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Corrosion resistance on weldment of super
austenitic stainless steel joint for desulfurization plant
formed by GTAW method

Seo, Beom Deok

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

The International Maritime Organization (IMO) has set the limit for Sulphur
in fuel oil used on board for ships of 5% from January 2020 according to
the increasing social costs due the explosive increase in air pollutants.
Installation of desulfurization equipment is seen as the most economical and

efficient way to respond to environmental regulations.

Marine desulfurization equipment is operated by spraying absorbers into
the exhaust gas. Therefore many factors such as dew point, acidity(pH)
and deposit contribute to the harsh corrosive environments during the
desulfurization process. Those factors generate a severe corrosion problem,
and as a consequence, highly corrosion resistant alloys have to be selected

in order to sure the efficiency the system.

Based on pitting resistance equivalent number (PREN), super austenitic
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stainless steel has a very high value due to having a high concentration of
Mo (4.0 ~7.0wt%) and Cr(19.0 ~25.0wt%) content. Therefore, it is well known
that super austenitic stainless steel has been widely used in various
industries such as in desalination facilities, in the off-shore petroleum
industry, and chemical plants due to its high resistance to localized and
stress corrosion. However, one of the inevitable problems is the localized
corrosion of the weld metal (WM) and heat-affected zone (HAZ) during
solidification after welding due to micro segregation in these areas. This
problem is a serious obstacle to maintaining the reliability and stability of

the system.

Therefore, the effects of various welding parameters such as heat input,
shielding gas and cooling rate were investigated to improve the
performance of materials. However, the influence of filler metals on the
corrosion behavior of weldments in the actual environment has not been

reported adequately.

Hence, in this study, to elucidate the influence of different filler metals
on the precipitation of the deleterious phase and the associated corrosion
behavior of UNS NO08367 welded joints by gas tungsten acr welding in a
modified desulfurization environment. The filler metals including at least
9 %Mo to improve the corrosion resistance of UNS N08367 employed in this
study were ERNiCrMo-3 and ERNiCrMo-4 filler metal.

Both optical microscopy(OM) and scanning electron microscopy(SEM) were
used to observe the microstructure of weldment. Furthermore, the chemical
composition of was analyzed by energy dispersive X-ray spectroscopy. In
order to measure the degree of sensitization induced by precipitation of
micro-segregation, double loop electrochemical potentio dynamic reactivation

(DL-EPR) test was performed. The corrosion resistance in green death

- Vil -
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solution which is a representative corrosive environment for desulfurization
plant was compared by way of electrochemical potentio dynamic polarization

test, and critical pitting temperature and immersion test.

As a result of material characterization, the dendritic and interdendritic
regions were clearly distinguished in the weldments. And the dendritic
region of both filler metal weldments had lower amounts of Mo as
compared to the interdendritic region. However, less segregation was
observed at the interdendritic of ERNiCrMo-4 weldments. And Mo content
in this region was found to be higher than the base metal although

segregation.

The degree of sensitization (DOS) induced by the micro segregation was
measured using DL-EPR. For ERNiCrMo-3 filler metal, a huge anodic peak
appeared during a reverse scan. As a result, the DOS, determined by the
ratio of the reactivation current density to the activation current, was 8.36 %.
In contrast, a small anodic peak appeared during a reverse scan for base
metal and ERNiCrMo-4 filler metal. This means that specimens were not

sensitized, i.e., the DOS was almost zero.

Corrosion resistance based on the results of the electrochemical potentio
dynamic polarization test, CPT and immersion test in modified desulfurization
environment can be grouped in descending order as follows. Base metal >
ERNiCrMo-4 > ERNiCrMo-3

Based on these findings, the corrosion mechanism of super austenitic
stainless steel weldment in the corrosive corrosion region was analyzed and
discussed. Pitting corrosion began to initiate at the dendrite regions
because the low PREN value of the interdendrite is much higher than that
of the dendrite regions regardless of filler metals. The corrosion resistance

of the weld metal with high content of Mo(14 %~) was similar to base

- viii -
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metal although there was a diffusion of Mo due to a decrease in the

PREN difference between dendrite and interdendrite regions

Also, the following basic guidelines can be suggested in the selection of
super austenite welding materials to be applied in severe corrosive
environments such as desulfurization equipment. Generally, it is
recommended to select a filler metal with at least +5 PREN compared to
the base material to maintain corrosion resistance after the welding
process. However, in order to maintain the corrosion resistance of the
weldment for super austenite stainless steel in severe corrosive
environment such as desulfurzation plants, it is considered that a welding
material with least + 15 PREN should be selected in consideration of micro

segregation after the welding process.

