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Passive films formed on Alloy UNS N06690 were investigated in simulated crevice chemistries. It was
found the role of lead in corrosion processes is strongly dependent on the pH value of the testing solu-
tions. At pH 1.5 the effect of lead is narrowly noticeable; while at pH 12.7, lead has a significant influence
on the electrochemical performance of alloy UNS N06690. The lead alters the surface morphologies at
both pH and account for higher hydroxide content in the surface film at pH 12.7. The lead incorporation
hinders the formation of spinel oxides during the passivation in alkaline solution. Nanoindentation tests
indicate a significant lead-induced degradation in the mechanical properties of passive films. The passiv-
ation degradation is attributed to detrimental effects of lead via interrupting the dehydration process and
hindering the formation of protective layers on the alloy surface.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Stress corrosion cracking (SCC) of steam generator (SG) tubing
materials is of great concern with reference to the safety of nuclear
power generation systems. It has been reported that the presence
of lead contamination in the feedwater on the secondary side can
increase the SCC susceptibility of the SG tubing materials, espe-
cially nickel-based alloys [1,2]. In order to improve lead-induced
SCC (PbSCC) resistance, nickel Alloy 690 has been developed to re-
place Alloy 600 as SG tubing materials by means of optimizing the
alloy composition. The content of chromium in Alloy 690 was sub-
stantially increased, which was proved to be beneficial to its SCC
resistance. However, PbSCC in this type of nickel alloy still report-
edly occur, especially in caustic environments [1,3,4]. This is to
some extent contradictive to the common knowledge that stainless
steels and nickel alloys are the best choices in alkaline aggressive
conditions. Several PbSCC mechanisms, such as liquid metal
embrittlement [1], selective grain boundary oxidation [2] and
hydrogen embrittlement [5], have been proposed, but none of
them gives a completely interpretation to the PbSCC phenomena.
In recent decades, experimental evidences revealed that the sus-
ceptibility of PbSCC is related to the instability of passive films
[1,6,7]. With the formation of passive films, the crack growth rate
is essentially determined by anodic dissolution rate of materials
and film rupture rate [8]. From this point of view, corrosion resis-
tance and mechanical properties of the passive film play a key role
ll rights reserved.

: +1 780 492 2881.
in the initiation and propagation of SCC. However, literature review
shows that few studies were carried out to investigate the charac-
teristics and properties of passive films on nickel alloys. Only basic
concepts are far from enough to clarify the role of lead in the pas-
sivity of nickel alloys. It is important, therefore, to scrutinize the
passivation process of nickel alloys in the presence of lead and pro-
vide a better understanding of the effect of lead on passivity on SG
tubing materials.

In present work, corrosion resistance of Alloy 690 was evalu-
ated at different pH values. The morphology, composition, struc-
ture and mechanical response of passive films formed in various
chemistries were examined by SEM, XPS, SIMS, XRD analyses and
nanoindentation. The characteristics of Pb-doped passive films
have been presented.
2. Experimental procedures

2.1. Test solution

A set of special solutions were designed to simulate CANDU1 SG
crevice chemistries, as shown in Table 1. To investigate the effect of
lead on the electrochemical performance of the nickel alloy samples,
0.22 mM PbO was added as lead contaminations to basic solutions.
PbO was selected because it is the most common lead compound
found in the crack in tubing materials.
1 CANDU is the trade mark of Atomic Energy of Canada, Ltd.
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Fig. 1. Polarization plots of UNS N06690 alloy in: (a) acid and (b) alkaline solutions
with and without lead. Scan rate: 1 mV/s.

Table 1
Compositions of testing solutions (mM)

No. NaCl KCl Na2SO4 CaCl2 NaHSO4 NaOH PbO pH 25 �C

1 300 50 150 150 0 400 0 12.7
2 300 50 150 150 0 400 2.2 12.7
3 300 50 150 150 50 0 0 1.5
4 300 50 150 150 50 0 2.2 1.5
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2.2. Test material and sample preparation

The testing material is nickel-based tubing material UNS
N06690. The nominal composition in weight percent is 0.02C,
30Cr, 10Fe, 0.5Mn, 0.5Si and Ni in balance. The samples for electro-
chemical measurement were mounted with epoxy and mechani-
cally grounded up to 600 grit SiC paper. Then the surface was
rinsed with de-ionized water, degreased in acetone and dried with
compressed air before use.

