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Abstract

The mode of stress corrosion cracking (SCC) in Ni-base alloys in high temperature aqueous solutions containing lead

was studied using C-rings and slow strain rate testing (SSRT). The lead concentration, pH and the heat treatment

condition of the materials were varied. TEM work was carried out to observe the dislocation behavior in thermally

treated (TT) and mill annealed (MA) materials. As a result of the C-ring test in 1M NaOH + 5000 ppm lead solution,

intergranular stress corrosion cracking (IGSCC) was found in Alloy 600MA, whereas transgranular stress corrosion

cracking (TGSCC) was found in Alloy 600TT and Alloy 690TT. In most solutions used, the SCC resistance increased in

the sequence Alloy 600MA, Alloy 600TT and Alloy 690TT. The number of cracks that was observed in Alloy 690TT was

less than in Alloy 600TT. However, the maximum crack length in Alloy 690TT was much longer than in Alloy 600TT.

As a result of the SSRT, at a nominal strain rate of 1 ´ 10ÿ7/s, it was found that 100 ppm lead accelerated the SCC in

Alloy 600MA (0.01% C) in pH 10 at 340°C. IGSCC was found in a 100 ppm lead condition, and some TGSCC was

detected on the fracture surface of Alloy 600MA cracked in the 10 000 ppm lead solution. The mode of cracking for

Alloy 600 and Alloy 690 changed from IGSCC to TGSCC with increasing grain boundary carbide content in the

material and lead concentration in the solution. IGSCC seemed to be retarded by stress relaxation around the grain

boundaries, and TGSCC in the TT materials seemed to be a result of the crack blunting at grain boundary carbides and

the enhanced Ni dissolution with an increase of the lead concentration. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

In spite of the high corrosion resistance of Alloy 600,

used as steam generator tubing in pressurized water re-

actors (PWR), many forms of corrosion take place in the

crevices where impurities are accumulated. The mode of

cracking in steam generator tubing material is mostly

reported to be intergranular in the primary and second-

ary water environments of PWRs. Recently, however, a

mixed mode cracking of steam generator tubing has been

found in operating plants around the world, including

Korea [1,2]. Lead is believed to be the chemical impurity

that induces mixed mode (IG + TG) cracking.

Copson reported ®rst that the stress corrosion

cracking (SCC) susceptibility of steam generator tubing

could be a�ected by lead [3]. Several authors have then

conducted SCC tests in lead contaminated water and

corrosion tests to reveal the role of lead on passive ®lms

[4±8].

In this work, SCC tests were performed to examine

the role of lead in cracking susceptibility and mode of

cracking. Also, TEM work was performed to elucidate

the role of grain boundary carbides in transgranular

cracking by investigating the dislocation motion in the

stressed material.

2. Experimental

The samples used in this work were from commer-

cial Alloy 600 and Alloy 690 steam generator tubing of
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22.23 mm outer diameter and 1.27 mm thickness. The

chemical composition of the materials is shown in

Table 1.

C-ring test specimens were manufactured according

to ASTM G38. The apex of the outer surface was

ground by #600 emery paper before applying a stress

equivalent to 150% of the room temperature yield

stress on the C-ring apex. Fig. 1 is a schematic of the

SCC test system with C-rings. Alloy 600 bolts and nuts

were used to stress the C-rings. A pure nickel wire and

plate were used as a reference and counter electrode,

respectively. A 1M NaOH test solution was made

using distilled and demineralized high purity (18 MX
cm) water, and PbO was added to the solution to

make a concentration of either 100 ppm or 5000 ppm

lead. The solution was deaerated using 99.99% nitro-

gen gas before the tests were performed at 340°C for

20 days. After the immersion test, the specimens were

subjected to a metallographic examination by an op-

tical and scanning electron microscope (SEM, ABT

DS 130S) equipped with a WDX (Microspec, WDX-

3PC).

The slow strain rate testing (SSRT) was conducted

in solutions having various lead concentrations and

solution pH. Alloy 600MA specimens from the same

material as used in the C-ring test, were used in the

SSRT. The tubes were split into two pieces longitudi-

nally and machined to give a gauge section 25.4 mm

long and 6.0 mm wide. Fig. 2 shows the schematic of

the tensile specimen. The gauge section of the speci-

men was abraded by #600 emery paper. Prior to the

test, the specimen was degreased with acetone and

cleaned with distilled water. Fig. 3 shows the SSRT

test facility, consisting of a Hastelloy C-276 autoclave

with a 2 l volume, a pressure balancing pull rod and a

control unit. The initial pH of the solution was ad-

justed by H2SO4 or NaOH. Along with this, 100, 5000

and 10 000 ppm lead was added to the solution in the

form of PbO. The SSRT was carried out at a tem-

perature of 340°C and at a nominal strain rate of

1 ´ 10ÿ7/s.

The dislocation structure of a specimen strained to

0.75% was evaluated using a Philips CM20 TEM. The

TEM foil was prepared with jet polishing in a solution of

20% perchloric acid and 80% methanol at ÿ15°C, 150

mA/15VDC. The procedure of the TEM work is pre-

sented in Fig. 4.

