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Abstract

A chemical cracking test has been used to quickly obtain
intergranular stress corrosion cracking (SCC) as it occurs in Alloy
600 Wrought metal and EN82 weld metal in deaerated high temperature
water environments. The test, referred to hereafter as the doped
steam test, involves exposing the specimen surface of interest to
3000 psig (20.7 MPa), 750 °F (400 °C) superheated stagnant steam
raised from water that contains 100 ppm each of chloride, fluoride,
sulfate, and nitrate sodium salts and to 10 psia (69 KPa) hydrogen
partial pressure. Alloy 600 and EN82 bent beam specimens loaded to
various known stress levels were exposed to this doped steanm
environment for periods of one to eight weeks. Threshold behaviors
were determined from this test series. For specimens loaded above
the threshold stress, SCC occurred in less than one week. Welded
specimens with partial penetration EN82 welds were also subjected
to the doped steam environment in the built=in crevice associated
with partial penetration welds. During this test, cracking
occurred in both the weld and wrought materials. The weld cracks
initiated at the root and grew through the entire thickness of the
weld throat in two weeks. Metallographic sections in the crack
region and fractographs of the weld crack surface confirmed the
presence of the multiple branched intergranular cracking expected
in ScCc. The results clearly indicate that the superheated stagnant
steam with hydrogen and these four dopants provides a useful
environment to assess the tensile stress condition of Alloy 600
wrought metal and EN82 weld metal specimens.

Key terms: chemical cracking test, Alloy 600, EN82 weld metal,
stress corrosion cracking

Introduction
A chemical cracking test using doped steam plus hydrogen has been

used to quickly obtain intergranular SCC as it occurs in Alloy 600
wrought metal and EN82 weld metal in deaerated high temperature
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water environments.: The test results can be used to compare
welding procedures and design features and to locate cgmponent
regions with tensile stresses greater than the threshold in doped
steam. This Alloy 600 and EN82 test serves the same purpose as the
stainless steel, boiling magnesium chloride test (ASTM G36-87).

Previous studies':? have demonstrated that high pressure (3000 psig
(20.7 MPa)) and temperature (750 °F (400 °C)), hydrogen containing
(5 to 11 psia (34 to. 76 KPa)) steam accelerates intergranular
cracking in nickel based alloys. The cracking is further enhanced
by adding 30 ppm each of chloride, fluoride, and sulfate (as sodium
salts) to the water from which the steam was raised‘. To further
accelerate the cracking, the dopant concentration was increased to
100 ppm and nitrate salt was added. Once this accelerated
environment was developed, it was used to _assess long term ScCC
susceptibility of various mockup designs®47? and to evaluate the
effectiveness of several K design feature changes®:8. A possible
mechanism that explains how these steam and hydrogen environments
accelerate cracking has been proposed’. The dopant concentrations
in the water are generally greater than the solubility limits for
these dopants in the steam and are a function of steam pressure,
At 3000 psig (20.7 MPa), the soluble concentrations of salts were
measured to be C1° (~90 ppm), F~ (~6 ppm), SO,?(~4 ppm), and NO; (~¢
ppm) in steam raised from water containing 100 ppm of each dopant.
Keeping the salt concentration slightly supersaturated helps
maintain a consistent test environment.

The latter test environment of 3000 psig (20.7 MPa), 750°F (400 °C)
superheated stagnant steam raised from demineralized water
containing 100 ppm each of chloride, fluoride, sulfate, and nitrate
sodium salts and with 10 psia (69 KPa) hydrogen partial pressure
was used for the testing reported herein and is referred to
hereafter as the doped steam test.

Test Description

Threshold Testing

To investigate the threshold stress at which cracks would initiate
in Alloy 600 wrought metal and EN82 weld metal in doped stean,
sixteen Alloy 600 and sixteen EN82 preloaded, smooth surface beam
specimens were loaded in four point bending and exposed to doped
steam in an autoclave. The preload stress levels for each material
were 0, 10, 20, and 30 ksi (0, 69, 138, and 207 Mpa). After each
of 1, 2, 3, and 8 weeks, four specimens of each material (one
specimen for each stress level) were removed from the autoclave and
destructively examined for the presence of ScCC.
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'Welded Specimen Description