For surface analysis, alloy UNS N06690 was cut into 1 � 2 cm2

pieces. The specimens were grounded with silicon paper up to
600-grit, cleaned in de-ionized water and degreased with acetone.
Then the specimens were divided into 4 groups according to the 4
groups of testing chemistries (see Table 1). Each group of speci-
mens was put into an autoclave and immersed in the correspond-
ing solutions for 24 h at 300 �C. The solutions in the autoclave were
deareated continuously with pure nitrogen gas one hour prior to
the heating till the end of the sample preparation. During this pro-
cess, surface films were formed on the sample surfaces. After taken
out of the autoclave all the specimens were cleaned in acetone by
ultrasonic machine and were ready for XPS and SIMS analysis.

2.3. Electrochemical measurements

A conventional three-electrode cell was used in the experi-
ments. A saturated calomel electrode (SCE) was used as the refer-
ence electrode and a long and coiled platinum wire as the counter
electrode. All experiments are carried out at room temperature
(23 �C). Prior to electrochemical measurements, the solution was
deaerated with pure nitrogen gas for 1 h which was continued
through all experiments. Before each electrochemical test, the
sample was preconditioned at �1.0 VSCE for 900 s to remove the
air formed film. Metallic lead was electrodeposited on the sample
surface during this period. The dynamic potential scanning began
from �0.2 V less than the open circuit potential (OCP) to the desig-
nated positive potential, with a scanning rate of 1 mV/s.

2.4. XPS analysis

All samples were prepared by immersing in designated simu-
lated SG crevice solutions at 300 �C for 24 h. The XPS measure-
ments were performed using an Axis-ULTRA (Kratos Analytical)
spectrometer controlled by a SUN workstation. Photoelectron
emission was excited by an aluminium (monochromatized) source
operated at 210 W with initial photon energy 1486.71 eV. The sur-
vey spectra were recorded at steps of 0.33 eV using 160 eV pass en-
ergy, whereas high resolution spectra were taken at steps of 0.1 eV
using 20 eV pass energy. The base pressure was approximately
5 � 10�10 Torr. The C1s peak from adventitious carbon at
284.6 eV was used as a reference to correct the charging shifts.
The photoelectrons were collected at a take-off angle of 90� with
respect to the sample surface. Depth profiling was performed over
an area of 1.5 � 1.5 mm2 under 3 keV Ar-ion sputtering and the
sputter rate was estimated to be 3 nm/min. The high resolution
spectra were fitted according to the Gaussian–Lorentzian line-
shape, and the Shirley approach was used to subtract backgrounds.
The O1s core level curve fitting theoretically shows three compo-
nents at 530 � 531 eV, 531 � 532 eV and 532 � 533 eV, [9] which
corresponds to the binding energy of oxygen in M–O–M, M–OH
and H2O-M bonds, respectively. Cr 2p3/2 core level generally can
be decomposed into three contributions, a hydroxide one, an oxide
one and a metallic one with binding energies located at
577.4 ± 0.5 eV, 576.0 ± 0.5 eV, 574.0 ± 0.1 eV [9–11]. Before XPS
analysis, the morphologies of the same samples were examined
with JEOL Field Emission SEM.

2.5. SIMS analysis

The same samples in XPS analysis were used for Time-of-Flight
Secondary Ion Mass Spectroscopy (ToF SIMS) tests. SIMS analysis
was carried out with ToF SIMS IV instrument (ION-TOF Gmbh).
In the current work, the analysis source used was Ga+, operation
at 15 kV; the sputtering source is Cs+, operating at 1 kV.

2.6. X-ray diffraction analysis

The X-ray diffraction experiment was carried out by using Rig-
aku rotating anode RU-200B system equipped with a Cobalt anode
as X-ray source. A690 samples passivated in different SG crevice
chemistries for 24 h at 300 �C were cut and thinned to an approx-
imate thickness of 1 mm. The sample surfaces were cleaned with
acetone in ultrasonic cleaning machine prior to the XRD experi-



B. Peng et al. / Journal of Nuclear Materials 378 (2008) 333–340 335
ment. Thin film setup (vs. wide angle) was used in this study. The
incident angle h was 0.5�.

