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Abstract

The effect of laser surface melting (LSM) on the resistance to pitting corrosion of Ni-base Alloy 600 was investigated

by a potentiodynamic polarization test in 1M NaCl solutions at pH values of 4 and 10 at temperatures of 30, 60 and

90 �C. The pitting potentials of Alloy 600 were markedly increased by the LSM process, when compared with those of

the non-laser treated Alloy 600. From the microscopic examination after the corrosion test, it was found that the pitting

was initiated at the junction between a TiN inclusion and the matrix, possibly at the site of a sulfide physically

associated with the TiN inclusion. The homogeneous micro-structure associated with the reduction of the inclusion size

during the LSM process could be attributed to the improvement of the pitting corrosion properties in the LSM Alloy

600.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Ni-base Alloy 600 (or Alloy 600), as the steam gener-

ator (SG) tubing material of nuclear power plants, has

been reported to have suffered from various types of

localized corrosion such as pitting, intergranular attack

(IGA), intergranular stress corrosion cracking (IGSCC)

and denting under pressurized water reactor operating

conditions [1]. In particular, pitting corrosion is known

to be caused by chloride-containing and/or oxidizing

environments [2–4]. Under certain conditions, pitting

can be associated with the development of stress corro-

sion cracking [5].
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The inhomogeneities represented by non-metallic

inclusions locally reduce the stability of the passive films,

which consequently breakdown preferentially when ex-

posed to aggressive environments, producing pitting cor-

rosion. Recently Hur et al. [6,7] demonstrated that the

pitting of Alloy 600 was initiated at the sites of sulfide

inclusions physically associated with titanium nitrides.

The role of a sulfide inclusion in stainless steels, as a site

of pit initiation, has been well recognized over the past

several decades [8–13]. A common observation is that

the pit initiation occurs as a result of a micro-crevice for-

mation at the inclusion/metal interface.

A laser surface melting (LSM) technique uses a laser

beam as a heat source to modify the surface properties of

materials, and it can be applied to improve the resistance

to localized corrosion in alloys. From previous studies, it

has been shown that the resistance to IGSCC of the sen-

sitized Alloy 600 in sulfur-bearing environments [14] was
ed.
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improved by LSM. Lim et al. [15] also revealed that

LSM enhanced the resistance to IGA of the sensitized

Alloy 600 in acid solutions, mainly due to the metallur-

gical changes induced by the laser treatment [16–18].

Stewart and Williams [12] conducted LSM on type

304L stainless steels, and in their work, LSM was shown

to markedly improve the pitting resistance in neutral di-

lute chloride solutions. They found that LSM signifi-

cantly reduced the size of the sulfide inclusions, and

concluded that this was the most important effect of

LSM leading to the improvement in the pitting

resistance.

In the present work, the effect of LSM on the pitting

corrosion properties of Alloy 600 was studied using a

potentiodynamic polarization test in 1M NaCl solutions

at the pH values of 4 and 10 at several temperatures. The

difference in the pitting corrosion resistance between the

laser treated and non-laser treated alloys was compared

and discussed by considering the micro-structure, the

inclusions involved, and the corroded surfaces after the

corrosion test.
2. Experimental procedures

2.1. Specimen preparation

Mill annealed Alloy 600 plates 1.6mm thick were

used in this study, and the alloy composition is listed

in Table 1. The specimens were sealed in a quartz tube,

solution annealed (SA) at 1050 �C for 30min, and then

water quenched (referred to as the SA Alloy 600).

Before the laser treatment, the SA Alloy 600 was pol-

ished with a 600-grit SiC paper to increase the absorp-

tion of the incident laser beam. A continuous CO2

laser beam (maximum power of 4kW) was used at a real

laser power of 500W and a scanning rate of 200cm/min.

The laser beam scan, blowing with a continuous flow of

Ar (30 l/min.) to prevent oxidation of the melted region,

was done with a beam diameter of 1mm on the specimen

surface and overlapped by half of the laser beam to get a

large treatment area. The laser treated samples will be

referred to as the LSM Alloy 600.

