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Effect of Carbon Content and Welding Heat Input on the Heat
Affected Zone of 304 Stainless Steel

Eun Jong Oh

Department of Metallurgical Engineering, The Graduate School,

Pukyong National University

Abstract

As a result of welding 304 stainless steel which has a high
carbon content containing 0.074wt.%C with an heat input of minimum
60kJ/in to investigate the effect of carbon content and welding
heat input on the heat affected zone of austenitic stainless
steels, a variety of tests to identify characteristics such as
nondestructive properties, mechanical properties, chemical
compositions, delta ferrire contents and structure observation
satisfied all the requirements, but the intergranular corrosion
by ASTM A262 test was observed at a specific location of the heat

affected zone. The sensitization phenomena according to



intergranular corrosion of the heat affected zone was confirmed by
the temperature distribution analysis using SYSWELD 2014 program.

However, as a result of welding 304 stainless steel which has a
carbon content containing 0.064wt.%C with an heat input of minimum
60 kJ/in, the resistance to intergranular corrosion was confirmed
in the heat affected zone.

Therefore, 1t i1s deemed necessary to limit the maximum O.65wt .%C
of carbon content and maximum 60kJ/in of welding heat input to be
applied to industrial field welding to ensure corrosion resistance

of 304 series stainless steel in a corrosive environment .
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Qg UolEA 2H g ~7(Austenitic stainless steel)S %,
1 % Aol E& AFE EAHoE QA WAL BE I, &

(Intergranular corrosion)®] A7} AF] A oA A &4 oz WS}

1 Qo] chFe §4 2a0 ST F UE AANY A9 BRyol

o A= Max. 0.065wt.%Ce] A ¥A(C) 3% B Max. 60kJ/in®] &4
Qld (Welding heat input)® A3t o}, o]o] that A 2] &
= AAA AR ES v F=3 AA o).

e B A Ed o3l ovlst(Sensitization) <&
= G 7tdE 9 dF-(Heat affected zone, HAZ)oll Al AA A
A7 (Cr) &shEo] AEste] YAl A A W2 a4d a7 7
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2. 49 & 2 ¥

2.1 N & §xds

Ao AREEE 304 2HII Y2 AR A Aol A 'A(C) 3
2ol gfAl 279l Max. 0.065wt.%C Huk e BA%ES JHA
0.074wt.%Ce] ASIM A182 F304HE #-&3tal, BHULZFE AA= A
27191 Max. 60 kJ/in BT} & Min. 60 kJ/inS A&go=zx, 4
Ao mA e dEFs F o dAg 24 AdEe sl ASTM
A182 F304H Al=9] 313t A% 2 7|AA EAx= Table. 1 2 Table.
20 YERH AT

Ag9 FAE 10mm (Coupon No.1) 2 40mm (Coupon No.2)= =H| &}
o Min. 60 kJ/in 84 E=e] oF2 F79 T4 FA vA+= 3
g5 AESoH, AAl Y @A dY ALH e & £d

M 2% 30° 2 Single V Groove 7HA &EALS 717 Al5E 2 150mm

HE

! Zo] 400mm= FH| 5 TF. Coupon No.1 % Coupon No.29] A]Zo tf
A 2 R F4Le Fig. 1o YeERAL.

E92 Foj= ofa &S 98 &M= ASME Section II Part C
SFA-5.22% & JfZol| W E308LTI-18 #&3tgon, 3te A& o
7IAA EAd X+ Table. 3 ¥ Table. 4] YeE AT,

r



Table. 1 Chemical compositions of ASTM A182 F304H

Comp. : :

C Mn P S Si N1 Cr
(wt . %)
Spec. 0.04~ | Max. Max. Max. Max. 8.0~ | 18.0~
(ASTM) 0.10 2.00 | 0.045 | 0.030 | 1.00 11.0 20.0
Actual 0.074 | 1.405 [ 0.0313]0.0130| 0.455 | 8.44 | 18.53

Table. 2 Tensile properties of ASTM A182 F304H

p . Tensile Strength | Yield Strength Elongation
roper
e (ksi) N (%)
Spec. . ) !
Min. 75 Min. 30 Min. 30
(ASTM)
Actual &8.2 . 3 61.1




400mm a0°
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Coupon No.2 4

40mm

h 4

'y
h 4

150mm

Fig. 1 Dimension and groove feature of test coupons for welding



Table. 3 Chemical compositions of E308LT1-1

Comp.