2.7. Nanoindentation test

The nanoindentation apparatus (Hysitron Co., Ltd., Triboscope�)
was attached with AFM (Digital Instruments, Nanoscope E) to con-
trol the positioning and displacement of the indenter on the spec-
imen surface. A diamond cube corner indenter was used in the
experiment. Prior to any indentation experiment, the instrument
was calibrated with the standard fused silicon sample. A triangular
load function was employed for the indentation consisting of a 5-s
loading segment and a 5-s unloading segment.

The measurement of reduced modulus and hardness is sensitive
to the surface condition of samples. For Alloy 690 samples passiv-
ated at high temperature, the surface is not uniform and smooth.
Considering that these factors may affect the experimental result,
nanoindentation was conducted at comparatively smooth sites,
and average values were calculated after the experiments.
3. Results

3.1. Polarization behavior

Fig. 1 shows the effect of lead on the polarization behaviors of
Alloy 690 at different pH values. In acidic solutions (pH 1.5), the
polarization curves obtained in the solutions with and without
Fig. 2. SEM images of Alloy 690 immersed in acid solution for

Fig. 3. SEM images of UNS N06690 alloy immersed in CANDU alkaline
lead are very similar, including nearly identical active–passive
transition potential and trans-passivation potential, and similar
current densities in the active region, as can be seen in Fig. 1(a).
Even so, one can still find the influence of lead on the polarization
behavior of Alloy 690. For example, a current peak related to the
oxidation of lead appears at �0.48 VSCE in the lead-containing solu-
tion, and passive current slightly increases in the passive region
(from �0.2 to 0.2 VSCE) as compared with that in absence of lead.
In contrast, the decrease of corrosion resistance caused by lead
impurities seems more obvious in the case of alkaline solution
(pH 12.7). The oxidation of lead takes place at more negative po-
tential (�0.78 VSCE). The passive current is enhanced to a consider-
able degree by the presence of lead, especially at low potential
region (from �0.78 VSCE to 0 VSCE). More interestingly, a secondary
current peak is observed at 0.45 VSCE, which may be attributed to
the valence change of lead in the surface film.

3.2. Surface morphology

The surface morphologies of Alloy 690 samples are similar to a
degree in both lead-free (Fig. 2(a)) and lead-containing (Fig. 2(b))
acidic solutions except a relatively rough surface in the latter case,
when the samples are passivated in the acidic solutions. However,
for the sample prepared in the alkaline solution without lead, a
crystalline surface layer completely covers the sample surface, as
indicated in Fig. 3(a); whereas in the presence of lead, a needle-like
surface layer covers the surface, as shown in Fig. 3(b). Comparing
Fig. 2 with Fig. 3, it is concluded that the influence of lead
24 h at 300 �C: (a) without PbO and (b) with 2.2 mM PbO.

solution for 24 h at 300 �C: (a) without and (b) with 2.2 mM PbO.
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Fig. 4. Depth profiles of Pb in the passive films on UNS N06690 alloy passivated at
300 �C in Pb-containing SG crevice chemistries.
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Fig. 5. Composition profiles for passive films on UNS N06690 alloy prepared at
300 �C in acidic SG crevice solutions: (a) without and (b) with 2.2 mM PbO.
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Fig. 6. Composition profiles for passive films on UNS N06690 alloy prepared at
300 �C in alkaline SG crevice solutions: (a) without and (b) with 2.2 mM PbO.

336 B. Peng et al. / Journal of Nuclear Materials 378 (2008) 333–340
impurities on the surface morphology is more significant when the
material is exposed in alkaline SG crevice environment.
3.3. Changes in composition and structure of passive films

Fig. 4 shows the depth profile of lead in the passive films of Al-
loy 690 with respect to different pH conditions. It is evident that
lead was involved in the formation of passive films and the content
and distribution of lead varies in different pH environments. On
the other hand, the protective property of passive films fundamen-
tally depends on their compositions and structures. Fig. 5 depicts
depth-composition profiles of passive films formed in acidic SG
crevice solutions. We have not found much difference for each ele-
ment regardless of the presence of lead. On the contrary, in the
case of alkaline solutions, the presence of lead caused a significant
change of chromium profile, as shown by Fig. 6. In the film without
lead, a Cr depleted layer can be detected just beneath the outmost
layer. However, the chromium content greatly increased with the
incorporation of lead.

