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Abstract

A cracking failure of a austenitic stainless steel elbow in a naphtha cracking line in a petrochemical
plant occurred, resulting in leakage of organic compound flowing inside the elbow. Due to the failure,
emergency shutdown of the plant was enforced to repair the troubled part of the line. The repair cost
as well as production loss during the unscheduled plant shutdown had cost the company a great amount
of financial loss. In this studies, a failure analysis of the cracked elbow was performed using NDT, chemical
analysis, microstructural analysis including optical microscopy as well as scanning electron microscopy with
EPMA, mechanical testings such as tensile testing, hardness testing and Charphy impact test fractography.
The results indicated that several problems such as a welding defect and presence of a detrimental phase
which was found to be related to improper postforming heat treatment process was identified ans the

failure was concluded to be due to a low temperature embrittlement of the defect-containing elbows.
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Fig. 1 Results of Liquid Dye-Penetration Testing on E6B
(L), E6B(U), and E6B(N)
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Table 1. Chemical composition analysis of E6B(L)
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(in Wt.%)
Al #H C St |[Mn| P S Cr Ni
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1) X100 2) X100
Cross Sectional View Veld Metal
of Lack of Fusion
'3) X200 4) X50
Crack Tip Area Cross Sectional View
in the Weld Metal of Veld Metal
5) X50 6) X200

Top Viev of L/F and
Crack in the Base Metal

Crack Tip Area
in the Base Metal

7) X500
Crack in the Weld Metal

Fig. 2 Microsturctures of E6B(L) :

¢) optical microstructures

c)

a) schematic view of cut-out section,
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b) description of figures,
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Fig. 3 Fesults of X-ray diffraction analysis
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Fig. 4 TEM Bright field images of austenite and
martensite phase observed in E6B(L)
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Fig. 5 Microsturctures of E6B(U) i a) weld root area showing lack of fusion, X100, b) from parent metal, X100, ¢) cross
crack observed in the weld bead, X50, d) cross sectional view of the cross crack parallel to weld bead, X200
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Fig. 6 Microstures of E6B(N) ; a) weld root area showing lack of fusion, X100, b) higher magnification from the same area,
X200, ) top view of the lack of fusion and notch at the weld root, X50
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Fig. 7 SEM microstructure of E6B(L) 3 a) showing a surface relief phenomena due to phase transformation, b) showing grain

boundary precipitate indicated by arrow
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Fig. 8 EPMA results of E6B(L) from : a) parent metal, b) Chromium-rich M23C6 type precipitate

z2 (28 5% )M HojFE uieh #Zo] &7
fau =) HfslA A Al B 4 UYd
WA (Cross crack) 2l YR F @@k 13
9(b)¥ E6B(L) Al#e g RAFT S+
W 7] 1} 1) % AH(Clevage fracture mode) (AHZelA] B
Ao g FANY YAE wed FIAHE AR
3+3] %4} (Intergranular decohesion fracture mode (A
A))o] BeAo g FAHS Yo}, ol d FdHES

vtz At Wa7te] AEH Aegdren
QAZFY N ZF(Intergranular Quasi-Cleveage
Fracture apperance)2 Z2He Ao g #WHIL ol
e oAz #dE 42349 (Low tempera-
ture embrittlement)ol 7191HE Zloz ghd@chdY

Journal of KWS, Vol. 11, No. 1, Mar, 1993



Q2HOlEA 2e e s FRore &4 o) B AT

g. 9 SEM fractography showing cracked surface

from E6B(L)

Table 3. Microhardness of 6SCH40 Elbow

AEAE2 E6B(U)S E6B(N)Ol thatd ASTM

R ol 7Aske] Sagsigom,
# 200 JERIITE R A E ARG
(L), E6B(L)S E6B(N) | A4
T

AN Ang

3% E6B

EF ASTMol A
& Ay AEEla glon, E3) E6B(L)

E6B(U) 9] @571 ASTM 7+ 2] 2] 2uj

& e Qs ans
grALe o

Heol] 7]l sk

T & 37 B

TS F3sh=
(L) AlH9] %$ E6B(N) Bt} B]u %
vehg 2

ol Nds] Hate dee HAHNSS & 3= ok
olygt A9 Y& ‘:']‘ﬂ_- AE- Al daE o}
ErolE 23 20 el QlE Aoz dgH
22