C C
(wt. %) !

Ni Mo Mn Si

Ti V N CbtTa

Spec. Max. | 18.0~
(ASME) | 0.04 | 21.0

9.0~ | Max. | 0.5~ | Max.
11.0 | 0.75 | 2.5 1.0

Max. | Max. | Max.
0.04 | 0.03 | 0.5

Actual | 0.018 | 19.8

9.8 [ 6,02/ 1.688 0565

0.016 [ 0.011| 0.02 | 0.02

.04710.070 1 0.076 | 0.033

Table. 4 Tensile properties of E308LT1-1

Property Tensile Strength (ksi) Yield Strength (ksi) Elongation (%)
Spec. (ASME) Min. 75 - Min. 35
Actual 81 56 46
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Table. 5 Welding conditions of Coupon No. 1 & 2

Parameters Welding conditions
Welding process FCAW
Filler metal E308LT1-1 (@ 1.2mm)
Welding heat input Min. 60kJ/in
Preheat temperature Min. 16T
Interpass temperature Max. 175C
Shielding gas COs 100%
Welding position Flat

Coupon No.1 (A= F7 10mm)¥ & 53 2% 60.8~61.7kJ/ine ¥4 <H
Foz &S 3%lem, Coupon No.2 (A& 77 40mm)+= F 229 =&

62.0~62.5kJ/in®] JEFoZ §HS It AL WE FE F



2.2 A1gH Ho]-olx ¢ JF
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Fig. 2 Schematic lay—-out drawing for machining of test specimens



2.3 A% Wy

2.3.1 gAY

Coupon No.1 (A= F7 10mm) 2 Coupon No.2 (A= F7 40mm)<]
27 Al ASME Section IIT % VYol H|g¥ A3 m= Q7o whe}

NN HFGAAIE (PT), WA FIAAIFH(RT) 2 2SI SAE 0D S
FPsle] g5 At off U HHAAHS HIbsE ).

2.3.2 71704 44 N ¥

ASME Section IX QW-462.279¢] wel zt 47)9] waAIHS 7}23
S &1 o AAVE w3 WIS WHEE Fig. 33 #Zo] ASME
Section IX QW-1607¢] wgl =S 180° ZAxz A= 3 =W 743

7)
A&l (Transverse Side Guided Bend Test)< <=3)3}Sitt.

Fig. 3 Feature of specimens of transverse side guided bend test
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Fig. 5 Measurement positions of hardness test

4) =73 Ad
Fig. 63 7+o] ASME Section II Part A SA370 Fig. 11(a)®e] wh&}

Charpy V-notch type A A|HE 7}1Fsle] 817 371, 93 370

2 w2 3702 F 9l AlEES FH S
A8 F71719] 7H5F Lowest service temperature$! 1.6C

AL A4 s 9% -196TCTE A 252 dAsto] ASME Section

IT Part A SA370%¢l W&} Charpy V-notch =ZA|& S F8513t).

al ¥
= 1

Fig. 6 Specimen shape for charpy V-notch impact test (Notch 2mm)
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2.3.3 3AEE 24 R LE S0l E =4

AE BHEE A2 2 An) 7| AI7FES 3 & Spectro emission
WO 2 3lehd S Ao, SR FEA A5
T A

SME Section II Part C SFA-5.22 E308LT1-1¥

7HA e719Q]
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165 o selth
S5l Ferrite GaugeE H=3dlo] 543+ Magnetic measurement
2 BHF ARE AFHF ] s E A