KEY WORDS: desulfurization plant, green death solution, super austenitic stainless
steel, PREN, ERNiCrMo-3, ERNiCrMo-4, micro segregation
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Process

Welding process |  Base metal Filer metal type Heat mput (kJ/cm) Shield gas
GTAW s Nogogy | ERNOMod | Fmtpes | 64 ) o
(two pass) U ERNiCrMo-4 Second Pass 38
Analysis of Decision of
corrosion optimum welding
resistance process
mechanism '

() Visual mspection
) Morphology (OM / SEM)
() Chemical composition (EDS)

O Tensile strength test

@ Base metal

L

Explication of
mutual relation

(O Grain sensitivation evaluation

P Double loop-electrochmical potentiostat reativation
( Evaluation of corrosion resistance in modified

desulfurization environments

P Polarization test

P Open circuit potential

P Critical Pitting Temperature test

P Immersion test

Fig. 1.1 Flow diagram of this study
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B Land-based sources W Land-based sources

International shipping International shipping
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(a) SOx emissions (b) NOx emissions
Fig. 2.1 Inventories of SOy and NOy emission in Europe land-based and

international shipping sources
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Fig. 2.2 Global marine fuel sulfur limits
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- engine exhaust chemistry :

S+ 0,— 80, (~95%) e (2.1)

502 + %02_)503 (~5%) ............................................................. (2.2)

- open loop system :

SO, (g)—>80,(ag)  +++vereerrererereir et (2.3)
50, (aq) + 2H,00) — HSO; (ag) + HyO (aq) -w-vverveeeeeeereesennseeneieeen (2.4)
HSO; (aq) + HyO1) —>SO? (ag) + HyO (ag) --rrrrrrrrsooorssooeesee (2.5)
HCO; (ag) + H,0™(ag) — COy(aq) + HyO@) +wvvrsveeveeseeeeeesseence (2.6)
CO,(ag)—>CO,(g) - e e e . Tt (2.7)

- close loop system :

50,(g)—S0,(aq) - L W gy, W (2.8)
S0, (ag) + HyO) — HSO; (aq) + Ht(ag) = rwemeeermeeemseeeas (2.9)

NaOH(s) + HyOl)— Na" (aq) + OH(ag) +Hy Q)+ wr-revemreeeeeeens (2.10)
INa* (ag) + SO2(ag)—> NapSO,(ag)  -wwr-rweerrreeseseemsemeseeseeescn, (2.11)
Na' (aq) + HSO; (aq)— NaHSO,(ag) - ---evereeeeereesssemmsneeneessan. (2.12)
ONa" (ag) + SO (ag)—> NaySO,(aq) — -wvvvveveeeemsremseemeeiseecsc (2.13)

- hybrid system : open and close loop system
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dAF = K2 (hydrochloric acid dew corrosion)®= ®WAste] A F O
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e fAzAE A
2502 + 02 %2503 ........................................................................... (2.14)
SO, + H,0 — }[2504(g) .................................................................. (2.15)
H,S0, (g) — H2504(l) .................................................................... (2.16)
]{2504(9) + ]__,TZO %f[dO+ +HSO4_ ................................................ (2.17)
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Region 1
Hot gas inlet flow

Region 2
Water inlet flow

Region 3
Spray zone

- Hot fuel gas is driven to the spray area
Region 1 | - Heated by the fuel gas around 200 C

- Severe corrosion area

- The transition region through in which the gas temperature drops

from 240~380 C down to the saturation temperature, around 60 C

Region 2
- pH lower than 0
- Extreme corrosion area
- The subcooled region
. - The major part of the scrubber area
Region 3

- The seawater is slightly re-heated

- Becomes acid due to SO, collection

Fig. 2.3 Classification of desulfurization environment
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Fig. 2.4 Mechanism of sulfuric and hydrochloric acid dew point corrosion
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= WAEHS BAsn JE Ao Busty du oF wgoE 43
orHgolE sHlelsge SRSl 2 EE B 26 HeHE
Fa AdzA 1 a9 F77 En Ak

Table 2.1 Modified desulfurization environments for corrosion test

Test solution Reference

- 7.0 wt% HoSO4 + 3.0 wt% HCI + 1.0 wt % CuCl, + 1.0 wt% FeCl;
(green death solution)

Jason Wilson'*?!

- 4.0 wt% NaCl + 0.1 wt% Fes(SOy)5 + 0.021M HCl
(Yellow death solution)

Larry Paul®”

- 2.16M H,SO, + 0.35M HCI (60 C) D. C. Agarwal'*®

[44]

- 60 % HoSO4 + 0.5 % HCI +0.1% HF + 0.1 % HNOs (70 °C) E. Shoemaker
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goo] NPAL =2 A7 FHo] WAT WAX LEE HAHOE 37}

=
ANAM g ANFEzEe] 34 AJALES 4T a5 Ao Table 2.2+ w3

A= hEs = — = 1
Aol YA fael 2HTE ¢ F Aok =3 FAAFFEASI} a9
245 YA T4 2 B B 0@ Aol B AL I 5 Ao

Table 2.2 Effect of pitting resistance equivalent number (PREN) on critical
crevice temperatures (CCT) and critical pitting temperature (CPT)
in an acidified 6 % ferric chloride solution

Classification Alloy PREN CCT (C) | CPT (C)
UNS S30400 19.0 <0.0 15.0
Austenitic stainless steel UNS S31603 25.0 <0.0 20.0
UNS N31700 31.0 20.0 52.5
UNS N08904 35.0 12.5 375
Duplex stainless steel

UNS S$32305 36.0 30.0 ~ 35.0 70.0

Super austenitic
UNS N08367 47.5 35.0 70.0

stainless steel
Nickel based alloy UNS N06625 47.5 30.0 ~ 35.0 > 85.0

- 17 -
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Fig. 2.6 Stress corrosion cracking of Fe-Cr-Ni Alloy in boiling 42 % magnesium chloride
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A3R AF UH

