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ABSTRACT
Lead (Pb) is one of the impurities that cause stress corrosion cracking (SCC) of the tubing material in
the steam generator (SG), the corrosion behavior of surface mechanical attrition treatment (SMAT)
treated surface was measured for alloy 690 in simulated SG condition with and without Pb contam-
ination. Even though the polarization curves indicated the corrosion potential of SMAT-processed
specimens shifted negatively, the positive effect of SMAT on resistance of SCC was observed. The
reduced susceptibility to lead-induced stress corrosion cracking may be attributed to the formation
of stable passive film and the significant compressive stress on the surface induced by SMAT.

IMPACT STATEMENT
A significant compressive stress induced by the SMAT process effectively reduced the susceptibility
of the alloys to lead-induced stress corrosion cracking.
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Alloy 690, due to its outstanding robustness against cor-
rosion resistance, is widely used as the steam genera-
tor (SG) tubing material in nuclear power plants. How-
ever, many types of corrosion still happened since it was
exposed to a highly aggressive water chemistry environ-
ment containing someoxidizing impurities.[1–7]Among
the impurities in the SG crevices, Pb has been recognized
as one of the primary contributors to the SCC failure
of SG tubing materials. It is well known that the cor-
rosion resistance of alloy is attributed to the formation
of a protective passive film on its surface. The Pb con-
tamination results in certain changes of the passive films,
and then leads to degradation of the films. The experi-
ments of Lu et al. revealed that PbSCC might dominate
rupture mechanisms in the passive film [8] and passivity
degradation.[9–11] The potentiodynamic measurements
of Pb contamination on the anodic dissolution behavior
of nickel-based alloys indicated that the Pb could increase
the anodic dissolution.[12–15] Kilian and Roth [15] and

CONTACT San-Qiang Shi mmsqshi@polyu.edu.hk

Kim et al. [16] provided the evidence to establish
the relation between PbSCC and an anodic dissolution
mechanism,[11] which is the potential range of the max-
imum PbSCC susceptibility corresponding to the posi-
tion of an anodic current peak. PbSCC behavior highly
depends on the solution pH value, and recent investi-
gation indicated that the effect of Pb contamination on
the passivity degradation of alloy 690 in an alkaline solu-
tion wasmore significant than that observed in the acidic
one.[17] Grain size refinement of the metallic surface
is one of the promising ways to control the corrosion
behavior of alloy 690.

Surface mechanical attrition treatment (SMAT),[18]
in which the repeated multidirectional impacts at high
strain rates onto the specimen surface result in severe
plastic deformation and grain refinement progressively
down to the nanometer regime in the entire specimen
surface, is one of the important ways to significantly
improve mechanical properties of metallic materials.
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Compared with the conventional shot peening method,
SMAT deformation directions are random, which can
activate multi-slip systems. And SMAT can reach higher
kinetic energies to achieve a thicker nanocrystalline
surface layer. The influence of SMAT on the SCC at
room temperature has been investigated and the results
showed that SMAT could improve the corrosion behav-
ior of metallic alloys.[11] However, to our knowledge,
no experimental data are reported so far to investigate
PbSCC of SMAT-processed materials under high tem-
perature and high pressure. To fill the knowledge gap,
it is worth to study the corrosion behavior of SMAT-
processed materials under aggressive environment. In
this work, the effects of SMAT on the corrosion resis-
tance of Alloy 690 with and without Pb contamination
in an alkaline solution have been investigated under high
temperature and high pressure.

Alloy 690 was used as the test material and chemi-
cal composition in weight percent is 0.02C, 30Cr, 10Fe,
0.5Mn, 0.5Si and the balance is Ni. They were degreased
using acetone and subjected to SMAT using 316L stain-
less steel balls for 60min at a fixed frequency 20 kHz at
room temperature. The details of the SMAT process were
described in an earlier paper.[18] The C-ring test speci-
mens were prepared under the ASTM G 38-37 code [19]
and the applied stress was adopted as 414MPa and the
corrosion time is up to 2160 h. The C-ring SCC tests were
performed in simulated alkaline SG crevice chemistries
at 300°C. The corrosive environment was alkaline SG
chemistries with or without 2.2mM (500 ppm) PbOwith
pH at 12.7. All the SCC test solutions were deaerated by
purging with high-purity nitrogen to remove dissolved
oxygen in the test solution for 24 h before testing. An
Ag/AgCl electrode was used as the reference electrode,
and this reference electrode was immersed in 0.65MKCl
solution, which was the same as the Cl− concentration
in the testing solutions. The potential reported has been

transformed into the SCE scale. A long Pt coil was used
as the counter electrode. The phase content and resid-
ual stress before and after SMAT processed were carried
out using X-ray diffraction (XRD). The residual stress
with removal of the surface layer by layer was deter-
mined by the sin2ψ method. Peaks measured at higher
2θ were chosen to acquire accurate information on resid-
ual stress. The chemical composition of specimens in the
oxide films was investigated using X-ray photoelectron
spectroscopy (XPS); the SIMS analysis was performed to
compare the concentration profiles before and after the
SMATprocess. The scanning electronmicroscope (SEM)
was used to study the surface profile of SCC cracks.