'I‘wo welded specimens with partial penetration welds, as shown in
Figqure 1, were also subjected to .doped steam. A partlal
penetration weld is defined as one that has a built-in crevice as
2 result of the weld geometry. Both welded spec:.mens were
fabricated using the same materials and the same machining and
welding procedures. Wrought Alloy 600 material was joined with an
EN82 attachment weld using tungsten inert gas. As a result of weld
geometry, root extensions occurred at the location shown in Figure
l. Stresses in the welded specimens during the doped steam test
were weld:mg—:.nduced residual stresses and pressure stresses from
the 3,000 psig (20.7 MPa) steam pressure. In this appllcatlon the
pressure stresses were small (approximately 2,000 p51 (13.8 MPa))
whereas the welding-induced residual stresses in this highly
restrained weld geometry were believed to be approximately equal to
the room temperature y1e1d stress of the weld metal. only the
built-in crevice was subjected to the doped steam environment.

Test Apparatus

Figure 2 is a schematic of the test set up. Since the welded
specimens were too large to fit into available autoclaves, the heat
to maintain the 750 °F (400 °C) steanm temperature was provided by
an oven which contained the welded specmens, silver palladium
cells, and doped water inventory. The built-in crevice replaced
the autoclave as the pressure boundary. Two silver palladium cells
were used to monitor and control the hydrogen content in the steam.
The cells, which display a high permeation rate for hydrogen at
temperatures greater than 300 °F (150 °C), allowed hydrogen partial

pressure to be measured with one cell and hydrogen to be backfilled
with the other.

Test Execution

The test start-up sequence was to measure the pH and conductivity
of the doped water, perform pretest chemical analysis, leak test
the pressure boundary, evacuate the pressure boundary, add doped
water, and slowly increase the oven temperature (less than 150
°F/hr. (65 °C/hr.)). The quantity of doped water added was
approximately ten percent more than the amount necessary to create
the desired steam pressure in the test volume. During the test the
temperature was maintained at 750 % 12 °F (400 £ 7 °cCc), the
pressure was maintained at 3,000 * 75 psig (20.7 # 0.52 MPa), and
the hydrogen was targeted for 11 + 1 psia (76 * 0.0.007 KPa). It
was not always possible to maintain the hydrogen partial pressure
within these tolerances due to diffusion of hydrogen through the
specimen walls. Measured hydrogen partial pressure varied from 3
to 12 psia (21 to 83 KPa). For subsequent tests the hydrogen
partial pressure was maintained within desirable limits using a
servo controlled system. At preset intervals or at times when the
test was interrupted due to loss of pressure, ultrasonic (UT)
inspections were performed to determine crack initiation time and
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size. The UT inspection times are 1listed in [Table 1.
Conductivity, pH, and chemistry determinations were made each time
the test was shut down. Typical start up and shut down values for
pH were 6.5 and 8.0, for conductivity were 1100 pS/cm and 500
us/cm, and for F, Cl, NO;, SO,, and PO, sodium salts were 96, 101,
97, 95, and <0.1 ppm and 57, 40, 52, 53, and <0.1 ppm.

Test Results
Threshold Testing

The ENS2 weld metal specimens stressed to 8 ksi (55 MPa) did not
experience SCC for the eight week test duration. Therefore, the
threshold for eight weeks is greater than 8 ksi (55 MPa). The EN82
weld metal specimens experienced SCC after one week of exposure to
15 ksi (103 MPa). Consequently the threshold is less than 15 ksi
(103 MPa).

The Alloy 600 wrought metal specimens with no applied stress
experienced some shallow surface cracking (0.0015 inches (0.038
mm)) that was concluded to result from a surface condition not
driven by the applied stress., Consequently, the zero stress
specimens were considered uncracked for the purposes of determining
a threshold. At a stress level of 10 ksi (69 MPa), the Alloy 600
specimens did not crack in one week but did crack for all time
periods greater than one week. Consequently, for exposure times of
two weeks and longer, the threshold for Alloy 600 wrought metal is
less than 10 ksi (69 MPa).

Welded Specimen Crack Description

Through weld, multiple branched cracking that followed the large
columnar grain boundaries occurred in both welded specimens.
Cracking initiated early, as cracks were detected at each
inspection after the start of doped testing. Intercolumnar SCC
grew through the throat of the weld in 366 hours for Welded
Specimen 1 and 252 hours for Welded Specimen 2. The presence of
through weld cracks was confirmed by the inability of the built-in
crevice to hold pressure and by bubble formation on the outside
surface of the weld. Table 1 and Figure 3 show the crack depth for
Welded Specimens 1 and 2. The weld 1length direction is
perpendicular to the cross section of Figure 1. The variation in
crack depth in the length direction resulted from a nonuniform
distribution of residual stress along the weld length.