31 AHgAlE B AIRE A

2 APdMes 48 EAEAN FHL2HUCE 2 e 27¢] UNS N08367<
AbEEAT. A7IAM Sl & 1’?349_&151]1/}0115— 2H| g 279
WAAES FA87] flsl AsEE oF 9 %9 Mos 233 ERNICrMo-32+

Hl A 2 ERNiCrMo-4& AF&3t) o] &7HAEL 2% EXA E_E]— T2 A 3}
F@A 47t =} Table 3.1 AHg3 24 2 879 Bz 9@ FA AT

FHFEATE UERAT

ANEH AZE 98 =AE 300 mm X 300 mm X 4 mm A7) 2 Agd &
GTAW(gas tungsten arc welding) € X3 ZFof &7lIAE FaF3tH &5AA
Fig. 3.1} o] utrfr] &4 (butt welding)atdth. A8 A A=Al FETH (root
gap)< 2 ~3mm, 7RAZHgroove angle)2 60°Z Attt Table 3.2+ o]o] thsdh
SHZzAS YEY, oju ALE3E ATyl E 99999 % =9 Ar(el=E)
olAt. =3 AdHFS 27 64 2 3.8kj/cmE o] F3 A(two pass) &H AT

Table 3.1 Chemical Composition and pitting resistance equivalent number for specimens

Material C Si Mn Cr | Mo Ni N Fe others PREN
Cu : 0.53
UNS NO08367
001] 03 ] 07 |206| 64 |245| 0.2 | bal |P :0.01 48.7
(base metal)
S :0.01
ERNiCrMo-3
] 0.14 | 0.08 | 0.03 | 22.2 | 87 | 63.8 | - - | Nb: 3.36 50.8
(filler metal)
ERNiCrMo-4
] 001004 | 05 | 158 | 16.0 | 57.6 - 59 | W: 3.67 68.6
(filler metal)

% PREN ; pitting resistance equivalent number
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Table 3.2 Welding parameters for GTAW process

. Current | Voltage Speed | Heat input .
Welding process (A) V) (cm/min) (kJ/cm) Shield gas
Fisrt pass 105 8.5 8.25 6.4
GTAW 99.999 % Ar
Second pass 110 8.5 14.6 3.8
¥ GTAW ; gas tungsten arc welding
power

direction of weld

—
shielding gas
(99.999 % Ar)
filler metal contact tube
(ERNiCrMo-3 / ERNiCrMo-4)

tungsten electrode
(noncomsumable)

weld bead

shielding gas

UNS NOB367 }—_L

Fig. 3.1 Schematic of a gas tungsten arc welding system

2~3 mm

electrical arc
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32 Alg B4 HU}
321 VN3 #F

2 Ao #AF &4 = w2 AT As5So vAHARHAS F=2
B3 m) 4 (OM, optical microscope, Epiphot 300, Nikon)3} FAFH A& w7
(FE-SEM, field emission scanning electron microscope, MIRA 3, Tescan Czech)<
o] g3t FAFIAT. AVIA =2 #HFAES g AFHAL> ARE(sand paper)E
2,000 grit7}A] Autstar 1um YA thojolE = Bt (diamond paste)g o] &3}
¥ Arnt 3 F FHTE 223 AFH ok oA ASTM A262-Practice Aol
o) Ask 10 wt% =4AH*Hoxalic acid 100 g + distilled water 900 ml )& & o] &
SATHO T8 o) AE oA F FHFM 2w AHI BHO oS

A A 8k T

(a) OM (b) FE-SEM

Fig. 3.2 Photographs of (a) OM and (b) FE-SEM
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322 33t =24 B¥ B4

B ARdoA AFT & =

r

Wy A=A el Y94 x4 AR (qualitative
analysis) % 3$FaF(quantitative analysis)S <137l Y& FALA A& w] Ao

ZFzk=l EDS(energy dispersive x-ray spectroscopy)2 o] -&3fa] 22434t}

323 AAAE A Y
A7 E7HA SR wEk 24 49 vAzA 3 A7} = (tensile

strength), &7 =(yield strength), $141<&-(elongation) ¥ T 4ZE (reduction
area)] FABAES FAstr] Hsted JAAAE AlFsiAT. B AdHS
ASTM EBE8M-16a°ll ] A3t Fig. 3.3¢] Wb npe} #o] A &atar, ASTM A3700
oAt FdH HeABAGIE ol &S AP - HIEeAH

“ L > T
A *
%
C
R ' e 4
«—— B —* +— G —*
[mm]

L Over length 200 [8]
A Length of reduced section 57 [2.25]
B Length of grip section 50 [2]
W Width 12.5+0.2 [0.5+0.010]
G Gage length 50.0£0.1 [2.000=+0.005]
C Width of grip section 50 [2]
T Thickness thickness of material

Fig. 3.3 Schematic diagram of specimen for tensile strength test
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3.3 WHEA H7MARE

33.1 A7|38ka A &5 AY

A7 &7 A&l wet T ANst Al wA e FFES st
71 98 Ar)ststa A3 B A8 (double loop-electrochemical potentiostat
reactivation, DL-EPR)& 183t th. A7|s}sd A&Ads BIAHES 8579
13t =(degree of sensitization)E AFHOoZ PFrtd F A= A7]5HEH
AE wH o2 ASTM G108-940l o] 7 ate] %1 8Y &} g o6,