XRD profiles of the as-received and SMAT-processed
specimens are shown in Figure 1(a). It can be seen that
the untreated specimen consists of complete austenite.
Because of the reduction in crystallite size and then
inducing high compressive residual stresses in near-
surface regions,[20] the Bragg diffraction peaks of the
specimen treated by SMAT were broadened and shift
slightly to high angle. From XRD results, we also see that
the surface layer of the specimen is still mainly composed
of single austenite; no obvious phase transition could be
observed under such an SMAT condition. Residual stress
was measured on the specimen surface before and after
SMAT with (311) diffraction of Cu Kα X-ray. The elec-
trolytic polishing was used to remove layer by layer from
the specimen surface, and depth profiles of the residual
stress with and without SMAT specimens are shown in
Figure 1(b). Compared with as-received annealed spec-
imens, SMAT treatment led to extremely strong com-
pressive residual stress in the near-surface region, which
remain up to a depth of 100 μm.

To investigate the effects of Pb contamination on
the polarization behavior of 690 alloys in alkaline SG
chemistries, the polarization curvemeasurements at high
temperature and high pressure were conducted: the

(a) (b)

Figure 1. (Colour online) (a) XRD profiles of the untreated and SMAT-processed 690 specimens. (b) Residual stress depth profiles before
and after the SMAT process.



182 N. LI ET AL.

(a) (b)

(c) (d)

Figure 2. (Colour online) (a) Potentiodynamic curves for alloy 690 with and without SMAT treatment in PbO-free and PbO solution at
300°C; Cr 2p peaks of XPS obtained from alloy in solution containing PbO without (b) and with (c) SMAT treatment; (d) Cr2O3 concen-
tration–depth profile of SMAT specimens in solution containing PbO measured by the SIMS technique. The time in (b)-(d) indicates the
duration for SMAT.

specimens with and without SMAT were preconditioned
at −1V(SCE) in (1) Pb-free solution and (2) in the Pb-
containing solution. Typical results are superimposed on
Figure 2(a).

All specimens showed an active–passive behavior in
the Pb-free and Pb-containing solution under the applied
potential. It can be noted in Figure 2(a) that the corro-
sion potential increased for both SMAT and untreated
specimens in Pb-contaminated solution compared with
Pb-free solution. The corrosion potential of SMAT spec-
imens decreased compared with the untreated ones in
the same environment, while the passive current den-
sities are obviously lower for SMAT ones regardless of
the presence of Pb in the solutions. SMAT specimens
have a wider passive range, which means that a more
stable oxide layer was formed on the surface. Accord-
ing to the E-pH diagram at a high temperature,[21]
Pb ions in a solution were electrodeposited during the
cathodic potential scan. Hwang’s study showed that the
corrosion potentials were increased by the addition of
Pb because metallic Pb is stable in alkaline solution at
an elevated temperature.[22] The lower corrosion poten-
tial of SMAT specimens can be explained in terms of
surface roughness, defect density and residual stresses
induced by SMAT.[23–25] In Figure 2(a), a current peak,

named peak 1, appeared on the polarization curve of
untreated specimens in Pb-contaminated solution, which
is also related to the Pb electrodeposition during the
cathodic potential scan. This electrodeposited Pb can be
oxidized and dissolved, leading to the increase in anodic
current.[26] Peak 2 is related to the oxidation of Pb,
which appears at V = 0.48(SCE) in the Pb-containing
solution.[14] But these two peaks were not found in
SMAT-treated specimens.