2.2. Potentiodynamic polarization test

Cu-wire was spot-welded to one side of each speci-

men, which was then mounted in epoxy resin, and

ground to 2000 grade silicon carbide. To avoid crevice
Table 1

Chemical composition of the specimen used (wt%)

Ni Cr Fe C N S Si

Bal. 15.9 7.6 0.04 0.04 0.002 0.15
corrosion, the specimen–mount interface was carefully

coated with a thin film of silicone sealant. Approxi-

mately 5 · 5mm of the surface was exposed to the test

solution. 1M NaCl solutions at the pH values of 4

and 10 were chosen for the investigation. The pH values

were adjusted using HCl and NaOH. The test solutions

were deaerated with a nitrogen flow before and during

each potentiodynamic polarization test.

The potentiodynamic polarization test was per-

formed using a three-electrode cell system consisting of

a saturated calomel electrode (SCE) as a reference, a

platinum electrode as a counter, and a specimen as a

working electrode. The sample was allowed to float to

the corrosion potential for 2h to attain a stable value be-

fore polarization. After obtaining the stable corrosion

potential (Ecorr), the potential was raised in the anodic

direction, from �100mV below Ecorr, at a scan rate of

0.5mV/s. All the potentials were quoted with respect

to an SCE. The potentiodynamic polarization test was

carried out at temperatures of 30, 60 and 90 �C, and re-

peated several times for each specimen to ensure repro-

ducibility. The pit morphology subsequent to the

potentiodynamic polarization test was examined with

an optical microscope and a scanning electron micro-

scope (SEM).

2.3. Micro-structural examination

For observation with an optical microscope and an

SEM, the specimens were prepared by electrolytic etch-

ing with a solution of 2% HCl + 98% methanol at 6V at

room temperature. A transmission electron microscope

(TEM, JEOL 2000FX II, operating voltage 200kV)

equipped with an energy dispersive X-ray spectroscopy

(EDS) was also used to evaluate micro-structural

changes resulting from the LSM process, and the TEM

specimens were prepared by thinning them mechanically

down to approximately 15lm, followed by an electro-

polishing process.
3. Results

3.1. Potentiodynamic polarization test

Some of the potentiodynamic responses of the SA

and LSM Alloy 600 in 1M NaCl solutions are shown

in Fig. 1(a) at pH 4 at 90 �C and Fig. 1(b) at pH 10 at

60 �C. By LSM, the Ecorr of the SA Alloy 600 were
Mn Al Ti Nb Mg

0.17 0.12 0.21 tr. 0.008



Fig. 1. Anodic polarization curves of the SA and LSM Alloy

600 in 1M NaCl solutions (a) at pH 4 at 90�C and (b) at pH 10

at 60�C.

Fig. 2. Pitting potentials of the SA and LSM Alloy 600 in 1M

NaCl solution as a function of temperature at pH values of (a) 4

and (b) 10.
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increased and the corrosion rates in the passive regime

were reduced. However, their changes were not large.

These results originated from the fact that the overall

chemical composition of the LSM Alloy 600 was the

same as that of the SA Alloy 600, since the laser beam

was only used as a heat source. As a result, the general

corrosion behaviors of Alloy 600 are hardly changed

by the LSM process. This fact was also confirmed from

a DL-EPR test in 0.01M H2SO4 + 20ppm KSCN solu-

tions [15].

The increase of the pitting potential, as shown in the

figures, was noticeable. Fig. 2(a) presents the pitting

potential changes of both alloys depending on the tem-

perature in the acid environments, and Fig. 2(b) in the

alkaline environments. In any case, the pitting potential

of Alloy 600 was increased by about 200mV as a result

of the LSM. From these results, it is evident that the

LSM process markedly improved the pitting resistance

of Alloy 600 in the chloride containing solutions. For
a given alloy and temperature, the pitting potential in

an acid environment is a little lower that that in an alka-

line environment. Further, the pitting potentials of both

alloys seemed to decrease in a linear manner within the

range of the temperatures.

3.2. Micro-structural examination

Fig. 3 shows the typical micro-structure of the SA Al-

loy 600. By the solution annealing, all the intergranular

and intragranular Cr-rich carbides were dissolved mak-

ing a homogeneous micro-structure, except for the

non-metallic inclusions randomly distributed over the

specimen. The inclusions contained in the Alloy 600

were mostly identified as TiN and (Mg,Ca)S, and the

sulfides were generally associated with the TiN, as was

observed in previous studies [6,17,22].