BEAIYE DHM-1 Matzsuzawa 2 57]15 Ae3ty
o9 200gro] FHEFS 15%4¢ st ALz 27

0) -
AT

da=
Row
T A HE

AE vehfar Qe

2ol 4

A

ol 4pel
o QggE
Astd vl4)
HEE 4 ek oleld 3
2o] AN 3]

. “Leiv} E6B
Z Lo oﬂ/\] 9

eSS

AT Jda

o g Ho} Tf-ﬂ o WrESEA] g /\}Al

Table 2. Tensile properties of 6'SCH40 Elbow

_\'_)'.\__

A FEZE (MPa) | 134 E (Mpa) | 9 A & (%)
= et Ao Het Ao Bt Ao
E6B(U) | 5484 | 3434 | 882 | 3232 | 478 | 128
E6B(L) | 6100 | 4050 | 8280 | 3130 | 430 | 80
E6BN) | 4205 | 2245 | 6949 | 1799 | 510 | 160
e, 205 515 %

KSHREBR AL, #1186 % 15, 1993F 3/

A - Vicker's Microhardness (Hv(02))
& H % S EAe =2

E6B(L) 431 + 25 307 + 20

EB6(L)HT 171 + 5 182 4+ 12

E6B@B) 42 + 29 321 + 40

E6B(N) 386 + 23 220 + 20

E6B(N)HT 175 + 5 180 + 10

ek 1299 23S FAe Hogy Fage
FAIRE 10709} gholl e Wit BEANE A 4e)
At 7t By 2HATE T 99 3_01:5}93;}
A E6B(LA E6B(D)Y A% ghe
B)szdht E6B(N) 9] At Mok gtL o Qe
& 5 Slth oli= ElbowE A 23t 2204

3o F’)&ﬂ 27}7(40; oi/ﬂsp] u} EHA}-O]_E_);)]-Q,] ofo]

1 — T

550
Weld HAZ
o 50
g a ,0 0 _EBB(N)
o et ‘5\8*2\ © EB3CL)
y-3
é 4 EBBLLY
Q
§° E%QEQ
3 ¥r
Ed
571
0} !
|
20 !
150
5 -4 3 .2 -1 0 1 2 3 4 5 6 7 8 8§ 10

Oisetorca from the interface
Fig. 10 Microhardness as a function of distance from
interface between the weld and the parent metal



30

7} gtel| 7]Qlale Holw, ol A V1&g AR
w Adn 2FAAARE 7 dX3g. 2L o
3 e wAA vxIA UERT
a3 100Me 43879 ZAle) FAHSE BH 9
Ao wWg AEI/E el Fa doh

ooy ofN

3.7 EAAME

AIST 304 21738 ALl 958 A& 7ML
Q) 7] W7 A B ARRTFAAA AR
o g ¥ERE AT B =R A <ol
o} &S TlX|E "ZEAL)E Fo] HEHISH
old Aboll ojgt Q14d] W3} N5 Gopr 7] $3to
FexANGe FHsH FAAAYG A
ASTM Charpy subsize specimens AH-3tef -2l A
27288 Fdstdrt du$9 HRATL ghobA
100mm X 10mm X 55mme EEFHAAE A4 5
g emg subsize AT 5mmX10mm X 55mme]
ZANBE AZsted FoiHQl v AEE FPst
Ak

E6B(U) AL 795Jouled] A #%E YERAT 912
Joulee VFERHE E6B(N) Al¥ Hot o v F
AZe Holud, ol IAAIY AW Ze%
oAVl R A9 AMRFE viERIAl]E wE ol
z71dy) 7)QlEks Aoz wagch B =R
Apgd Ame =7 FFEAE B 1/23%9 2
718 JtNEz 2AA PG AHAY] e P g
3 7488 u E6B(L)T E6B(B) S FAAIY &2 159
Joule# 1824Joule®] H¥ ©] gtE-S Sanderson and
Llewllyn” # McConnell and Bradly®’e] AISI 304 A
A7kel thal AredlA AA A AFEA 2176
Joule® 2088Jouledl ZF ¥ B X 71E dhuh, AAAR
zvioA E6B(L)T E6B(N) AlHel FAANAMRL
247} 54 vk e, aepy Wiivkgoit
AN AAEC] AISI 34 A% FAANEE At
AZcke AnE nshd? wiEglilelEFo e
wWep2 <13 @R Q4 H3E KR A=
olz}at #5t¥ A(phase)S Wt dgel 4FT A
o2 gudrh

o) - ol FL - olFH - 27

Bol A% 1 o 98 Bt BHA A
e 7113k AR gl o8rkA) 9] &
AsA 98 e A0 guh B 97 A=
691%) Axeol FEu e oA7pA olf7t
2o 243 oz A"