O =
e ©

}+= Chemical analysis

tlo
5
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off

o
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Magnetic measurement©l] W& Ferrite Gauge? =4 99X+ ASME
Section 111 3= @79 wat Fig. 73 7o) Ferrite number (FN)Z
6 Mae] Ao v JAarkE: 61

o

gate] Fargto = gRlskirt.
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Fig. 7 Ferrite measurement positions by magnetic measurement
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Fig. 8 WRC-1992 Diagram of ASME Section III NB Code
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2.3.4 &3F9 =3 aF

ASTM E3-117 m=of whe} 22 Al¥#HS 3u Diamond pasted &3l
Z8AS 3 5 Chromic acid® oS 3 FwWol| 10 #& = Macro
structure® #EEN o, =24 AFHS 1p Diamond pasted 53l
Z#AE 3 5 Chromic acid® ol FS 3 Tl 200 vi& = Micro
structures ¥z},

AN
ST, d9ss 2 BAQE O E Macro structure AALE &=

= 1, O o
3 &7 AdS skolEtal, Micro structure AANES £33 2 a# ¢l n)
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ASTM A262 4A 52 A& Practice A =& Practice E A|E S &

o] B3 Rt v+
JS T A4

P, ol

RIS

N

T-8F3 o™ Practice A A|doA] E3F

o a4 A el durom
E

ml N

g A

Al

N

ot} HA oF2 717} £0]38 Practice =
=HE addte] H Ao A= ASTM A262 Practice E A1 &L $3) 35}
Jge) g P 542 B,

Practice Eix= Copper sulfate (CuSOs - 5H,0) 100gS- 700ml <=l

gd £3E A7 T, 100me] Sulfuric acid(lS0)E 371 T35t

AFHOR 1,008 FHE HHA7 gl ANPGRS FUste]
ES 5 G3a}e] 5-20

jus}
-

Fig. 9 Specimen features of ASIM A262 Practice E intergranular
corrosion test

_15_



Coupon No.1 % Coupon No.29] &4 dF=k (0.074wt.%Ce] S SFHE A
FH o] ASIM A262 Practice E &31o] tigh ov] AIg Ay, EFAOR
#Ao] Hol AR v FF Al 87120 Max. 0.065wt.%Ce] YA -
2 Aol gk dsol dasiA HA.

olo] wz}, Coupon No.3 (A& F7 10mm) 2 Coupon No.4 (A& F
Al 40mm)e] A = 0.064wt.%CQ) ASTM A240 Type 304 = Ao
Coupon No.1 % Coupon No.29 AlH F7|, &4WH 2714, 8494
FMin. 60kJ/in) & AlE B4 R &4 208 s st &4 A
PAF-AANE S F7FE FHSAT.

olg1dt 71 AlgS $13l, Coupon No.3<2> % 38|25 60.1~62.2kJ/in
o JddFor EHE o™, Coupon No.4+= F 218 ~E5 61.0~

62.4kJ/ine] YJEFoZ &HS UL

W)

AL AR F, 24 B2

Ae

BN
N
=)
i
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H
%
(@]

0{1
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oupon No.3 @ Coupon No.4oA] =F 3t A HHS
3u Diamond pasteE &3] =S 3 3, Chromic acid® o HFS 3
EH 10 wl& = Macro structureE #&AsIow, &H7%H, €9
T8 2AE ddeR &4 A3 EA AFE Felsln.

AARA AL 5] Coupon No.3 Z Coupon No.4o A 2NFH 3+ A&

S ASTM A262 Practice E¥ &71¢] we} &1 2 xS 3 &, 1
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3.2 71AH 44 37}

3.2.1 58 84 &4
ASME Section IX QW-163"9] 3 A& H7} 7)3o] wel 3mE
SHA] &= HI BEAEHIE Qv AS &40l HH, 7 4719 A Y

5
=4 3 33 AlES ¢ A7, Table. 77 Zo] ojulg €I EASH

PN
)

o
=

r'l

3.2.2 AF A= B4

ASME Section IX QW-1537¢] 1% A& W7} 7|Fo] wlel =AY
A9 AE oY FE THE AS ol HH, Z4 279 AEA
S 3 A AdS 3 A, Table. 83 o] 595~603 MPa2] U} ®=
s Qo] A182 F304H] FH4& Q1 AE#kQl 515 MPaS RHE3FSITH.