According to Okamoto et al.,[27,28] there are gener-
ally three types of bonds in passive films, i.e. O-M, OH-
M, and H2O-M. The distribution of oxide and hydroxide
in the passive film can be identified by XPS and SIMS.
Figure 2(b) and 2(c) showsCr 2p core level spectra of XPS
and their decompositions for passive film formed on alloy
690 without and with SMAT, respectively. It can be seen
that the spectra were decomposed into three peaks after
SMAT and corrosion: the intensity of the signal of Cr2O3
remarkably increased with Cr(OH)3 decreased sharply
and Cr-rich signal appeared, which indicates that SMAT
leads to a significant increase in the amount of Cr oxide in
the passive film. The Cr2O3 level spectra can also reflect
the trend of OH−1/O2–distribution in the films. In the
passive films, Cr oxides increased with SMAT duration
and a large amount of Cr2O3 appeared in the film after
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(a) (b)

(c) (d)

Figure 3. Surface and cross-sectional observations of C-ring with and without SMAT in solution containing PbO. (a) Surface of C-ring
without SMAT before corrosion; (b) surface of C-ring without SMAT after corrosion; (c) cross-sectional observations of C-ring without
SMAT after corrosion; and (d) surface of C-ring with SMAT after corrosion.

60 min SMAT, as illustrated in Figure 2(d). According to
Luo et al., the presence of Pb contamination in alkaline
solutions leads to a significant increase in the amount of
hydroxyl in the passive film,[11,14] while it hardly affects
the ratio of OH−/O2– in the passive films formed with
rich Cr oxide, which results in the fact that the role of Pb
is not pronounced in SMAT specimens compared with
the effect of Pb on the untreated ones. This agrees with
the results from the polarization curve.

Figure 3 shows surface and the cross-sectional obser-
vations of C-ring specimen with and without SMAT after
SCC tests in the solution containingPb. The typical image
of coarse grains was seen on the un-SMAT specimen sur-
face before the SCC test in Figure 3(a). In Figure 3(b) SCC
cracks occurred after the PbSCC test for specimen with-
out SMAT, and a crack with a length of around 200 μm
was observed on the cross-sectional image shown in
Figure 3(c). In contrast, no obvious cracks were observed
on SMAT-treated specimens shown in Figure 3(d).

It has been reported that the crack initiation is closely
relatedwith the property of the surface oxide film.Hwang
et al. [21] reported that Pb was strongly related to crack
initiation on Alloy 690 in an alkaline solution due to
the acceleration of Cr dissolution from the passive oxide
film. If Cr content at these locations was too small to

reach a certain critical value, SCC cracks would initi-
ate with high stress concentration under the oxide films.
Lots of new grain boundaries and a high density of dis-
locations were created on the surface during the SMAT
process. The grain refinement on the surface affects the
content and microstructure of the passivity film, as a
high density of grain boundaries provide a large num-
ber of diffusion pathways for Cr, which contributes to the
formation of stable Cr oxides. The formation of the pro-
tective film with rich Cr oxide on the surface of SMAT
specimens resulted in the improvement of PbSCC resis-
tance. Additionally, the high-level compressive residual
stress generated during the SMAT process increased SCC
resistance regardless of the presence of Pb because the
compressive residual stress prevents both crack initiation
and growth in SMAT specimens. Park [29] also found the
similar phenomena in the shot-peened specimens.

In this work, we have investigated the effect of SMAT
on SCC behavior under high-temperature and high-
pressure condition in the Pb-free and Pb-containing
solutions, respectively. The experimental results showed
that the SMAT treatment leads to strong compressive
residual stresses on the surface of specimens and a sig-
nificant increase in the amount of Cr oxide in the pas-
sive film. SMAT-processed alloy 690 exhibited better
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corrosion resistance in the Pb-free and Pb-containing
alkaline solutions.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This research was supported by the National Natural Science
Foundation of China (No. 51271157), Research Grants Coun-
cil of Hong Kong (PolyU 152140/14E) and a NSERC/Atomic
Energy of Canada Ltd (AECL) CRD grant.

References

[1] EngelhardtGR,MacdonaldDD,Millett PJ. Transport pro-
cesses in steam generator crevices—I. General corrosion
model. Corros Sci. 1999;41(11):2165–2190.

[2] Staehle RW, Gorman JA. Quantitative assessment of sub-
modes of stress corrosion cracking on the secondary side
of steam generator tubing in pressurized water reactors:
part 1. Corrossion. 2003;59:931–994.

[3] Hwang SS, Kim HP, Lee DH, Kim UC, Kim JSS. The
mode of stress corrosion cracking in Ni-base alloys in
high temperature water containing lead. J Nucl Mater.
1999;275:28–36.

[4] Huang JB, Wu XQ, Han EH. Electrochemical properties
and growth mechanism of passive films on Alloy 690
in high-temperature alkaline enviornments. Corros Sci.
2010;52:3444–3452.

[5] Doherty PE, Sarver JM, Miglin BP. The SCC testing
of nuclear steam generator tubing materials. J O M.
1996;48:39–41.

[6] McGarvey GB, McDougall TE, Owen DG. Control of
the morphology and surface properties of nickel ferrite.
J Mater Sci. 1998;33:35–40.

