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Evaluation of Inconel 625 Filler Metal to
Welding Zone Characteristics of Forged Steel
for Piston Crown Material

Sung-Jae Kang

Department of Material Engineering

Graduate School of Korea Maritime and Ocean University
Abstract

Recently a fuel oil of the diesel engine of the marine ship is being
changed with heavy oil of low quality as the oil price is higher more and
more. Therefore the wear and corrosion in all parts of the engine such as
cylinder liner, piston crown, spindle and seat ring of exhaust valves are
predominantly increased with using of heavy oil of low quality. In
particular the degree of wear and corrosion of piston crown is more
seriously compared to the other parts of the engine due to operating in
severe environment such as the high temperature of exhaust gas and
repeating impact. Thus the repair weldment of the piston crown is a
unique method to prolong the its life in a economical point of view.

By the way, their parts on the ships job site is often being actually

welded with electrodes of mild steel. However, in the case welded with

— viii —



the electrode of mild steel, the mechanical property and corrosion
resistance of welding zone would be worse than other electrode.

In this study, the forged steel material for piston crown as a base metal
was welded with Inconel 625 electrode. And each welding zone, that is, the
mechanical and corrosion characteristics of base metal(BM), heat affected
zone(HAZ) and weld metal(WM) zones were investigated using
electrochemical methods such as measuring of Vickers hardness, corrosion
potential, polarization curve, cyclic voltammogram and impedance in 35%
H»SO4 solution. And the morphology of corroded surface was also observed
by micro photograph. The weld metal and heat affected zones exhibited
comparatively higher values of hardness compared to the base metal zone.
The corrosion potential of the weld metal zone indicated a higher value
than those of heat affected and base metal zones. As a result, the
corrosion resistance of the weld metal zone was also better compared to
heat affected and base metal zones. Consequently, it is considered that
the weld metal zone exhibited the best corrosion resistance, indicating
higher corrosion potential, higher hardness. Furthermore, in the case
welded by Inconel 625 electrode to the forged steel material for piston
crown, we can see that their mechanical properties and corrosion
resistance in the welding zones were significantly superior to the case

welded by the mild steel electrode.
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Table 2.1 The series of electro motive force for various metals

metal/metal electrode potential (V) metal/metal electrode potential (V)

ion librium | vs normal hydrogen electrode | ion librium | vs normal hydrogen electrode
Pd/Pd? +0.987 Fe/Fe* -0.440
Ag/Ag’ +0.799 Fe/Fe’* -0.036
Hg/Hg™" +0.788 Cr/Cr” -0.744
Cu/Cu® +0.337 Zn/Zn* -0.763
Cu/Cu’ +0.522 Mn/Mn** -1.029
Ho/H* 0.000 Ti/Ti -1.630
Pb/Pb* -0.126 Al/AT* -1.662
Sn/Sn** -0.136 Mg/Mg** -2.363
Ni/Ni** -0.250 Na/Na* -2.714
Co/Co* -0.277 K/K* -2.925
cd/cd* -0.403 Li/Li* -3.045

drty Adol= FFe ZEe A= £t o ® ARgo] W
&tttk 123l Table 2.2¢0 ol A Znty Ald-& UEh A

Table 2.2914 kel 9X& & otgZe] T4l Bl AGHI A
AE 7MW F 72 550 ASZsA H9 st 552 F4o] X

= W, Ade] 5452 HoEn. o] Anky Alde] g o] &Hal
O ARGl Fofstoiol & He Foixl fAAM L 9] ALdelnz
2 SAo] GeAY A ALE A 2 F dne Hol
i A Table 2.2¢} &2 W& ool Anty ALEZA =
T OE EH7IANAME AHSE gl

gm&



Table 2.2 The galvanic series of various metals in sea water

Platinum

Gold

Graphite

Titanium

Silver

Hastelloy(62Ni,18Cr,18Mo)

18-8 stainless  steel (passive)
Inconel (passive)  (80Ni,13Cr,7Fe)
Nickel (passive)

Monel (70Ni, 30Cu)

Noble or cathodic Cupronickels  (60-90Cu, 40-10Ni)
Bronze (Cu-Zn)

Copper

Brass (Cu-Zn)

Hastelloy b(62Ni, 18Cr, 18Mo)
Inconel (passive)  (80Ni, 13Cr, 7Fe)
Nickel (passive)