3

¥ 23] Imm Aol 4545 2 ZAE Im HF o= 53-d 9}
AFgFHE= 0.6mm HH4 o2 37HE &% 10kgfo] vlolAz2 HA~ H
XS SH3 A3}, Table. 99 o] ZA 2 187~199HV
FEFH-] 172-19THV BEA7F FAR s B

A 8w ARG 48] o8 Pt
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Table. 7 The results of transverse side guided bend test

Coupon No. Specimen #1 Specimen #2 Specimen #3 Specimen #4 Test Results
No open No open No open No open
1 . . . AL : a2 . . Accept
discontinuity discontinuity discontinuity discontinuity
No open No open No open No open
2 . . : 7 ] 8 ) . Accept
discontinuity discontinuity discontinuity discontinuity

|
© Table. 8 The results of transverse tension test
|

Coupon No. Specimen No. Testog imp. Spel;érzziséizd)strength A(cl\‘/cﬂjlz)l Test Results
#1 20 515 603 Accept
! #2 20 515 601 Accept
#1 20 515 595 Accept
. #2 20 515 595 Accept




3.2.4 =3 7} = EA

LA F71719] 7Hs%F Lowest service temperature$! 1.6CE Al
L2 AASIY] ZAANFE FAsE A9 5o A7) Min., 67.7]
&

ojAbol HW stAo] HAr}t, dlFd %A Coupon No.1 Z Coupon No.2

of thel =4 370, 93N 7] D =4 3709 F 97 Ald A
Charpy V-notch AAE S F3st A3}, & TAS AgHANN 5

e,
[

Z] o]
1w

she] wha AA7E HASA he Ash Uehgth oleld A
3

exdN Ads we Ay 2t

& Ve AL o)
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FAdor 304 ~EA 2% AAe] FAL A%
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ol
20
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Table. 9 The results of micro vickers hardness test

Coupon Measurement positions (HV, Avg.)
No. Weldment HAZ Base metal
1 174 185.7 192
2 179 196.3 192.8

Table. 10 The results of Charpy V-notch impact test at extreme low

temperature
2 Absorbed
est
Lot _ TestoTemp. Energy Test Results
No. Locations (C)
(J, Avg.)
Except
Weldment -196 38.0 _
evaluation
1 HAZ -196 79.0 Satisfactory
Base metal =196 104.3 Satisfactory
Except
Weldment -196 36.3
evaluation
2 HAZ -196 77.0 Satisfactory
Base metal -196 122.6 Satisfactory
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3.3 33EE & dE HZelE B}

Sl digk gegE B4S S An, Table. 113 9]
ASME Section II Part C SFA-5.227¢] E308LT1-1 &7} 3l =4 &
AS TEE .

Aglo] AbEHE EAE 0.074wt .%C €4 SFS UM 3wk 55
(High carbon grade)dol= &8kl E308LT1-1 €741 283 &4
48 Max. 0.03% A3aS 717 A w4 S5 (Low carbon grade)E

g = Jdvk. I, =& YDl wek 34 EDilution
A

Z=o]] )3t Magnetic measurement % Chemical analysis W ol

et ZAHE el HgolE LS Table. 129 #ow, ¢z el

dete]E qfAl 83191 8~15 FN& WEsta 9le] e i (Hot

cracking)oll gk A @A o] i3 Aow YER.

o] A}-4% E308LTI-187}A1e] e} #|afo]E gHeko] 8.3~8.5 FN

) HAE e w, Table. 129} 7ol &A% e Hopo|E
0

7 RNew® ZAEo] 2 Fol7} flo] hAHQ Aur} ek
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i 2.3.3 (2)89] Fig. 8 WRC-1992 Diagramol| W= C& Ni G5
o F7kel 2 aolo® Hgate] IN g HaAvle SR or &
A glo} 'k el & RAC A, SFATES N ghs g
d AoR ool HAY. Ty AY Ay 29
BN #lol S7hs= A3E RoFdo. weps SHu5] 2 detol
E &2 EAEYgs VM gl § 2 9d%s VA= As
seletink. 3 AT Aojol wE SAREe] W e

