K THRIFL

Fig. 10. Calculated Mn and S profiles in y phase annealed at (a) 1523K, (b) 1373K, and (c) continuously cooled.
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B A (Fig.10(b)), REEFEIZH T 5 MniBEK FRIZRAT
$03mass% 2D (F9100sfRFF L 728555) |, BIFRIRE
LTEHFERFETOMIBEKTEHEHAETSZ I &L,
1000sfRFF L 7235 A28 W T 802 mass% D Mn BB KT
BRLND,

PLESH LT, Eigm AR R (Fig.10(c)) TIX, Mn& SD
ERERMRE L LRI T 20 TREEFHD MniRE
BTRIIKELS LS,

4, EE

4.1 MnREOREREE

AEERTIE, HMREE AR T 2 29I Riir & O FERE
A 10nm KO E TO MniEIZHEIE L Ty, Z
13, MnS & oD R A BB FHRAF HFEIIK L TREIZET
(o PF V) ZFTB3ZENTELE»-220, RA»S
O PHBEAS 10 nm KO RLE TIZ MnS 7 5 DHEXBES %
BHLTLES 2D THD, RIE Ty V4 VIC “?—373
o ZRRIREA T 7w P TR kL&, FIBEIS
iR AL DRI RAL U 723855 A3 I 2 D FuD R A 6‘4‘
NTWzdbEIOGNS, L2 -T, SHOAIEHRE
BLITOEBRETRT LD IZFEFED MniRE 516 4 (21T
LT3 eEL6NED, AEHEROE N, 5 O 5 kEE
DWFERMIIFKEN TS,

s, REL»S NN AD MnEE TR £0.03
mass% DFEE TIXIF—E L L5, FIAIL, Fig. 8IZ/nL 72
K12, 1373K, 100sTRFFH TIE A A A 54 100nm Ll _E

BEN 7= A T MR (38 1.54~1.57 mass% CTdH D, IR
BEEE NS, ManRZEOHIEIZHELR T &
Bbhhr %, EDSHOREE % RET 2 RTO—DIZ3HEGER
EZND D, GHEERES Q)i T v P ENETH LR
B 100N & 25 %, AEBRTIEMnKafRO# A 7~ b
¥id 10000k E (108 EHAE) Th DEHKREIZ1%E
Brlikd, o> TMnERED1.5mass% DA, FEEE
IZED K EEZINL0015mass% BETH D, LiIcoHElE
RBEIXEBARETH S, 72720, RE» o +oicin-fr
BElZET 5 MniEE (BBHEMiEE) ZHlERBHzI kbR
L7 %D, RUABEORHETH-TE, B, 5
RV A SRS 35T & » TR Mn iR IE X 1.5~1.7
mass% DFPHTEE L Tz, ZHiZ I 7 afmthc EDRE
MOMINREOD S ENRHEEL--0THIEEILLN
3, Z0E32, AP TLICREMIERIZZH T3,
biboo Z & L AR TR R M iR I & A EEL
BT —ETHD, MaRZEFFHET 5 Z LA H5 0T
HDBIENMERTE =,
4.2 MnHEEHEEEEHBERODE

Table 2 {24 DDEJGREZMAF IR L T, MnS/BHH R T
ZHETAMBEEETFE (MaRZR) O LG EE

28

Table 2. Relationship between area fraction of IGF and
Mn depletion.

annealing |Mn depletion|Mn depletion| IGF area
condition | (measured) | (calculated) | fraction
1373K fo
" | 0.4mass% | 0.3mass% | 80%
100s
1373K for . . .
1000s 0.2mass% | 0.2mass% 40%
1523K for . . .
1000s 0 mass% 0 mass% 0%
Continuo
inuous - 0.6mass% 70%
Cooling

/T, MniREIK MRS, AN, 3HEEE L ICRm A
SOREEA10mmDVE TOMIBEL LR, /7,
ATREAy POMIRE AR LD THIDIIH/LT,
FHHE S aPOMNIREAREL 28D THS., LaL,
Mn O @i H LR B A 6 GHE4 % & 823K TORE R R
@BOs)TIEMNIZIELAEER L ENTZ 25, yHaXRE
A TMnBEE A MIZA L T Hilr X h, M
FHOMBEEATETH 5,

Mn¥ KU SO AT BER L BT EHEOIRED» HETHE L
7= Mn 7 B O WK IE, FE-TEM TO EDS 43 O FHl{E
(272U, EHAAIGE oo LT RRE) &FE-3%L
TWBIEhs, KEBOGIHS I L—3 3 VICHO
EFIUBEFEO MnAEIEOBRBEA IZITHBLTH5
ZEARRLTVS, Thilt, SRDHBEY I v —-va Vv
DIERD S Mn 7 IR DAL & Mn R Z 812 RIE§ BUE HE