Fig. 4 shows the cross-section of the micro-structure

of the LSM Alloy 600. By the laser treatment, three



Fig. 3. Optical micrograph showing the micro-structure of the

SA Alloy 600, etched in a 2% bromine + 98% methanol

solution.

Fig. 5. SEM micrographs showing the (a) solidification mor-
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distinct zones were created: a laser melted zone (LMZ),

heat affected zone (HAZ), and an unaffected bulk zone

(matrix). The depth of the LMZ ranged from 150–

200lm, and the width of the HAZ was approximately

50lm under the present LSM conditions. The micro-

structural features of each zone of the Alloy 600 are well

documented elsewhere [16], therefore, that of the LMZ,

which is responsible for pitting corrosion, will be the fo-

cus of discussion in this paper.

The typical solidification morphology of the LMZ is

cellular-dendritic, as shown in Fig. 5(a). Secondary and

higher order dendritic arms were not significantly devel-

oped due to a high solidification rate. The primary arm
Fig. 4. Optical micrograph showing the micro-structure of the

LSM Alloy 600, etched in a 2% bromine + 98% methanol

solution.

phology and (b) particle distribution in the laser melted zone of

Alloy 600.
spacing was approximately 2lm. Within each grain, all

the cellular dendrites had the same shape, demonstrating

that they grew in a specific crystallographic direction in

a grain, i.e., h100i in the case of a cubic metal [19]. The

pre-existing non-metallic inclusions in the SA Alloy 600

before LSM (Fig. 3) were not found in the LMZ. This

result originated from the fact that they had been com-

pletely melted/dissolved due to the high energy density

of the laser beam.

Fig. 5(b) shows the particles formed in the LMZ.

From the TEM analysis, it was revealed that the inter-

granular and intragranular Cr-rich carbides were not

precipitated during the LSM process [16]. The micro-

structure of the LSM specimen, therefore, can be com-

pared with that of the SA specimen in the absence of

the Cr-rich carbides. It is evident from Fig. 5(b) that tiny

particles were formed by LSM, which were distributed

along the cell boundaries and hardly found inside the

cells. They were found all-over the LMZ and their distri-
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bution exactly denoted the solidification morphology of

the LMZ.

The tiny particles along the cell boundaries were

identified as TiN and MgS type particles from various

electron microscopy analyses, and the details are given

elsewhere [16,17]. Fig. 6 shows some of the typical par-

ticle morphologies. The average sizes of the TiN and

MgS particles were very small, approximately 100nm

or less in diameter. MgS was always found attached to

TiN, suggesting that MgS had nucleated and grown on

the TiN. The number density of the TiN was roughly

estimated to be 1013 to 1014particles/cm3. On the other

hand, the number of MgS particles observed was much

lower than that of the TiN particles. Their formation

can be attributed to the melting/dissolution of the pre-

existing coarse TiN and MgS inclusions (Fig. 3) in the

SA Alloy 600 and the subsequent re-precipitation as tiny

particles during the LSM process [17]. The solid solubil-

ities of N, Mg and S in Ni are known to be negligible

[20]. Therefore, the elements preferentially segregated

on the cell boundaries during solidification are expected
Fig. 6. Bright field images of the two types of particles (TiN

and MgS) precipitated in the laser melted zone of Alloy 600.
to precipitate as TiN and MgS with a low free-energy

formation, even though the original contents of N, Mg

and S are i.e., only 400ppm, 80ppm and 20ppm in the

SA Alloy 600, respectively.

3.3. Corroded surface morphology

Fig. 7 shows the early stage of a pit initiation in the

SA Alloy 600 after the potentiodynamic polarization

test. In this figure, the TiN inclusion itself did not dis-

solve, and a corrosive attack was initiated at the periph-

ery of the TiN. The corrosion potential of the TiN

coating layer was reported to be 400mV higher than

the mill-annealed Alloy 600 substrate in a 0.01M NaCl

solution [21]. Therefore, the TiN inclusion acts as a cath-

ode and the matrix near the junction between the TiN

and the Alloy 600 is preferentially corroded by the gal-

vanic coupling effect, making a micro-crevice, even in

the case of the absence of pit initiators such as sulfides

in the chloride containing solutions.