AF DB FAFolt HAMREFAAHY] A3}
HoFs AXY AR Wi £448 ot 3%
A7} BRI o] AFAAE A §44Y =4
U] 7% gEEFes G gl o
gtuaEe 2y Qe RS REo| 38 S WAHR
sEA=FLL FEdY FIS AN e
TaEc) olu 9jRgHe ZYE AertAst E &
9= A17F oF 39tond] WEEo] AEL WiF-ollA
ol Z Ao W7E Lo AY EE AAle FA T
s8r siedty AR$E vhev] A% H¥(Ben-
ding) #AoIA A HWPLY Ee THEH €
2 ot FA el i ol =ge IH 2,5
goll Q= mAZAEA oF & dY € F Ut
AbER e dRSdA AHT E6BIN) AT
s o] Qe A543 6(0)AM SHR=
FEADE0] Notch §32 dte] & TAAFNA &
t}h o]3 FIe 2V)dE SHUEE VtRAEE
AF D (cross crack) 2 HHEHA Hed ARS-E AL
g3o) wet 1 FU FUH A B (29 132)
ARSI} SAFo) we SHo] AA FEdh= e
At}

olg@A WA notcht} ATHT o] 58
o AgLbolE ZAME A AFEI7E ofHoh
127) w&oll Bending A A71E vtErlAto]
E 23g AEAE Aol HEF AF FMIHE
Fgshe Ao Bud vt wdo] dAT du
© 0] A|Hol| A B ojr]2} A}EEHA] L AR oM
n2de #F3 An L3P dFFRAAE

28 LAl A Q4o] e vhaEAelE 2Ho] ¥

L 2F% - onY

nZEALEZ AL e ARSF AT
< 53 B AHe FAeMF —8C AH2olM
He e A 71E de vtEEAte|Eded
228 8474 (nucleation cite) & 28t B} B2
welst A o] FojXA gk oleid nlERAt|E
zFoze HeE ozt 71AAH AR HIE
FutalA sed s, FEAEY dFF s A
Z7kebA s @algoldt Adde FasAl €nh

Journal of KWS, Vol. 11, No. 1, Mar, 1993



L2EHUOEA A dd 2 Food Mg &4 Mo &

AEEH AHEH AISI 304 AE 52 A48 50
% & AT, tZRALIE Ald o] WA AE (te-
mpering) €A8 3 Holx HAH8L 20% 7
HEEGY & nl2rlAlo]E 232 afde] 94
AeAl7l= FHEE Aoz N F Ak B A
M= Axv AFAIHY Aot ol FH3)
o} o2 22 o] W] 9§ Axut Axe] F7)
B = AAT ojo Fulsle= g T

wAHeR AXE 4 Qv aER giEIgy
#e 8314800 710% 7#Eo] L EHYolE 24 o]
ALH4e EAE 71AAL e vtEHAl|E 23
o2 gejge mal YA F<E(intergranular crac-
king) 2 L&l A £HEE BEI ° Ae=
werdd,

Eoz g gdes BEMEE 835
Aol FAEE U] st E6B(L) dxE S0l M
S35 FARES 3 AJHE A 2ol
71Eol EXzledeh 19 1190 E6B(L) 218
& SAFEHY & Ho 24 & Yepn 9o 2
(2" 1) 3% (2¥11()) A =tz erto
E z3Fo] A9 AEEY e2HolE Z3E e}
Wi gloh EX8E 3 AlHE H 390 el AXY
Axe FA% ZAE Jehlodch 42 S B3
|ASAMEE AR o2 HASIHTPE E 304 B

o (=

2
ooy 4l £

A3 AT 2o of 17014 180Hven A =2 A&
ghol Zld gt 19 11(h) o A= vl glrlol Ex A o]
gaxjg)o] &) 10% AFHRA 23 oj=HEo