Table 1

Chemical composition of the materials

Material Chemical composition (wt%)

C Si Mn P S Cr Ni Co Mo Ti Cu Al Fe B N

600MA 0.01 0.1 0.3 ± <0.001 15.4 75.1 ± ± 0.17 0.2 0.22 8.0 ± ±

600TT 0.016 0.32 0.84 0.008 0.003 16.49 72.3 0.016 ± 0.32 0.01 0.22 9.36 ± ±

690TT 0.02 0.36 0.31 0.010 0.001 30.0 59.6 ± 0.013 0.33 0.01 0.023 9.26 0.001 0.033

Fig. 1. Schematic of the C-ring test system.

Fig. 2. Dimensions of the SSRT specimen.
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3. Results and discussion

3.1. C-ring test

The mode of intergranular cracking in Alloy 600TT

and Alloy 690TT in concentrated caustic solutions has

been reported [9,10]. In 1M NaOH solution containing

100 ppm lead and at potentials of +95 and +125 mV vs

Ni, Alloy 600MA and Alloy 600TT showed intergran-

ular attack (IGA) and intergranular stress corrosion

cracking (IGSCC). The IGA and IGSCC rates increased

with the applied potential increasing from 95 to 125 mV

vs Ni. Alloy 690TT, however, displayed neither IGA nor

IGSCC under these conditions. As the lead concentra-

Table 2

Summary of the C-ring test conditions and results (temperature: 340°C, applied stress: 150% of RTYS, time: 20 days)

Test No. Solution Pb at potential,

mV vs Ni

Material Mode of cracking Average crack

propagation rate,

lm/h (Maximum)

1 1M NaOH + 100 ppm Pb

(Deaerated)

+95 600MA IGA + IGSCC 0.3 (1.45)

600TT IGA + IGSCC 0.15 (0.20)

690TT No ±

+125 600MA IGA + IGSCC 0.46 (2.1)

600TT IGA + IGSCC 0.19 (0.21)

690TT No ±

2 1M NaOH + 5000 ppm Pb

(Deaerated)

+95 600MA IGSCC (a little IGA) 0.8 (2.3)

600TT TGSCC (no IGA) 0.12 (0.19)

690TT TGSCC (no IGA) 0.1 (1.5)

IGA ± Intergranular attack, RTYS ± Room temperature yield stress, IGSCC ± Intergranular stress corrosion cracking and TGSCC ±

Transgranular stress corrosion cracking.

Fig. 4. Procedure of TEM specimen preparation for viewing

dislocation motion.

Fig. 3. Schematic of the SSRT machine.
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tion increased from 100 ppm to 5000 ppm in 1M NaOH

solution, the mode of cracking in Alloy 600TT changed

from IG to TG, while that in Alloy 600MA was still IG,

as shown in Fig. 5. An increase of the lead concentration

from 100 ppm to 5000 ppm accelerated the IGSCC or

transgranular stress corrosion cracking (TGSCC) in

Alloy 600MA and Alloy 600TT, but suppressed the IGA

in these alloys, as shown in Table 2.

The number of cracks longer than 100 lm within a

limited distance (2000 lm) around the C-ring apex was

counted. The average crack propagation rate and the

maximum crack propagation rate were measured based

on a metallographic examination, and were used as a

measure of SCC resistance. In the 100 ppm lead solu-

tion, in agreement with the the measurement of both the

number of cracks and the crack propagation rates, the

SCC resistance increased in the sequence Alloy 600MA,

Alloy 600TT and Alloy 690TT, as shown in Figs. 6 and

7. The fewest number of cracks was observed for Alloy

690TT, but the maximum crack propagation rate could

be much higher than that for Alloy 600TT, as shown in

Fig. 8. This result means that Alloy 690TT is not always

more resistant than Alloy 600TT. Vaillant et al. have

reported a similar test result [6]. In their test in 100 g/l

NaOH + 10 g/l PbO solution at 350°C, Alloy 800 ex-

hibited the worst SCC resistance, while Alloy 600TT

showed a better resistance compared to Alloy 690TT.

The composition of the corrosion product along the

crack was analyzed with WDX and is shown in Fig. 9. A

signi®cant amount of lead was detected near the crack

tip, implying that lead plays a role in the SCC. Fig. 10

shows a SCC ratio (SCC area/total fracture area) of 84%

which was observed in Alloy 600MA with 0.01% carbon

tested in a solution of pH 10 containing 100 ppm lead at

a nominal strain rate of 1 ´ 10ÿ7/s at 340°C.

3.2. SSRT

Having been tested in a solution of pH 10, without

lead, at 340°C and, at a nominal strain rate of 1 ´ 10ÿ7/s,

Fig. 5. Di�erent mode of cracking in (a) Alloy 600MA, (b) Alloy 600TT and (c) Alloy 690TT tested in 1M NaOH solution containing

5000 ppm lead at 95 mV vs Ni, for 20 days.
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there was no indication of SCC in Alloy 600MA. As

shown in Figs. 11 and 12, as the lead concentration

increased from 100 ppm to 10 000 ppm, the mode of

cracking in the specimen changed from being completely

IGSCC to a mixed mode cracking. In 10 000 ppm lead

solution, most of the area (99%) was fractured by

IGSCC and some TGSCC, as shown in Fig. 12(b). On

Fig. 9. Crack morphology and element pro®le along the crack

formed in Alloy 690TT tested in 1M NaOH solution containing

5000 ppm lead at +95 mV vs Ni, for 20 days.