Tin

Lead

18-8 stainless steel (active)

Cast iron
Steel or iron

2024 aluminum  (4.5Cu,1.5Mg, 0.6Mn)
Active or anodic Cadmium

Zinc

Magnesium and Magnesium alloy
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Potential
(mVSCE)
-80
-350

-50
-50
-120
+90
+160

Ni
Bronze(70-30)
Stainless
steel
Monel(70-30)
Ag
Au
Pt

Metal

Active
Noble

Potential
(mV/SCE)
-1600
-1070
-780
-450~-650
-500
-460
=270
-240

/Zn
Al(99.95%)
Cd
Steel
Pb
Sn
Noble | Bronze(60-70)

Mg

Metal

Active

Table 2.3 Corrosion potentials of metals in seawater
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2.1.7 2 ] (Potential)
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Fhol 39 BAT W HAHE AR T oA Ade
AT A9E depdoes ofsHm gk

M — M™ + ne (2.13)

AG = -nFAE (2.14)
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aHER g7 421602

AG = AGY + RTIn[AL™] 2.17)

o At} 7)o tidstA

g g BT [usEdgss
B nF | BEEHoZEC

g 0.0591 StEESEER
=£ log
E EEEEEET
0.0591 At
= ED + lgg [ ] (218)
7 [44]
n kgol] Tl Axe] 5 r:mawﬂ +4~(96,487 C/mol)
R :71474447(8.314 J/mol ° K) T A=K

22183 22 oA AE A= YE= Nernst 4
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U % +{ Standard chemicalpotentinl) = 20, 300ca: (2.19)

E = —20300cal | nF (2.20)
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electrodes vs. SHE at 25TC.

Table 2.4 Standard potentials for various metal-ion, gas or redox

Electrodes Electrode reaction E°/V
Au”*/Au AUt + 3e = Au +1.50
Cl/CL Cl, + 2 = 2CI +1.3595
0,/H,0 0, + 4H" + 4e = 2H,0 +1.229
0,/OH O, + 2H;0 + 4e = 40H +0.401
Pt™/Pt Pt* + 2e = Pt +1.20
Pd*/Pd Pd* + 2e = Pd +0.987
Ag'/Ag Agt + e = Ag +0.799

PbO,/PbSOs | PbO, + SO, + 2H +2e = PbSO, + 2H,O | +1.685
Hg,”/Hg | Hgy* + 2e = 2Hg +0.789
Fe*/Fe* |Fe™ + e = Fe* +0.77
Cu’/Cu Cu" + e = Cu +0.521
Cu”/Cu | Cu* + 2e = Cu +0.337
sn*/Sn** | Sn™ + 2e = Sn* +0.15
Pt/Hg/H+ 2H" + 2e = H» 0.0
Pb*/Pb | Pb* + 2e = Pb 0.126
Sn*/Sn Sn** + 2e = Sn -0.136
Ni“/Ni Ni** + 2e = Ni -0.250
Co”/Co | Co™ + 2e = Co 0.277
cd”/cd | Cd” + 2e = Cd -0.403
Fe*/Fe Fe’ + 2e = Fe 0.44
Cr¥/Cr Cr’ + 3e = Cr -0.74
Zn*lZn | Zn* + 2e = Zn -0.76
Nb*/Nb | Nb* + 3e = Nb -1.10
Ti%*/Ti Ti** + 2e = Ti -1.63
AI/AL A" + 3e = Al -1.662
Mg“/Mg | Mg” + 2e = Mg -2.363
Na'/Na Na" + e = Na -2.714
Ca”/Ca | Ca®™ + 2e = Ca -2.870

K'/K K'+e=K -2.925
Li*/Li Li'+e=1i -3.045
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g3} E-(activation polarization)& ZA3sle] B2 gy H2& Lold
T A, 5/ ARAAY FE Aol2 sl WA= F=
#-=r(concentration polarization)s LZFo=ZH ZHo| olsd AHIAE
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2) Stern Geary 4
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V=1-R (2.28)
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Fig. 2.16 Representation of the impedance, Z, of a cell on a vector. Z’
and Z“ are respectively the real and imaginary components of

the complex impedance.
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I = inax eXplowt + j@) (2.42)

Vmax

Fig. 2.17 Representation of the sinusoidal voltage and current at a
given frequency associated with a cell.