DWBERODEIIHERTEIENTES, $5bb, @
anif*izﬁigﬁsm%vh&ttm‘fd\énf:&) MnS*ﬁﬂfx

2RO M FEE AT X B . @MnSHiHiA & 5123
&,%bfs#ﬁ%bMﬁﬁmﬁkmﬁéo%®%é6_
ZOWRETRIFT S5 & MnDIEEDAHK I D, Mn i
BRAVREIZERR L T <, 1373K TORBFRB AR VLIBE
IZMn/RZEANZL BEBZDRZIDEDTH S, @1523K

DX ‘f%ﬁ?ﬁ%ﬁiﬁbli%Ali Mn & S DEFREEFE A K
EN2DIZMaS T B IE AR ZDHRD MnfLEGRE &

B8, Mn ARG ERRE THKT 5. L2t T,
I 5 DOFRERIE Yamamoto 5 'V, Fujioka & 'YL ED
RIS K S EHERER (REMARE ORE £ YIHIKE L L

TR &EMMII—H35, LAL, AR
MnS DIERIZ L D REEFHEOMn &L SOBRENEFL K EL
L, Zhd, mHEROLRICHET 2 Z 32 TH
D, MIPWEGERIOGT EAERE & & I12MnfRAEIKO K &
IGFOAEK & DOBREERTHFEIZBEFEIDETH 5,
7, MniREDOK F23%F 2 LEOREH & OFFEEE4 Mn
TEBOKE L L TEET S L, MnAmHEKOAE X
AHETHI 100 nm Td 5 DIZK U THRENE TIZH40nm &/
XV, ZORERKE L TidMn, SOILEURERZHGEE DK



BhEAEZONDH, MnS/BHEREE D 40nm L _EOFE
BEZB TR A MnAEEAER E/2E LTE Mn
RZEMNEDS BT DBEFH & FHHIT A 5720, AEEK
TREFOGHEEWEICTE LR D EEDbN S,
4.3 IGFER#E

Table 2 |2 FEBELME I 2 IGFHIEEE R L7z, Z
OFEBRN SIS 7% &k 512, IGFEEZE Z MnS 38D Mn
BEEETEE XOREREHA S D, Mo KA IGF 4 K
ICEEAEREARELTHWAIEAREL TS, ThD
%, 133K TORFETIE MR ZEIZIE U TIGFHEEED
ZALTHD, MnRZBMAKEZVELE IGFEHBENKE
ko TWWb, £/, 1523KD EREHBRFE T Mn K

THRENZ LB L CTIGFHEMEEDN0%IZE > T\ 5,
LI EofE Az FE L SRl TRk TH B, T, ﬁ%%
HMBEOIBA I HEERICB O TRRICRRA LS 2

REZBIEBEREKRELS BN,
1373K ORI L R L N2 s > T b,
IGFHfEE 4 #5354, f4 OKTDIGF A IKEELL
Sz A HEREE R A TER T O 4 ORI (EREE) E5E
FTEHENENRD B, AERTIE, TEDMEEZISABTIEL
AEEALETH200HMM TH B I L AMELTNHLED
T, Mn/RZEBLHMEEOAIZEHL T, SRIOERT
BoNIGFEBEDE(IZDONTUTIZER T 5,
Mnid yFERILETH O, #H0O MniREE 2 1 mass% (K T
T3 L yaZRERAITHNSK EFHT5Z AN TN
B, L7=hioT, 1373K DB O 8541213 MnS &
T MnEE A0 4mass%llE FLTWB Z &n s, KRE
FEAI20K 1H L, MnSEZE CHEMICERE S BIA L 72
LOEEZLND, 2L, TOEAE, MnigEDK TR
BEBEAMEOBERLVBARIET S L, KNEERH
AR R A RE B IS & TOK DLW O Z & & B TE
FBBEAS D, yRRTOEERGHEE 2RO MnS
E%ibéé%h%w&%ié@ﬁ‘%?&é ENES S E
Ty BIRE A, 5 823K EF TRA L2 2is, i ak
ﬁﬁtm&%ﬂ?@mmﬁi&btt@&&iéh,m%
L) EWIGFRMEAEO -0 EbN D, 72,
1373K OB REMEFEM TIEMn R ZEASERL THD,
R A 12 I8 L T IGF DEREBEAYE T L 72 & O & I
T3, 1523KD BEBEFM CEIMARZENOOEED .
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