Fig. 7. Comparison of the SCC resistance: (A) the number of

cracks (>100 lm) within the limited distance, (B) the maximum

crack propagation rate and (C) the average crack propagation

rate.

Fig. 6. Comparison of the SCC resistance: (A) the number of

cracks (>100 lm) within the limited distance, (B) the maximum

crack propagation rate and (C) the average crack propagation

rate.

Fig. 8. Comparison of the SCC resistance: (A) the number of

cracks (>100 lm) within the limited distance, (B) the maximum

crack propagation rate and (C) the average crack propagation

rate.
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the other hand, as shown in Fig. 11(a), a signi®cant IGA

was observed on the Alloy 600MA at 100 ppm lead in a

solution of pH 10. Yet, almost no IGA was found in

Alloy 600MA which was tested in a solution of pH 10

containing 10,000 ppm lead, as demonstrated in

Fig. 12(a). These results are consistent with previous

SCC results from the C-ring tests.

PbO, as well as CuO, is considered to be an oxidizer

in the secondary side water of steam generators [11],

which means that PbO may increase an electrochemical

potential of the alloys while reducing to metallic Pb.

Table 3 summarizes the SSRT conditions and results for

Alloy 600MA.

The pH dependence of the lead cracking was evalu-

ated for Alloy 600MA. SCC did not occur in a pH 7

solution, while 14% of the fracture surface area failed by

IGSCC in a pH 4 solution. However, the whole area was

fractured by IGSCC in a pH 10 solution. These pH

dependences are represented in Figs. 13 and 14. The

fracture mode in all pH solutions was intergranular and

this lead induced IGSCC is more severer for caustic than

for acidic.

3.3. Transmission electron microscopy

To evaluate the di�erence in cracking modes, the

e�ect of grain boundary carbides on the dislocation

behavior in a strained material was examined in TEM.

As reported by Bruemmer [12], dislocations in Alloy

600TT seem to be preferentially emitted from grain

boundary carbides, and thereby reducing the stress

concentration around them, which contributes to an

improved IGSCC resistance of Ni base alloys,

whereas, a tangled dislocation structure appears in

Alloy 600MA near the grain boundary, as shown in

Fig. 15.

Lead is reported to enhance the Ni dissolution of

Ni-base alloys [13±15]. As shown in Fig. 16(a), a grain

boundary crack was retarded at the grain boundary

carbide and propagated into the grain. Fig. 16(b)

shows a TG crack that propagated into a grain even

when it happened to meet a grain boundary. The

grain boundaries in TT materials seem to be stress

relaxed around the chromium carbide in the grain

boundaries. Therefore, another crack path into a grain

rather than along a grain boundary can be suggested.

Fig. 11. SEM micrographs of Alloy 600MA (0.01% C) after

SSRT in water containing 100 ppm lead at 340°C, pH 10,

nominal strain rate 1 ´ 10ÿ7/s. (a) Side view of gauge section

and (b) fracture surface.

Fig. 10. E�ect of the Pb content on the SCC susceptibility of

Alloy 600MA in water of pH 10 at 340°C, nominal strain rate

1 ´ 10ÿ7/s. SCC ratio: (SCC area/total area) of the fracture

surface.
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The propagation of the transgranular crack can be

enhanced by Ni dissolution due to the presence of

PbO.

4. Conclusions

1. As lead concentration in the water increases, the

mode of SCC in Alloy 600MA changes from being

completely IGSCC to a mixed mode with some

TGSCC, while that in Alloy 600TT changes from be-

ing completely IGSCC to fully TGSCC.

2. IGA of Alloy 600MA and Alloy 600TT is sup-

pressed with an increase of the lead content in the

solution.

3. Alloy 690TT is not always more resistant than Alloy

600TT, especially not in caustic solutions with high

lead concentrations.

4. IGSCC seems to be retarded by stress relaxation

around grain boundary carbides, and TGSCC of

TT material is thought to be accelerated by enhanced

Ni dissolution due to the presence of lead.

Fig. 12. SEM micrographs of Alloy 600MA (0.01% C) after

SSRT in water containing 10 000 ppm lead at 340°C, pH 10,

nominal strain rate 1 ´ 10ÿ7/s. (a) Side view of gauge section

and (b) fracture surface.

Fig. 14. E�ect of pH on the SCC susceptibility of Alloy 600MA

in a viewpoint of SCC ratio and maximum load in solution

containing 10 000 ppm lead at 340°C, nominal strain rate

1 ´ 10ÿ7/s.

Fig. 13. Stress±strain curves of Alloy 600MA in three di�erent

pH conditions at 340°C in water containing 10 000 ppm lead,

nominal strain rate 1 ´ 10ÿ7/s.
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