Metallographic sections showed the following: (1) intercolumnar
cracking in the direction of the weld throat, (2) significant crack
depth through weld throat and wrought metal, (3) significant
variation in crack shape along the length of the weld, (4) multiple
branched cracking, and (4) weld root extensions that occur when the
weld metal is deposited. The crack morphology determined from
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TABLE 1., INTERCOLUMNAR SCC HISTORY FROM ULTRASONIC TESTING
WELDED CUMULATIVE MAXIMUM CRACK DEPTH
SPECIMEN TEST DURATION (PERCENT OF CORRESPONDING
(HOURS) WELD THROAT THICKNESS)

1 209 71 %

347 86

366 90

2 209 69

252 . 96

metallographic sections agreed with that of the UT inspections
defined above. The metallographic sections as in Figure 4 showed
cracks in the weld metal that were ninety percent through the weld
throat. Most of the locations investigated had intergranular SCC
in both weld and wrought metal as in Figure 4. A few sections had
cracking in the wrought metal only. The significant variation in
crack path along the length of the weld is demonstrated by Figures
5a and b which show different crack path for two sections spaced
only 0.050 inches (1.27 mm) apart. In the wrought Alloy 600, the
intergranular SCC was thirty to fifty percent through the wall.
The cracks in the weld metal almost always initiated at the root
extension as in Figure Sa. The cracks in the wrought metal usually
initiated at the root extension but sometimes originated at the
smooth surfaces of the Alloy 600 wrought metal.

After evaluating the metallographic sections, the weld pieces were
broken out of the mounts, pulled apart to expose the crack surface,
and evaluated using scanning electron microscopy (SEM). The
fractograph of Figure 6 shows 1long columnar grain boundaries
exposed by intercolumnar SCC and ductile tearing regions caused by
pulling apart the weld piece. The ductile tearing occurred at the
ligament near the surface of the weld that was not cracked by ScC
and at small islands of weld metal surrounded by intercolumnar SCC.
These latter features result f£from the discontinuous cracking
characteristic of intercolumnar SCC. These two types of ductile
tearing regions are labeled in Figure 6. Near the weld root where
intercolumnar ScC initiates. 1igher magnification fractographs show
surface deposits that compl .21y cover the grain boundaries. Near
the outside surface of the .e¢ld, the surface deposits do not cover
the entire surface and are very sparse, since the time of exposure
of ‘hese grain boundaries is shorter.

Interpretation of Results
The crack patterns in Welded Specimens 1 and 2 define locations of

tensile residual stresses greater than the threshold stress for
cracking in doped steam. The maximum tensile stresses in the
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partial penetration weld basically follow a forty-five degree plane
starting at the weld root. The tensile stresses in the partial
penetration weld are large enough through the full throat thickness
to cause cracking through the full partial penetration weld throat.
The tensile stresses in the wrought Alloy 600 are large enough to
cause cracking though thirty to fifty percent of thickness of this
material within the test duration. In locations where there was no
intergranular SCC during the doped steam test, it can be concluded
that either the combination of pressure and vwelding-induced
residual stresses were compressive or small tensile (i.e., less
than threshold stress levels) or that the stresses were relieved as
the intergranular SCC progresses in the cracked regions.
Intergranular SCC from doped steam tests is very similar to that
observed in Alloy 600 studies?. '

Conclusions

A chemical cracking test using doped steam plus hydrogen has been
used to quickly obtain intergranular stress corrosion cracking as
it occurs in Alloy 600 wrought metal and EN82 weld metal in
deaerated high temperature water environments. The test results
can be used to compare welding procedures and design features and
to locate specimen regions with tensile stresses greater than the
threshold in doped steam.

Acknowledgments

This work was performed under U.S. Department of Energy Contract
DE-AC11-93PN38195 with Bettis Laboratory, Westinghouse Electric
Corporation. The efforts of laboratory personnel at Westinghouse
Science and Technology Center and Bettis Atomic Power Laboratory
are greatly appreciated.

References

1. G. P. Airey, Corrosion/84, p. 482 (Houston, TX, National
Association of Corrosion Engineers, 1984).

2. G. Economy, R. J. Jacko, F. W. Pement, Corrosion, 43 12
(1987) : p. 727.

3. G. Economy, R. J. Jacko, J. A, Begley, F. W. Pement,
Corrosion/87, paper no. 92 (San Francisco, CA: National
Association of Corrosion Engineers, 1987).