[7] Thomas LE, Bruemmer SM. High-resolution analyti-
cal electron microscopy characterization of corrosion
and cracking at buried interfaces. Surf Interface Anal.
2001;31:571–581.

[8] Lu BT, Luo JL, Lu YC. Correlation between film rup-
ture ductility and PbSCC of Alloy 800. Electrochim Acta.
2008;53:4122–4136.

[9] Raquet O, Santarini G, Helie M. Initiation and propaga-
tion of stress corrosion cracking of type 304L austenitic
stainless steel in hot aqueous chloride solution. Corros-
sion 1996;52:697–707.

[10] Lu BT, Luo JL, Lu YC. A mechanistic study on lead-
induced passivity-degradation of Nickel-based alloy. J
Electrochem Soc. 2007;154:C379–C389.

[11] Lu BT, Luo JL, Lu YC. A theoretical model on elec-
trochemical response of passivated metals to solid
particle impingement. J Electrochem Soc. 2007;154:
C159–C168.

[12] Radhakrishnan H, Carcea AG, Newman RC. Influence
of Pb++ ions on the dissolution and passivation of

nickel and Ni–21Cr in acidic solutions. Corros Sci.
2005;47:3234–3248.

[13] Hwang SS, Kim JS. Electrochemical interaction of lead
with alloy 600 and alloy 690 in high-temperature water.
Corrossion 2002;58:392–398.

[14] Peng B, Lu BT, Luo JL, Lu YC. Investigation of passive
films on nickel Alloy 690 in lead-containing environ-
ments. J Nucl Mater. 2008;378:333–340.

[15] Kilian R, Roth A. Corrosion behaviour of reactor coolant
system materials in nuclear power plants. Mater Corros.
2002;53:727–739.

[16] Kim UC, Kim KM, Choi BS. Electrochemical behaviors
of alloy 690 in caustic solutions containing Pb at 300°C.
Corrossion 2010;66:015002–015002-6.

[17] Wu X, Tao N, Hong Y, Xu B, Lu J, Lu K. Microstructure
and evolution of mechanically-induced ultrafine grain in
surface layer of AL-alloy subjected to USSP. Acta Mater.
2002;50:2075–2084.

[18] Li WL, Tao NR, Lu K. Fabrication of a gradient nano-
micro-structured surface layer on bulk copper by means
of a surface mechanical grinding treatment. Scr Mater.
2008;59:546–549.

[19] Standard practice for making and using C-ring stress cor-
rosion test specimens. ASTM G 38–73E1. 1995;132–137.

[20] Kruger L, Frommeyer KG, Meyer LW. High strength
Fe–Mn–(Al, Si) TRIP/TWIP steels development proper-
ties application. Int J Plas. 2000;16:1391–1409.

[21] Lumsden J, Pollock G. Workshop on effects of Pb and S
on the performance of secondary side tubing of steam
generators in PWRs. Illinois: ANL; 2005.

[22] Hwang SS, Kim HP, Lim YS, Kim JS, Thomas L.
Transgranular SCC mechanism of thermally treated
alloy 600 in alkaline water containing lead. Corros Sci.
2007;49:3797–3811.

[23] Yin S, Li DY, Bouchard R. Effects of the strain rate of prior
deformation on the wear–corrosion synergy of carbon
steel. Wear. 2007;263:801–807.

[24] Yin S, Li DY, Bouchard R. Effects of strain rate of prior
deformation on corrosion and corrosive wear of AISI
1045 steel in a 3.5 PctNaCl solution. Metal Mater Trans
A. 2007;38(5):1032–1040.

[25] Li DY. Kelvin probing technique: a promising method
for the determination of the yield strain of a solid
under different types of stress. Phys Status Solidi A.
2002;191:427–434.

[26] Kim DJ, Mun BH, Kim HP, Hwang SS. Investigation of
oxide property on Alloy 600 with the immersion time in a
high-temperature leaded alkaline solution.MetMater Int.
2014;20(6):1059–1065.

[27] OkamotoG, ShibataT. Passivity ofmetals. In: Frankenthal
RP, Kruger J, editors. The corrosion monograph series.
Princeton, NJ: The Electrochemical Society, Inc.; 1978. p.
646–677.

[28] Okamoto G. Passive film of 18-8 stainless steel struc-
ture and its function. Passive film of 18-8 stainless steel
structure and its function. Corros Sci. 1973;13:471–489.

[29] Park IG. Primary water stress corrosion cracking behav-
iors in the shot-peened Alloy 600 TT steam generator
tubings. NuclEng Des. 2002;212:395–399.


	Disclosure statement
	Funding
	References