2 Ago A&s AlgdHe gE8H FAl(copper wire)S 7 3(95Pb-55n)el
sl H F AFAFARZ wEH AT T F o] AFUS AU AEZE
2,000 grit74A] Avtstal 1 um YA tholotE = EHE o] &3t HF dAnt

| L

)
SN
2

2 283 AFSGT 2 ARUS §HY, 99FF @ 54
% 10em’ @A el AN AL wEste] AdH U

2 A ET AFEAS duty o=z ASTM G108-940)] <JASIY 34k
(HSO) = B 2 A1 FZ4E (KSCN)2 o] 83+ 0.5M HSO4 +0.0IM KSCN &3tg4o =
TFAEAJT. Ty o] Al 2L dubdQl zH g 2F ol A sk Rt
Ige ATl ALetrlo AFsHA ¥ AoE HiuwHa . ol& e
Ago E B2 AT A= Table 3.39F 2o] A5 THEA AP &4
TH 2 FEE WHSAA dqUsEE Hrista AT o] HiEg R B =
o A= 25 CollA 2M HySO4 + 3M HCI + 0.01M KSCN9] Al 8BS FH] - A&
AT =3 Y Mol &9 T EAT F Y £F ALE AAT
Al 307 ¢ AeE AN 7FE2E FYE 2]

B A= GamryAhe] Interface 1,000 potentiostatE AF-83te] 3 A=

ANFez HPstdth. 2 AP E 31T Alceld)e] 257 =(working electrode),

rgﬂ o

=

oz

A Z(counter electrode) & 7]3 A Z(reference electrode)e Ad¥H 1U%E
A28(C) 2 =3 7l=4 (saturated calomel eletrode, SCE) A=+S& Z+z 44 -
|39 .

i

i

}

O]
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Aasted A9 g9 F 4 % AAT F AYW E9o)
7

o
FAE AgEoY E-ES AASY] et 5 A4S oF 1023 o

o
2
rlot
e
ol
ok
k]
(o]
el
—
o
i
()
=
tol
fru
>
o
~
(@]
=
D
=
Q.
=
(@)
=1
=
<
=)
—
[as]
oQ
@
tT1
(@]
O
2
o
fuj
=2
>,

T(scan rate)® 73 =

=] THIYES AFAS &

oA A ZAS 71F -50 mV/SCEZA Y% 22 AFAEe W9
32 B2

ERELEIE

C.

3
A x2d 9 BAEE 72 YT
q71M= o] AgS T 73 A stdF/E = (activation current density; I,)2}
A &4 3t A 7 YU =(reactivation current density; Do HlE FHO/M)E WELZE
et dquisid s & JAFA AJFAES Bristao. =3 2 A F
o] %oll= FE-SEM< o] &%t mHFo JAH4 H=E ASTM A2620] A=
B57)%9 wet Fig. 3.59F 2o] 3v-A(step, dual, ditch)® W3] &Helat o

I
>
i)
Lo
Ao

Table 3.3 Type of DL-EPR solution according various stainless steels

Material Test solution Tffcn)p' Reference
Super 304H 0.5M HS0, + 0.01IM KSCN 25 Bai et al.™
UNS S32750 2M H,SO, + 1.5M HCl 30 Hong et al.™V

LDX2101 0.5M H3SO4 + 0.01M KSCN 30 Gao et al™

7MoPLUS 2M H,S0, + 0.01M KSCN + 0.5M NaCl 25 Lo et al™
UNS S32654 2M H,SO, + 3M HCI + 0.01M KSCN 25 S. Zhang et al.™
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Working
Electrode

Counter
Electrode
Reference
Electrode

.

< Sample

Electrolyte

(a) three-electrode corrosion cell (b) DL-EPR test
Fig. 3.4 Schematic diagram of three-electrode system

Table 3.4 Conditions of DL-EPR test

Items Conditions
Counter electrode SCE(saturated calomel eletrode)
Reference electrode C(carbon)
Initial voltage 0.05 mV/ocp
Final voltage 0.3mV/SCE
Scan rate (mV/SCE) 1.67
Solution Z2M HySO4 + M HCI + 0.01IM KSCN
Temperature (C) 25

% DL-EPR ; double loop-electrochemical potentiostat reactivation

_27_

Collection @ kmou



Table 3.5 Classification of etch structures by ASTM A262

Classification

Picture

Structure

1 Step

Step only between
grains, no ditches at
grain boundaries

2 Dual

Some ditches at grain
boundaries in addition
to step, but no single
grain completely
surrounded by dites

3 Ditch

One or more grains
completely
surrounded by
ditches

Collection @ kmou
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3.32 B%AH 2A 873 T AAAH AF

g3

= AlZtel wet vete] A S Hla-agd & °‘K‘r.