According to Okamoto et al. [12,13], there are generally 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 iden-
tified by deconvolution of O1s high resolution spectra. Fig. 7 shows
that the presence of lead contamination in alkaline solutions leads
to a significant increase in the amount of hydroxyl in the passive
film (Fig. 7(b)); while it hardly affects the ratio of OH�/O2� in the
passive films formed in acidic solutions (Fig. 7(a)).
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The Cr2p3/2 core level spectra also reflect the trend of OH�/O2�

distribution in the films. In the films obtained in acidic solutions,
no hydroxide can be detected regardless of the presence of lead,
as shown in Fig. 8. This agrees with that fact that the role of lead
is not pronounced in the acidic solution. However, a large amount
of hydroxide appears in the film obtained in alkaline solutions, as
illustrated in Fig. 9, indicating that the hydroxide concentration
is substantially increased with the presence of lead.

SIMS profiles of hydroxide and hydrogen in sample surfaces for
the samples prepared in alkaline solutions have been further inves-
tigated since XPS technique cannot identify the distribution of
hydrogen in the surface film. In Fig. 10, the content of hydroxide
is higher in the surface film formed in the solution with lead than
that without lead, which is in good agreement with XPS results. At
the same time, hydrogen contents in the samples have shown the
same trend as the hydroxide, suggesting the ingress of lead also in-
creases the total hydrogen concentration in the film.

3.4. Retarded formation of spinels

In order to evaluate the effect of hydroxide contents in the films
on the structure of surface layers on the alloy, passive films pre-
pared in different solutions were examined by means of low angle
XRD. In the acidic solutions, as shown in Fig. 11, the ingress of lead
has no obvious influence on the structure of passive films on Alloy
690. The peaks of c phase reflect the signals excited from the sub-
strate. No crystalline structure is detected in the passive film
regardless of the presence of lead. In the case of alkaline condition,
spinel structure clearly appears in the passive film passivated in
the lead-free solution, as presented in Fig. 12(a), whereas lead
impurities completely inhibit the formation of the bi-metal oxides
in the same solution. It is known that spinel oxides are important
barriers to improve the dissolution resistance for nickel alloys at
high temperatures [14].

3.5. Mechanical properties of passive films

The changes of composition and structure in passive films can
result in the deviation of their mechanical properties. Fig. 13 dem-
onstrates that the hardness dropped for the passive films on Alloy
690 passivated in both acidic and alkaline solutions as a result of
lead contamination. The values of the hardness decrease with
increasing indentation depth, hc, regardless of the presence of lead.
This phenomenon is acknowledged as the indent size effect
[15,16]. The results clearly indicate a deleterious effect of Pb on
the mechanical properties of the surface film. Furthermore, it is
obvious that the lead caused degradation of film hardness is more
pronounced in high pH solution.
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4. Discussion

Based on the experimental results, it should be noted that, in
alkaline lead-containing solution the corrosion resistance of Alloy
690 decreases although the increase of chromium content in the
passive film was observed. The classical theory of passivity indi-
cates that the higher chromium content in alloys will result in ra-
pid repassivation and lower corrosion susceptibility of materials.
When bulk chromium content is more than 13% (wt%) in the alloy,
a compact oxide film can be developed quickly in corrosive envi-
ronments, providing excellent anti-corrosion performance. In the
present work, it was found that the passive film obtained in alka-
line solutions with lead comprises more chromium hydroxides, in-
stead of chromium oxides. It is well acknowledged that the
production of crystalline oxides in passive film is highly dependent
on dehydration reaction during aging process [12,13]. Therefore,
the inhabitation of crystallization by lead is naturally a result of re-
tarded dehydration in passive film. Taking into account the
increasing chromium and hydroxide contents in the passive film
due to lead contamination in alkaline solution, it implicates that
in a lead-containing environment the instability of the passive film
on Alloy 690 results from the detrimental effect of lead, which fun-
damentally modifies the composition, structure and mechanical
properties of the passive film. The efficient use of alloy chromium
in the material is essentially interrupted by lead.