& we] WA dRE A7) et 9e detel =] e 457
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Table. 11 The chemical analysis compositions of weldment

Comp. i . ;
C Cr Ni Mo Mn Si P S Cu Co Ti V N CbtTa
(wt .%)
Spec. | Max. |18.0~] 9.0~ | Max. | 0.5~ | Max. | Max. | Max. | Max.
(ASME) | 0.04 | 21.0 | 11.0 | 0.75 A 5, 1.0 0.04 | 0.03 0.5
C
;upin 0.029 | 19.58 | 9.60 | 0,03 | 1.44 | 0.61 | 0.019|0.012| 0.05 | 0.026 | 0.040 | 0.052 | 0.034 | 0.028
0.
Coupon
No.2 0.024119.741 9.65 | 0.02 | 1.19 | 0.56 | 0.019(0.013| 0.04 | 0.03 [ 0.040| 0.06 |0.042 | 0.015
0.
Table. 12 The delta ferrite contents of weldment
Coupon Magnetic measurement Chemical analysis
No. (FN. Avg.) Ni eq Cr eq FN
1 9.2 11.31 19.63 10.0
2 9.9 11.34 19.77 10.7
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2 219] Macro structure
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Photo 2 Macro structure of coupon No.2 (x10)
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Photo 3 Micro structure of coupon No.1l (x200)
(a) Weldment (b) HAZ (c) Base metal




_LZ_

B I = -
St I vl .
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Photo 4 Micro structure of coupon No.2 (x200)
(a) Weldment (b) HAZ (c) Base metal



3.5 A F4 A HI}
3.5.1 ASTM A262 = =9 A F4 H7} 7|&

ASTM A262 Practice E A &8¥e| = 3 A& A3}, Photo 59 7o)
TEoly HA &4 ofFd wet §24 HrF 7F=S AAstaL e,

Passing test specimen % Failing test specimen® @ —-&3}al T},

3.5.2 2H| A3 27(0.074wt .%C) Y LA B2 EA H}

22 EbA ko] FA] QA< Max. 0.065wt.%C HTF & B
0.074wt .%C gr=Fe] o AHUolE g g ~7 = Ao Min. 60k]J/in &
Add=s A3k &7 AlAY ASTM A262 Practice E A &9 Ax=

Table. 133} o] YERNIL ST},

Table. 13 ASIM A262 Practice E test results for coupon No.1l & No.2

Coupon Coupon Test Locations
No. Thick. Weldment HAZ Base metal
1 10mm Accept Accept Accept
2 40mm Accept Reject Accept
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Photo 5 View of the Bent Area by ASTM A262 Practice E test

(a) Passing test specimen (x20) (b) Failing test specimen (x20)
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Photo 6 View of the bent area of coupon No.l by ASTM A262 Practice E test (x10)
(a) Weldment (b) HAZ (c) Base metal
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Photo 7 View of the bent area of coupon No.2 by ASIM A262 Practice E
(a) Weldment (b) HAZ (c) Base metal

test (x10)
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Approximately fusion line

Photo 8 Detail view of HAZ on the bent area of coupon No.2 by ASTM A262 Practice E test (x10)
(a) 2mm over HAZ from fusion line (b) HAZ of Photo 7 (c) HAZ near fusion line
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Table. 14 EFA 3FeF 0.064wt . %CQ1 L AHUolE A Qg A7 &
Aol Min. 60kJ/ine] SRHPEHFS #&3 &3 AJHe ASIM A262
Practice E9] A¥E Yeljaz 9 , Photo 11 % Photo 129} %o