B AgHAS 95" 4 Ade o]&3ste]
st A&kt LElal o] AlEE R Al2=E 2,
Yztel tojolErz BE HFE Avid & F
olyf NFAHL 1.0cm*y =EA7]1 YHA = Yileo] 22 /\}%?3‘}04 AA-
A AT 2 B4 T ANEARY FEH AH S Flshy] A%
Alggd L2 0.2M HySO4 + 0.4M HCI + 0.06M FeCls + 0.07M CuCl, A4 &9 &3-4u]&
BAF 2214 F & (green death solution)S AF&-3FTH7,

EI B AFe AYAR o A} T mEHo EAEE AFE 9 BSEo
AFE AABY] A8 600 mV/SCEAIA 1083F ZA FAEF AAT 1
T, BEE A9 99 +500 mV/SCES] M olA oF 1A7 H<t <7t &
AAY meg Wasle] A9 e Wa A%LS s uc)
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3.3.3 M7|854 FAAES AF

A7IM = BEAF &AM S A AR T E WA S WHIlE
stz 1 AIZF 9 24 A FF A & A7|seE FAAES AF
(potentiodynamic polarization)ol] 2Ja] H7}stdch B AJd-& ASTM G-610]

A3k 33 e,

B AEHS gE5H Mo Ags o]t HAsa oFA FAE weH
sl A Zslgoh =3 O AFHS AFEZE 2,000 grit7hA] Awupstal 1 um]
gojolEt EoE o]&dte HF dnt 3 &, FHRTE 259 AHSATH

| 9 =AE BE 10cm? BHe) ¥Faho]
=EA7 AFSAT B AFE e biel 22 93N 8 BZAF 52
A& (green death solution)& Ap-&3dte] =3 F2Ao] 7p WA EHT] 4 &
60 C 2=olA &7 glo] s

B AYP AHlE= Gamry A Interface 1000 potentiostatE AF-&-3F4th.
ANde Y 313 Alcel) & 25 = (working electrode), Z&oh & =(counter
electrode) ¥ 7]F#A Z(reference electrode)e A FH, vUE &4k T
x 37} 2 ¥ (saturated calomel eletrode, SCE) A=2g 22 AL&3IATh £ 549
ESAES 167 mV/ise] FA £xo A TN 2AHE 7IFo=2 -100 mV/SCE
oA zlP3tA T

_30_

Collection @ kmou



334 9A B3H= NE

2 AolAes A & F 2= WE AFAHY FHAFE S HIs]
Ael JA T2 L= A F(critical pitting temperature, CPT)S X3ttt AFHL
ASTM-G459l] A £HRVE EIFHEE 26.0 X 26.0 X 4.0 mm =7]¢
Aoz Aste] AZSAH. 2 F o]A& AEE 240 grit 7+A Avgt
T, dELdRERE 259 AHSAT. T O AFEHS EZ3AE BA
2 A g 8H(2.2M HSO4 + 0.4M HCL + 0.06M FeCls + 0.07M CuCly) % 3 A ske 30 C
FE 5C/24h AR 255 FsAAZIY APsATh olw AHE &2
247 7mkeh w skt ol 9F A2 A AFHE T3 dATAREE AY
Heo] BFAIZFEFo] 0.001 g o] = FAZlol7F 0.025 mm o] 4o Z
AT HAe 222 A5t

eE

AN

_3']_
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3.3.5 B&AH AR T AAANE

B AR AE 8340 BA 34 F AFAS IAAMNAA 1 FJAAZ
e WASES A Brtstdn. o714 AldEe] Al 9 FHlE 40.0 X
30.0 x 4.0mm =712 HAdt® AFgHLS 600grit AAEXE 2AZ] dgES Ansiy
ol EC R AHI F FHFS 0.1mg BHNA At @348 37
BAbs7] fls) 23 n g RARAA PG EHS ARG AR A2 60 C oA

12072 AT F B o A pFWsHE A A QDI go
71514} Fig. 355 A48 474< vehad.

l..

mlo

_:

y Ly 87.6 >< A W ..........................................
Corrosionrate (mm/year) = Ax o (3.1)

271 Aol A WE FA ZEmg), AR EWmm?), o= 2E(E/cm?)

(a) constant-temperature water bath (b) immersion tester

Fig. 3.5 Photograph of immersion test in green death solution
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A4 49234 2 17

—

/_\_-]

e

41 &7H =38 GTAW &HF A5 =3 R Z= 54

411 &7H F7E 4% AR nAzARZE A5}

ERNiCrMo-3 % ERNiCrMo-4 &7}Al¢] F/el we} GTAW(gas tungsten arc
welding) &0l o3 AT A7 F-AH mAxZ #F AS Fig. 41 & 4.29
zyzy yebiith A4 o] Ade] ofst, GTAW &3 o Aste] A =3h
F EF AgHEBdAE &HA(weld defects) AEFS HAEFHA gkt
T A7|A EF-AAR AFAHES 1 PATFERI; S 3

3
(constitutional supercooling)®] A= uwtzl A(celluland, F/Hcolumnan)¥,

55 TA% (equiaxed dendrite)d 2 F WA FAY For FRE W ITe
S FA T F AAT. &, &3 SAEE Aol E s HF S} o] FolA
A g1 HHY gt o] Fofxl AS il & 5 AT o3 ARE {FEHTt
ZA = Sl(temperature gradient)e} 1§ A=A

A48 HJYPE Zols dHtdoew 2
(solidliquid interface)e] 34 &9 Wl olsjA Ao}
Fig. 41014 #2& < & uiel o], ERNICrMo-3 €712 £33 H99

#HF0 BF= 7P Aol tir] T d8ato]l A WFow w27
B T}i— %17} dojutr 5 AN FEHY Fx-xZ o] gl X
Aoz #EAY. 3, FUFOERY Hojda4s 1 EHFGD= F4 2 A
o] S FER-FAOZ AR Yv EFS I T F AT A7A
THREE@AAN = E54S et FE &89 (partially melted zone, PMZ) 2.2 F-F
5L obAA YA (subgrain)7b FAZH] AATE oA HIEF Y (unmixed
zone)o] &R F-&F HoAHEA FAHH Ase FAH-FA & F ATk =T o
71 o5 EHAAMWANNE A3 2o 84 dEY o] AEKHHo=
TH A HA] WG9 nEF FYo] HE-FAHAT