It has been pointed out that the effect of metal ions on the sta-
bility of passive films is closely related to their chemical hardness
[17]. According to the Lewis rule of acids and bases, metal ions are
acids and act as electron acceptors, while ligands are bases and be-
have as electron donors [18,19]. The reaction between acids and
bases leads to the formation of metal complexes. Acids and bases
can be further quantitatively characterized by hard and soft nature
based on the hard and soft acid and base (HSAB) concept. The sta-
bility of the A:B combination is essentially depends on the bond
between A and B. In HSAB theory it is assumed that a hard–hard
bond or a soft-soft one will generate a higher stabilization. During
corrosion process, the following reaction may take place at the ini-
tial stage

M2þ þH2O ¼ MðOHÞþ þHþ; ð1Þ

MðOHÞþ ¼MOþHþ: ð2Þ

It was reported that hard metal ions prefer to attract H2O and OH�

in the passive film and are classified as hard bases or acids. In the
Ni–Cr–Fe–Pb system, the hardness sequence is Fe3+ > Cr3+ > Ni2+ >
Fe2+ > Pb2+ [20]. Cr and other alloying metal ions are expected to
combine with OH- or H2O quickly in a lead-free solution and en-
hance the repassivation of the alloy. With the presence of lead,
the deproton reaction of M2+ � H2O may be inhibited due to the low-
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er affinity of Pb and OH-, resulting in a passive film with higher
hydroxide and lower corrosion resistance.

In alkaline solutions, lead complex is stable and lead species can
be adsorbed at the exposed fresh surface. Lead ions may migrate
into the gel-like hydrated oxide layer and occupy cation vacancies.
The dehydration of lead-containing hydroxides may gradually
evolve into the development of a lead-doped surface film [21].

PbðOHÞ2 þ 2NiðOHÞ2 ! ðOHÞNi—O—Pb—O—NiðOHÞ þH2O; ð3Þ

PbðOHÞ2 þ 2CrðOHÞ3 ! ðOHÞ2Cr—O—Pb—O—CrðOHÞ2 þH2O; ð4Þ

PbðOHÞ2 þ 2FeðOHÞ2 ! ðOHÞFe—O—Pb—O—FeðOHÞ þH2O; ð5Þ

PbðOHÞ2 þ 2FeðOHÞ3 ! ðOHÞ2Fe—O—Pb—O—FeðOHÞ2 þH2O: ð6Þ

Further maturation leads to the formation of a ‘lead-doped’ oxide
film, which may possess different electrochemical and mechano-
chemical properties. The detrimental effects of lead have been al-
ready demonstrated in our previous and present investigations [21].

ðOHÞNi—O—Pb—O—NiðOHÞ ! 2NiO � PbOþH2O; ð7Þ

ðOHÞ2Cr—O—Pb—O—CrðOHÞ2 ! Cr2O3 � PbOþ 2H2O; ð8Þ

ðOHÞFe—O—Pb—O—FeðOHÞ ! 2FeO � PbOþH2O; ð9Þ
ðOHÞ2Fe—O—Pb—O—FeðOHÞ2 ! Fe2O3 � PbOþ 2H2O: ð10Þ

Considering our key observations, combined with other publica-
tions [8,22] it is reasonable to draw an analogy and construct a sim-
ilar framework of a film rupture model based on the available
experimental evidence. This model for SCC on Alloy 690 in lead-
containing alkaline environments can be interpreted as follows
[21].

� Assume the rupture of the passive film on Alloy 690 can take
place under tensile stress.

� In alkaline solutions, a lead complex such as HPbO�2 is stable and
lead species can be adsorbed at the exposed fresh surface.

� Lead ions will migrate into the gel-like hydrated oxide layer and
occupy the cation vacancies.

� Lead is involved in the film formation process, resulting in the
passivity degradation. The instability of the passive film is
reflected by enhanced anodic dissolution and slow repassivation
rate. As a consequence, an accelerated crack growth rate and
creep rate can be expected.

� The Pb-doped passive film possesses more sensitive mechanical
properties, which increases the probability of localized passive
film breakdown.

� This process repeats and eventually leads to premature failure of
tubing materials.
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5. Conclusions

The deleterious effect of lead on the corrosion resistance of Al-
loy 690 is strongly dependent on pH value of the testing solution.
The enhanced anodic dissolution and film modification by lead is
more significant in alkaline environments than in acidic media.

Surface analysis reveals that in alkaline solutions, lead increases
hydroxide concentration in the passive film. This change reduces
beneficial effect of chromium in the alloy and decreases the resis-
tance of film breakdown.

When passivated in acidic and alkaline solutions, the mechani-
cal properties of passive films decrease with the presence of lead
and the hardness difference is more pronounced in high pH
condition.

Lead inhibits the formation of crystal structure in the passive
film in alkaline condition; this may be attributed to the retarded
dehydration during aging process. However, this deleterious effect
is not very obvious in acidic condition.
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