*=yoltage, [*=current, &= phase difference between the voltage and current.
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Fig. 3.1 Photographs of the test specimen sample with base
metal(BM), heat affected zone(HAZ) and weld metal(WM).



Table 3.1 Chemical composition of forged steel for piston crown material

YS | TS | EL
(Vpa) | (Mpa) | (%)
0.13(0.2510.64(0.00710.002 (0951040006 525 | 662 [22.8

C| S M| P S | Cr [ Mo | Ni

Table 3.2 Chemical composition of Inconel 625 filler metal

vs | 1§ [EL
(Mpa) | (Opa) | (05)

6440 362 [0.42] 326 | 829 | 5

C(Mo|Si| P [ § |G (M| N [NoiTa| Fe

—_|
L]

0.012 | 0.04 | 0.04 | 0.003 | 0.001 22228,

a8l Z1A ke AEHEE o H(etching)ste] &4 =45(WM: Weld
Metal)¥} &g 3FF(HAZ: Heat Affected Zone) % ZXJ(BM: Base MetahD=
83, AFE 100 oA 20000 7FA] Awksk & ZF Hjol = E=HA lcn
(G FHE 0.25emITHE Frlar YuAs A FA2 2d Azon,

MR e i FAde s AgHe AFEdd. AEE

60, 160 % 300u} vi&= #FstAT oA (etching) gk Al

=
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Fig. 3.6 Comparison of microstructures of weld metal zones welded
with Inconel 625 electrode (x500)
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Fig. 3.10 Morphologies of corroded surfaces for each welding zone
after measuring of anodic polarization curves in 35% HzSO4
solution(x60)



WM

Fig. 3.11 Morphologies of corroded surfaces for each welding zone
after measuring of anodic polarization curves in 35% H2SO4
solution(x160)



Fig. 3.12 Morphologies of corroded surfaces for each welding zone
after measuring of anodic polarization curves in 35% HzSO4
solution(x300)
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in 35% H.SO4 solution
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Table 3.3 Comparison of chemical compositions between forged
and SS400 steels as base metals

Base metal C Si Mn P S Cr Mo Ni

F;‘;%‘id 0.13 | 0.25 | 0.64 | 0.007 | 0.002 | 0.95 | 0.40 | 0.06

SS400 0.071 ( 0.21 | 0.73 | 0.006 | 0.004 ( 0.04 | 0.01 | 0.03

Table 3.4 Chemical compositions of various filler metals

Types of ] ]
filler metals C Mn | Si p S Cr | Mo | Ni

Inconel 625 | 0.012 | 0.04 | 0.04 | 0.003 | 0.001 | 22.22 | 8.73 | 64.40

E4301 0.08 | 0.42 | 0.10 | 0.016 | 0.010
E4313 0.08 | 0.58 | 0.27 | 0.014 | 0.011
E4316 0.08 | 0.96 | 0.45 | 0.012 | 0.009
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Table 3.5 Comparison of Vickers hardness for each welding zone
between Inconel 625 and E4301, E4313 and E4316 filler
metals

Types of Inconel 625 | E4301 | E4313 | E4316
filler metals

BM 207.4 181,2 173.6 181.4
HAZ 323.5 193.4 170.6 194.5
WM 335.3 195.8 181.8 196.1
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Fig. 3.16 Comparison of Vickers hardness of base metal zones in
the case welded with various filler metals
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Table 3.6 Comparison of corrosion current densities of welding metal
zones welded by various filler metals in different test solutions

Types of .
filler Heat treat. Cdogfs?g?ﬁg%m Test solution
metals
BM 534 x 10° 35% H,SOy
Inconel
HAZ 1.22 x 10 35% H,S04
625
WM 2.99 x 10°° 35% H,SO
4301 WM(No heat) 9.1 x 10° Seawater
WM(Heat) 39 x 10° Seawater
4313 WM(No heat) 2.8 x 10° Seawater
WM(Heat) 9.6 x 10° Seawater
E4316 WM(No heat) 1.8 x 10° Seawater
WM(Heat) 62 x 10° Seawater
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Fig. 3.19 Comparison of corrosion current densities of weld metal
zones in the case welded with various filler metals(No
heat treatment)
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