4. J.A. Begley, "Evaluation of the Leak and Burst Characteristics
of Roll Transitions Containing Primary Water Stress Corrosion
Cracks," Proceedings of PWSCC Remedial Measures Workshop,
Electric Power Research Institute, NP-6719-SD, April, 1990.

5. F. W. Pement, G. Economy, R.J. Jacko, "Tubesheet Expansion
Improvements," EPRI Report NP-5547, December, 1987.



8.

9.

10.

3

F. W. Pement, et al, "PWSCC Performance of Alloy 600 Tubesheet
Expansions: Effect of Microstructure and Expansion Technique,"
Proceedings of the Canadian Nuclear Society Conference on
Steam Generators and Heat Evchangers, April 30 - May 2, 1990,
Toronto, Canada, pp. 6Bl3-6BJ9.

R.E. Gold, et al, "PWSCC of Alloy G00 TT Mechanical Plugs:
Destructive Examination of Plugs Removed from Service and the
Results of Laboratory Corrosion Tests," Proceedings of
International Sympositii, Fontevraud II, SFEN September,; 19990,
Chinon, France, pp. 429-437.

F. W. Pement, G. Economy, R.G. Aspden, "In Situ Heat Treatment .
of U-Bends," EPRI Report NP-5496, November, 1987.

P.M. Scott and M. Le Calvar, "Some Possible Mechan:.sms on
Intergranular Stress Corrosion Cracking Alloy 600 in PWR
Primary Water,? Sixth Internat:.onal Symposium on Environmental
Degradation of Material in Nuclear Power Systems -~ Water
Reactors," San Diego, CA., August, 1993, pp. 657-667.

G. L. Webb, "Environmental Degradation of Alloy 600 and Welded
Filler Metal EN82 in an Elevated Temperature Aqueous
Environment,” Sixth International Symposium on Environmental
Degradation of Material in Nuclear Power Systems -~ Water
Reactors," San Diego, CA., August, 1993, pp. 687-695.



ALLOY 600
WROUGHT METAL

PARTIAL
PENETRATION
WELD

=LOCATIONS OF
ROOT EXTENS!|ONS

BUILT-IN CREVICE
EXPOSED TO
DOPED STEAM

BASE

FIGURE 1. PARTIAL PENETRATION WELD GEOMETRY

YACRA \ r_._ _______ -‘

FIGURE 2. S8CHEMATIC OF DOPED STEAM TEST
(Note: This figure will be redrawn for final copy)



265

[ DEEPEST INDICATION =

— 0,26 INCHES (6.6 mm) _____ 4,
AT A WELD THICKNESS OF [ °
, 0.28 INCHES (7.1 mm) —
— 025 8
— 8 =
— -
- (]
— 020 = X
- a
— 0.15| § @
[ (=] a -
= o0.10| & 9
(= 5 B
Y - Q
— 0.05
DEEPEST INDICATION =
0.26 INCHEB (6.6 mm) - a
AT A WELD THICKNESS OF B o
- 0.27 INCHEB (6.9 mm) 0.30f © ‘za
8 Z
209 hrs o
o2 B &
N O
2]
= g
ofo| ¥ 3
=
(4]

LOCATION ALONG WELD LENGTEH/TOTAL LENGTH

FIGURE 3. UT IHDICATION OF CRACK SIZES IN WELD METAL
OF WELDED SPECIMENS 1 AND 2 (1 INCH = 25.4 mm)

- 9/10 -



T

)

i e @ B

COMMON
LOCATION ;

AN

2
ik

e

HA

-11/12 -

STEAM (PHOSPHORIC ETCH)

CRACK TIP IN WELD METAL

PHOTOMICROGRAPHS OF WELDED SPECIMEN 2
A¥TER 252 HOURS OF EXPOSURE TO

DOPED

FIGURE 4c.

FPIGURE 4.



ot s —————

DUCTILE TERRING
OF LIGAMENTS
SURROUNDED BY

_ ; INTERCOLUMNAR B8CC
LONG COLUMNAR

GRATN BOUNDARY — > (&
SURFACES

LETIL TR

i

FIGURE 6. FRACTOGRAPH OF WELDED SPECIMEN 2
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