Fig. 4.201 4 YA upéel o], ERNICrMo-4 &71A12 843 2o 47
FWZ[2 ERNICrMo-3 &7kAlol oJ3t 2 Bt §-e Wele] 44 55F A%

Collection @ kmou



o]

| B A NA =

=
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(a) cross section (iii) weld metal (iv) weld interface

Fig. 4.1 Micrographs of weld joints produced by ERNiCrMo-3 filler metal

(i) fusion zone

(a) cross section (ili) weld metal (iv) weld interface

Fig. 4.2 Micrographs of weld joints produced by ERNiCrMo-4 filler metal
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412 $7H4 5 £33 Aue) d2z48d A3

ERNiCrMo-32} ERNiCrMo-4 &7} =F¥EZ GTAW &3 A5 FHol ut
E vAFx2} AE-S SEM/EDAX(energy-dispersive x-ray spectroscopy)E %3
B3ttt 1 23+ Fig 4.3 2 440 247 YehQlt =3 Table4.1 2 4.2
AXeE I A s Agstel dehdth. a8l Fig 45004 = ol& A
gt W& ofefiollA yebd E¥iAs(partition coefficient)ol] #3 (4.DA&
o] &3te] SuFHAHA TAS= Y4 3F v AE A (micro segregation) TS

R erssiel el

= CXI [ CXD vt (4.1)

K
K . Partition coefficient

C : The concentration of an element in base metal

I : The concentration of an element in inter-dendritic region
D : The concentration of an element in dendritic region

9

del Ad3E FEsE, 8I7HA TR wE 8% ARES Mo FEFY
7b &3 FHe =2 FxEE zol7l TAEYE AS g0 & F
t}. 53], ERNiCrMo-3 &7H = &H& 459 &7 & Fol4= Mo
Nbe] X4 99 (dendrite region) A% /\}0] (inter-dendrite region)<]
FollA di& ZER zol7} BAsE HAASES F<d & & AT 53,
HA Aol BAHH T = Moo FHeFol EZH ojgt= Astd Fo] A
3h= Ao Slf et whA, ERNiCrMo-4 &7 2 £33 Al 2% ERNiCrMo-3¢]
A5 FARHAl 1 R FRe 22 Fx wet Mool A Zolrf ZA A
ARG, 1 zko]7 ERNICrMo-3 B8] dAA3] e wg
T3 ﬁ“ﬂfﬁ’é}ol LAE e Mo §afFo] 2A olst= A s}

S e A B T & YTk W oA FEHOE FBY P ¥

A

xo
2

F

Eoa.
27w RRE plold FHHND 55 3 FA4 2404 Modl UswA
e S
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o] AAE Az Amw

=

&l Mo °]F

A He Mo
d4 dn =

A5 3ol

. mebA ol4T 2e ol me By
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A1 M E7HA
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o]
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T
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EDAX analysis

SEM image
inter-dendrite region dendrite region

(ii) N
NbL |2.83 |LSL i

Counts{a.u)
Counts(a.u.)

L] 5 15 20

Emﬂ;?—kev

(a) weld metal (surface)

W e | o e
(iii) CE 66 (vi) N | CE |03.70]15.29
[ ToK [01.73 [05.60 Ni {0135 |04,

i Ni TTRBL (0512 [02.91
oL 1471 [07.62

CeE |18.93 [18.34
0030 [08.35

Cr

T9.5%

Counts{a.u.)
Counts{a.u.)

o 5 A0 15 20

Counts{a.u.)
Counts{a.u.)

L] 3 13 20

10
Enemy - keV

(¢) fusion zone

Fig. 4.3 SEM/EDAX analysis of GTAW welded UNS N08367 with ERNiCrMo-3
filler metal for different regions of weldments
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EDAX analysis

inter-dendrite region dendrite region

(i) OF | 147 | 332

WM | 362 | 1.14
1154

Counts{a.u.)
Counts{a.u.)

10 13 20 L] 3 10 13 ]
Energy - keV Energy - keV

(a) weld metal (surface)

L] 3

Counts{a.u.)
Counts{a.u.)

L] 3 15 0

10
Energy - kel

(b) weld metal
Y o ekl prm——
(v) =

OF | 201 | 703
WM | 297 | 090

Counts{a.u.)
Counts{a.u.)

] 5 10 15 20
2 % Energykev ¥ 2 E nergy-keV

(c) fusion zone

Fig. 4.4 SEM/EDAX analysis of GTAW welded UNS N08367 with ERNiCrMo-4
filler metal for different regions of weldments
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Tabel 4.1 EDAX analysis(Wt %) of GTAW welded with ERNiCrMo-3 filler metal

Weld type Zone Ni Cr Mo Fe Nb

Weld zone (surface)

" , 50.96 | 20.96 | 9.37 | 14.86 | 2.83
Interdendritic region

Weld zone (surface)

. . 50.54 | 21.90 | 9.32 14.24 | 2.56
dendritic region

Weld zone
. , 49.41 | 18.93 | 14.71 | 9.30 5.12
GTAW Interdendritic region
ERNiCrMo-3 Weld zone