of surface martensite, ¢) from the weld

KRBEEREE £ 118 #£ 1%, 1993F 34

e
re

Fig. 11 Optical microstructure of E6B(L)HT, X200 ; a) from the parent metal,

T 31

A (trace) & &3 Ao g FgHE) o33 23 e
e FodM H2E 4% A% A R
o go] ZAE 185viy, AL AxgE Jed
Mo Hopx ola)d 24g A vj=uAlole 2
og & & gde #donh o3 2Fe o
2o FYSAET Bk @
Mo B FRHo 2 Y5 Uz
dAtolEol2t s E M, o) A8 S8}l 93)A E6B
(N) AJH& 1050ColA 1417F 7428 5 25C/min.
OS2 W% | 278 BFs B, =3 Ixg8
Algol ) R2RE I3HL Ay s %y =
AL 7R | 238 2. A 2o
MRBAIL Al8e A Sl AFEH AHA}o]
EZAE Holx glom ulag LB 2nzel
stEHA]E o 24 g BTt e} 9o A
AL 7R A 242 28 1) 9 FALS 23S
HoFQlth & AHE £33 o) 2o gof 3t
L2HUYoEZF o) o) Ro) X o] okgt Ao} &
=l g dgHo] EAF Ao GA nlzelrfo)E
Z22og Wil A BFeYc

I APANEG o] &3ta] Z AlH AAHEA
#7tsl ¥ A% E6B(L), E6B(U), E6B(N) 3 4|9 =
RN B2 S Jehdon Ao ME 214
ekl 28y I4e)E 3 5 E6B(LHT AlHe)
7t Rl MY Ade A9 elFh ole A
9] A e] vl RIAtolEZ o] ApAo] © A
delexzoz weld 4w 2 dx g

1

i
1o
F
)
5
il

ot wo

Y

b) 'from the parent metal but s owing trace



32

54 £

602 AISI 304 ARS-2 AF AN AJAL &
47T AFA] 2 FFHEFT root FHY
SHYEYE Fol HENEA ZEEAGE Holdt
metal flow 23 FAIA HUAL AY712F
A7 vl2EIXPO) E 2 o] AT Fol| & ZHESY
ol FHolM A dkslo] 93t Aoz 2
MEd. old T/ AL WA M=
AY71E Aol e A% F5E seldes Aol
gasty FdA-2E ZE3A HAAsor & Aol
t},

6. &Alel 2
B d7g systed grita 3 GgHE8A 7
Arstel, £3] HAAAE mok FA FAT, 24
A%t EPMA 39S =9 74 #9= 281 3
FEHAA AL =FyTh

%

Ho

#

1. G. P. Sanderson and D. T. Llewellyn, Mechanical
properties of standdard austenitic stainless steels
in the temperature range of —196 to 800 C, J.
Iron Steel Inst. London, vol. 20, (1969), pp.1129~
1146.

2. D. T. Read and R. P. Reed, Toughness, fatigue
crack growth and tensile properties of three nitron-
strengthened stainless steels at cryogenic tempera-

10.

Ngg o ES -

tures, The Materials Science of Stainless Steel,
ASM, Metal Park (1979), pp.92~121

. ASM : Failure Analysis and Prevention, Metals

Handbook 9th Edition, Vol. 11, American Society
for Metals, Metals Park, Ohio, U. S. A., 1983, pp.
82~101, 203~224, 307~313, 695~706

. ASM : Fractography, Metals Handbook 9th Edi-

tion, Vol. 12, American Society for Metals, Metals
Park, Ohio, U. S. A, 1983, pp.351~365

. Williams, I, Williams, R. G, and Capellaro, R. C.

. In Proceeding of the Sixth International Cryoge-
nic Engineering Conference. IPC Science and Te-
chnology Press, Gilldford, Surey, England, pp.337~
341

. peckner, D. and Bernstein, . M. ! Handbook of

stainless Steels, McGraw-Hill Book Company, New
York, U. S. A, 1987, Chapters 1, 4, 14, 15, 17, 20,
30, 48

. Reed, R. P. and Clark, A, edited by : Materials

At Low Temperatures, American Society for Me-
tals, Metals Park, Ohio, U. S. A, 1983, pp.295~312,
371~387

. J. H. McConnell and R. D. Bradly, Austenitic Stain-

less Steels-thousands of tons —300 to 425 F range,
Chem. Eng. (1960) pp.125~128

. E. H. Schumidt, Low temperature impact proper-

ties of anneale and sensitizes 18—8, Met. Prog,
Vol54 (1948) pp.698~704

ASM : Properties and Selection Stainless Steels,
Tool Materials and Special Purpose Metals, Metals
Handbook 9th Edition, Vol.3, American Society for
Metals, Metals Park, Ohio, U. S. A,, 1983, pp.1~186

Journal of KWS, Vol. 11, No. 1, Mar., 1993