AE HoFa glon, oy

[o
NE

Table. 14 ASTIM A262 Practice E test results for coupon No.3 & No.4

Coupon Coupon Test Locations
No. Thick. Weldment HAZ Base metal
3 10mm Accept Accept Accept
4 40mm Accept Accept Accept
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Photo 11 View of the bent area of coupon No.3 by ASIM A262 Practice E test (x10)
(a) Weldment (b) HAZ (c) Base metal
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Photo 12 View of the bent area of coupon No.3 by ASIM A262 Practice E test (x10)
(a) Weldment (b) HAZ (c) Base metal
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Table. 15 Welding conditions of coupon No.l

Parameters Welding conditions Remarks
Coupon material ASTM A182 F304H 0.074 wt .%C
Coupon thickness 10mm V-Groove
Welding process FCAW Semi-auto

Filler metal E308LT1-1 Wire(® 1.2mm)
Welding heat input 60.8~61.7kJ/in Total 5 Pass

ASTM A262 Practice E A8 A¥}, Fig. 107} Zo] &§AAMN =49
dAFE= ddoly HAol gl &4 xZo] #FFAFHJOY, &5
Ao R2HE 2mm o] ol AP = Fdo] AzEo JA H A

e oshrh AEE S
4.1 E9FFY 2= EX 34

Fig. 119] SYSWELD 2014 Z 2198 =& A F2o] A &HE= 3
S 7wk, & 5AAN 2 EEAAHNCEEEH Im (FHo 2 4mm A
A7k F s5utdlel i 2% BE e sy, wHe &8
A (Fig. 12), xHO &FAANSZRE lom B A A (Fig. 13),
FHe] &EFAANOZTE 2m Eolx A (Fig. 14), W9 &8§7
Ao ZRE 3mm Dol M (Fig. 15) ¥ T &§4AMC=ZRE
4mm B 7 A F(Fig. 16)e tigh 2% 3 4 A34E Yo 3l
o}, w3zl ool 2% 71l 650~870TC = &A3HA P sk 2%

¢l 1000C*= Welding Metal lurgy' & Zz3}it}),
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Fig.

Fusion line

B Accept
EBeject
ID}.

10 The results of ASTM A262 Practice E test for 0.074 wt.%C test coupon
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Fig. 11 Schematic sequence diagram of temperature distribution

analysis by SYSWELD 2014 program
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Fig.
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13 Temperature distribution analysis at a point lmm away from fusion line of the surface
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Fig. 14 Temperature distribution analysis at a point 2mm away from fusion line of the surface
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Fig. 15 Temperature distribution analysis at a point 3mm away from fusion line of the surface
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Fig. 16 Temperature distribution analysis at a point 4mm away from fusion line of the surface
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Table. 16 Duration

of sensitizing temperature during each pass

of welds (sec)

Distance 3rd pass ) Duration

¢ 1st 2nd 4th 5th Total Solution temp. . It
Tom g ; minus solution
. ) pass pass Durl.ng Dur%ng pass pass duration of 1,000C
fusion line heating cooling temp. effects

Omm 0 =0 0.8 8.0 =0 =0 =88 Over =8.0
Imm 0 0 1.0 9.0 =0 0 =10.0 Over =9.0
2mm 0 0 15 10.5 0 0 12.0 Below 12.0
3mm 0 0 14.6 0 0 14.6 Below 14.6
4mm 0 0 10.2 0 0 10.2 Below 10.2
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Fig. 17 Temperature distribution analysis of 3rd pass
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Table. 17 Duration of sensitizing temperature during 3rd pass of welds (sec)

Distance Lipiing eziing Liting cocling Total Solution Duration
from 650°C 870C | Duration | 650C 870C | Duration | duration temp. minus
fusion | Start | Finish Start | Finish of solution
line (2) b) (ot ) (e) (=t (c+f) 1,000C temp. effect
Omm | 20026 | 20034 0.8 20153 | 20233 80 88 Over 80
Imm | 20037 | 20047 1.0 20139 | 20229 9.0 100 Over 9.0
omm | 20047 | 20062 15 20114 | 20219 105 120 Below 120
3mm | 20059 - > - 20205 - 14.6 Below 14.6
dmm | 20079 - - = 201811 - 102 Below 102
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