. . 46.04 | 20.60 | 3.87 | 20.04 | 2.90
dendritic region

Weld interface
W . 28.01 | 20.66 | 9.62 | 38.76 | 5.61
Interdendritic region

Weld interface
4 J 2770 | 21.33 | 3.26 | 41.22 | 3.16
dendritic region

Tabel 4.2 EDAX analysis(Wt %) of GTAW welded with ERNiCrMo-4 filler metal

Weld type Zone Ni Cr Mo Fe W

Weld zone (surface)

o ; 50.20 | 19.70 | 10.84 | 14.26 | 3.17
Interdendritic region

Weld zone (surface)

" . 52.72 | 19.38 | 11.94 | 11.86 | 3.62
dendritic region

Weld zone
. . 48.36 | 22.10 | 12.45 | 10.98 | 3.59
GTAW Interdendritic region
ERNiCrMo-4 Weld zone

" ) 52.72 | 19.38 | 894 | 13.86 | 3.62
dendritic region

Weld interface
. . 33.76 | 20.83 | 9.89 | 30.54 | 2.97
Interdendritic region

Weld interface
. . 3591 | 2095 | 6.79 | 30.88 | 3.24
dendritic region
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4 -—-» Welll. zone (Rnface) | —ossmaismsnnmami
2 weld zone (771
weld interface
P E—
[
= %
=1
E 2 el e s o e e e T ._._% _________________________
& A
B 7 %
il
w
i <+ SN 77 S I
Fy
O = T T
Cr; Ni Mo Nb

(a) GTAW welded with ERNiCrMo-3 filler metal

4 1 weld zone (surface) | o mremsmm e
4 weld zone
weld interface

o . L A e . | uf S
8 3
o
-
s
o
‘a‘ 2 AT e s T AR it SR e e e AT
a0
B
3
B0
A

1 dcelllo: o i M v

0 - - T

Cr Ni Mo W
(b) GTAW welded with ERNiCrMo-4 filler metal

Fig. 4.5 Distribution partition coefficient (k) of different alloying elements
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413 &7H F7E &4 AR A= AE 2

Table 4.3} Fig. 4.6914+= &7 F/ol met GTAW 833 A5 A=
N AdE ‘JrEWiE} o] A= TFdf, & 2

N
Ky

i
S|

g
t
oo
)
e
2
b
K-y
k=)
&

et dAAE T 2 7IAF
At 4714, ERNiCrMo-3 §71A1 =
2 ek g Hol A FolA -
FAHE Ao g gdt. & o7|As, vy Wk slip direction) 029 A vt 3
A% 2E5e WA Fx (cleavage structure)®t 34 A4S xzZ el BZJ)
% (dimple structure)7} &3H ZAF=x7F #FHEY. ¥EA, ERNiCrMo-4
|7HAE EHT AR Aeole BASY TN 42 sdo] TS 1

gdE ol wore AP A Ayt 2 FEd RE/ Fx7} %”—‘#-?ﬂr%ﬂ?}u‘r.
E£3], oy #e gdd #F F FET S ERNICrMo-39] A -$-oll+=
M&=(micro void)¥ TlEo] g H&E& 2]
=

o

] =
| A o7 ERNICrMo-3 £&7}A)

Z 5 9E 242 4831 Q= A

(

k

o W
tlo rlo OI‘J

e

Tabel 4.3 Tensile strength properties of weldments

ERNiCrMo-3 ERNiCrMo-4
Condition
trial 1 | trial 2 | average | trial 1 | trial 2 | average
Maximun load (N) 36.9 35.9 36.4 374 37.1 37.25

Maximun tensile

823.8 793.0 808.4 812.5 828.7 820.6
strength (Mpa)

Yield strength (Mpa) 469.2 454.6 461.9 472.9 489.8 481.3

Elongation (%) 30.4 30.3 30.3 34.5 35.9 35.3
Fraction zone weld zone weld zone / base metal
- 42 -
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weld zone

weld zone

(iv)

(b) ERNiCrMo-4

Fig. 4.6 Photographs of the fractured tensile strength test
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42 $7b4 =AW ARG GTAW $42e YA E4 Br}
421 7 AR W7ot ARARET QAT
A7 ME G7H E5ol ek ST ANsHAST AT vHE JFL

718482 A4 3= (double loop-electrochemical potentiostat reactivation,
DL-EPRA @S F3l &stHTt Fig 4.70 1 A3E =439tk =3, Table 4.4
M= olE Aol ik W&S otele 4 4.3) ©]&dtd AT TAs=
Rzt #FS AZFsste] AEeATh olE GalA Tzl A RISHE (degree
of sensitivation)= ZAEX, 2AFx9 FH, AdE

l

ol
i)
A
o,
>
Gl
e
o
=5
57
filo
ry
(i
QL
£
23|
oQ
>
oo
1
)
o
i)
32
iy

DOSZ£><100 ................................................................... (4'2)
Ir

DOS : Degree of sensitivation
[a  : Activation current density

Ir : Reactivation current density

Table 4.49) Yebd ule} o], ERNiCrMo-3 &7HA12 £33 229 o nis)