Pit morphologies after a significant growth of the pits

were quite different in both test specimens. Fig. 8(a)

shows the typical pit appearance in the SA Alloy 600 un-

der the present testing conditions. Irregularly shaped

deep pits, with crystallographic facets, are found in the

figure. Inside the pit, non-dissolved TiN inclusions are

seen. By the laser treatment, a significant change in the

pitting morphology took place. Round and shallow

forms of attack were observed in the LSM Alloy 600,

as shown in Fig. 8(b). The attacked morphology in the

LSM Alloy 600 denoted exactly the solidification mi-

cro-structure, i.e., cellular-dendritic morphology. It re-

sults from the micro-segregation during solidification.

Cr was more enriched along the cell boundaries due to

the micro-segregation occurring during the LSM process
Fig. 7. SEM micrograph showing the early stage of a pit

initiation at the periphery of a TiN inclusion in the SA Alloy

600.



Fig. 8. Pit morphologies on the (a) SA Alloy 600 and (b) LSM

Alloy 600 after potentiodynamic polarization test in a 1M

NaCl solution at pH 10 at 60�C.
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[16], therefore, the dissolution rate of the regions around

the cell boundaries was different from that inside the

cells due to the enriched Cr contents. Metal dissolution

in accordance with the crystallographic planes, which is

characteristic of the SA Alloy 600, did not occur in the

LSM Alloy 600. Consequently, the major effect of the la-

ser treatment on the pit morphology in the SA Alloy 600

would be the transition from a highly localized form of

pitting of the SA Alloy 600 to a more generalized form

of attack.
4. Discussion

From the results of the potentiodynamic polarization

test, the beneficial effect of LSM in the resistance to the

pitting corrosion of Alloy 600 was confirmed by a con-

siderable increase of the pitting potentials in the chloride

containing corrosive environments. The metallurgical
changes induced by LSM could be responsible for the

improvement in the pitting resistance of this alloy.

The nucleation sites of the pits are frequently found

to be related to the inclusions on a metal surface. On

stainless steels, for example, their location is usually

found to be associated with the sulfide inclusions, as

shown in the extensive works of Wraglen [8], Eklund

[9], Castle and Ke [10], and Baker and Castle [11]. The

presence of MnS inclusions in stainless steels increases

the susceptibility of the steel to pit formation. Using

SEM/EDS and Auger spectroscopy, Castle and Ke [10]

and Baker and Castle [11] found that the pits were al-

ways initiated at the sites of Mn-enriched sulfides in type

316 SS, irrespective of whether or not the sulfides were

isolated or combined with some oxides. In stainless

steels, sulfide inclusions are commonly found to be asso-

ciated with oxides or nitrides. In that case, pit initiation

can be facilitated more since a deep micro-crevice is

formed at the periphery along the inclusion/matrix inter-

face due to the preferential dissolution of the sulfide.

On Alloy 600, however, the mechanism on where and

how the pits nucleate is less well understood. An impor-

tant observation made by several authors using SEM/

EDS was a detection of strong sulfur peaks inside the

propagating pits in spite of the very small amount of sul-

fur (0.001–0.008wt%) in the bulk before the corrosion

test [6,21]. The solid solubility of sulfur in Ni is known

to be extremely low, therefore, sulfur ions as impurities

in the bulk are present mostly as the sulfides of (calcium-

substituted) MgS usually associated with titanium

(carbo-) nitrides [6,22,23] or segregated in the grain

boundaries [24]. In the present study with the SA Alloy

600, the corrosive attack was initiated at the TiN/matrix

interface (Fig. 7). It is therefore suggested that, as in the

case of stainless steels, pitting of Alloy 600 can be initi-

ated at the sites of the sulfides attached to TiN in Alloy

600. Hur et al. [6] studied this very inception of pitting

attack in Alloy 600. They also claimed that the dissolu-

tion of the sulfides attached to the TiN interface is the

initial step in pit formation at these sites. Sulfide ions

released by a corrosive attack on a sulfide inclusion

spread out to the surrounding matrix surface [10], and

accelerate (or activate) the anodic dissolution reaction

[25,26]. Marcus et al. [26] investigated the influence of

adsorbed sulfur on the electrochemical behaviors of

Ni–25Fe alloy in acid solutions and, showed that the

presence of the monolayer of the adsorbed sulfur en-

hances the dissolution rate and hinders the repassivation

of the base metal.

A pitting potential is known to be that for nucleation

of stable pit accompanied with film breakdown, or that

for initiation of pitting corrosion rather than that for

growth of pit [27]. Pit may grow at potentials between

the pitting potential (Epit) and the repassivation poten-

tial (Erp). Once film is broken by chloride attack, anodic

dissolution site occurs at the film broken, followed by
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repassivation. At potentials noble to pitting potentials,

repassivation occurs slowly so that the film broken site

may develop into an occluded cell such as a pitting cor-

rosion, which is characterized by the well known acidifi-

cation and concentration of chloride ion. Thus, for the

same alloy with different micro-structure, the pitting

potential is determined by the resistance of the alloy to

the chloride induced film breakdown and also to the for-

mation of pit with a critical degree of occlusion at the

film broken site, which is also influenced by the relative

rates between anodic dissolution and repassivation. For

the SA Alloy 600, coarse (Mg,Ca)S and angular TiN

particles, shown in Fig. 3, acted as a preferential site

for the film breakdown for pitting corrosion, and the mi-

cro-crevice formed at the angular TiN/matrix interface

facilitated the formation of an occluded cell for pitting

corrosion, as confirmed in Fig. 7. All of these contrib-

uted to reduce the pitting potential of the SA Alloy

600, irrespective of solution temperature and pH, as

shown in Figs. 1 and 2. In contrast, the significant in-

crease in pitting potential of the SA Alloy 600 by

LSM, as presented in Figs. 1 and 2, is a result of the

change in micro-structure in which coarse TiN and

TiN/MgS inclusions (�10lm) dissolved/melted, and

then reprecipitated as tiny particles (�100nm) forming

very fine cell structure during LSM, as presented in

Fig. 5. The fine LSM micro-structure with extremely

small TiN/Mgs particles appears to be very difficult for

the formation of an occluded cell on film broken site,

which is confirmed by the shallow and hemisphere pit

shown in Fig. 8(b).

The increase in the resistance to pitting corrosion by

LSM was also reported in other alloy/environment sys-

tems [12,28]. Stewart and Williams [12] investigated the

effect of LSM on the resistance to pitting corrosion of

commercial purity (0.011wt% S) and high sulfur

(0.080wt% S) type 304 stainless steels. They found that

LSM refined the size and reduced the visible volume frac-

tion of the sulfide inclusions in both alloys, resulting in

the improvement of the pitting resistance by reducing

the pit nucleation frequency in the passive regime. From

their results, they concluded that a sulfide inclusion

should have a certain critical size to initiate a propagating

pit. If the size of a sulfide is below the critical size, the

underlying surface can be easily repassivated. Searson

and Latanision [13] also reached the same conclusion

with AISI 303 stainless steels, in which small and rounded

sulfide inclusions resulted in small non-propagating pits

whilst a few large sulfides produced more damaging pits.
5. Conclusions

LSM had beneficial effects on the resistance to the

pitting corrosion of Alloy 600 by markedly increasing

the pitting potentials in the corrosive environments un-
der investigation. Pitting was initiated at the junction be-

tween a TiN inclusion and the matrix, possibly at the site

of a sulfide physically associated with the TiN inclusion

in this alloy. Pit morphology after a significant growth

of a pit was changed by LSM, from an irregularly

shaped deep pit with crystallographic facets to a round

and shallow form of attack.

The metallurgical changes induced by LSM were

responsible for the improvement of the pitting corrosion

properties of this alloy, and they can be summarized as

follows. The first is that the solidified micro-structure

caused by LSM was considerably homogeneous. Inter-

granular and intragranular Cr-rich carbides, which are

harmful to the localized corrosion such as pitting and

IGA/IGSCC by the creation of a Cr depleted zone, were

not precipitated during the LSM process due to the fast

cooling. Secondly, the pre-existing coarse TiN and sul-

fide inclusions in the SA Alloy 600, which act as the

pit initiators for a stable pit growth, were completely

melted/dissloved by the high energy of the laser beam.

Lastly, the average sizes of the re-precipitated TiN and

MgS during the LSM process were so small that they

did not act as the initiation sites for the damaging pits.
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