AEE 836 %F drhath ol W BSA ARAL B3 Age 434 37
Z E] QAL FH(KSCN)L] FA o) o3|A] B2 o] A" Axz AlzZ=dt)
=5, AW ¥ w9 wEEd B3g 5O P4 A9 2@ nadds
wAg G FRRAel ¥FRoT AW wEd H T 4 YA W,
24 % ERNICrMo-4 87b42 &8 Adls dAnsdesl 2 7 013 3
0.16 %5 Yetle A& St ol F AgHe] A vad ¢33 AARY
A 7L AFS gt 53], ERNICrMo-39] 799 tt2A Ad &
FH REZAE FRAT EgolA AuARJ] F22 vAsA TAHJAAR S5
Al BAFES & & & gldd
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400

200 -~
5
O
L9¢)
B0
= ERNiCrMo-23 — "\
% ERNiCrMo-4 — " o
S -200 Base metal — " ™~ ~
o,

- —

_400 _-_—_—_--g-'_

-
—— o —
-

1E-7 1E-6 1E-5 1E-4 1E-3 1E-2
Current density, (A/cii)

Fig. 4.7 DL-EPR curves in 2 M H,SO, + 3 M HCI + 0.01 MKSCN at 25 C

Tabel 4.4 Current density of peaks and degree of sensitivation obtained
DL-EPR results

Current density of peaks
Specimen la mAfemd | Ir (mA/emd) Degree of sensitivation
(I/T; < 100)
Base metal 12.21 0.166 0.13
ERNiCrMo-3 28.99 2.430 8.38
ERNiCrMo-4 22.63 0.383 0.16

¥ la ; activation current density
ir ; reactivation current density
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Specimen Surface morphology

(a) Base metal

(b) ERNiCrMo-3
filler metal

(c) ERNiCrMo-4
filler metal

Fig. 4.8 Surface morphology after DL-EPR test
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422 84 A5 AVEEH AAAAATAE 2

A7Ie E7HAE 2t &3 AR AFAETE S HE =A
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Fig. 4.10 Open circuit potential curve in green death solution during
self-activation process

(a) Base metal (b) ERNiCrMo-3 filler metal | (c) ERNiCrMo-4 filler metal

Fig. 4.11 Photographs of after self-activation process in green death solution
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Tabel 4.5 Results of potentiodynamic polarization curves with 1h immersion
time in green death solution

. Ecorr fcorr Ept Corrosion rate
Specimen :
(mV/SCE) (uA/cm?) (mV/SCE) (mm/y)
Base metal 438.0 0.82 892 0.04
ERNiCrMo-4 403.0 1.94 878 0.10
ERNiCrMo-3 400.0 5.52 893 0.26

Tabel 4.6 Results of potentiodynamic polarization curves with 24 h immersion
time in green death solution

. Ecorr feorr B Corrosion rate
Specimen 5
(mV/SCE) (pA/cm?) (mV/SCE) (mm/y)
Base metal 454.2 0.93 894 0.05
ERNiCrMo-4 407.0 5.70 875 0.28
ERNiCrMo-3 274.0 15.72 802 0.76
- 52 -
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Fig. 4.12 Potentiodynamic polarization curves with immersion time
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Fig. 4.13 Result of potentiodynamic polarization after various immersion times
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Fig. 4.14 Critical pitting temperature in green death solution
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Fig 4.15 Photograph of surface and cross section after critical pitting temperature test
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Tabel 4.7 Result of weight loss measurement in modified green death
solution at 60 C, after 120 h of immersion

. Surface area Weight loss Corrosion rate
Specimen )
(cm?) (@ (mm/y)
No.1 11.21 0.0075 0.118
No.2 11.22 0.0066 0.104
Base metal
No.3 11.24 0.0070 0.112
Average 0.0070 0.113
No.1 17.74 0.1670 0.856
ErNiCrMo-3 No.2 17.69 0.1695 0.872
(filler metal) No.3 17.72 0.1819 0.933
Average 0.1728 0.887
No.1 17.76 0.0852 0.437
ErNiCrMo-4 No.2 17.74 0.0834 0.428
(filler metal) No.3 17.74 0.08380 0.430
Average 0.0841 0.431
1.0
A
% 0.5
]’E) 0.6 4
g 0.4 4 / —_——
5
Q
0.2 4
Base metal ERNiCrMo-3 ERNiCrMo-4
Specimen

Fig. 4.16 Corrosion rate result from immersion test for different filler metal
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Tabel 4.8 Pitting resistance equivalent number (PREN) of the interdendritic
region and the dendritic region and the difference of PREN
between the two regions of difference filler metals

Chemical composition

Weld type Region (Wt%) PREN | A PREN
Cr Mo N
base metal (UNS NO08367) 20.6 6.4 0.3 50.8 -
Weld Interdendritic 18.9 14.7 - 67.5 361
GTAW metal | genaritic | 206 | 3.3 - 31.4 '
ERNiCrMo-3 Weld Interdendritic 20.7 9.6 - 52.4
_ +20.3
interface dendritic 21.3 3.3 - 32.1
Weld Interdendritic 22.1 12.5 - 63.2 143
craw | me@l | dendritic | 194 | 89 | - 48.9 '
ERNiCrMo-4 | 11| Interdendritic | 20.8 | 9.9 - 53.5
) +10.1
interface dendritic 20.9 6.8 - 43.4
% PREN = wt %Cr + 3.3 wt%Mo + 30 wt%N

¥ A PREN = interdendritic region PREN -dendritic region PREN

(a) ERNiCrMo-3 filler metal
Fig. 4.17 Corrosion mechanism of GTAW weldment with different filler metals
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(b) ERNiCrMo-4 filler metal
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