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ABSTRACT
High levels of cold work have been shown to promote intergranular stress corrosion cracking (IGSCC) of
Alloy 690 materials in simulated PWR primary water environments. Crack growth testing has also
indicated a heat-to-heat variability in IGSCC susceptibility and a significant effect of the initial material
condition and microstructure. Additional cold-worked heats have now been characterized and tested
establishing crack growth behavior. SCC susceptibility is reduced for materials where an initial hightemperature anneal (HTA) and water quench is applied before cold working. Two plate heats have been
evaluated in both the as received, mill annealed (MA) and HTA conditions with identical levels of cold
work. Similar to prior results for a CRDM heat, the cold-worked HTA materials exhibit SCC growth
rates that are 10-20 times lower than the cold-worked MA materials. SCC response at 360°C is correlated
to the degree of cold work, hardness, average misorientation densities measured by electron backscatter
diffraction (EBSD) and grain boundary characteristics (precipitates and cold-work damage). Improved
correlations are observed comparing the measured hardness and EBSD misorientation densities to the
measured crack growth rates for most Alloy 690 materials. However, the SCC propagation rates for
highly cold-worked HTA materials remain below the expected values. Based on these new observations,
microstructural mechanisms controlling IGSCC are discussed.
Keywords: Alloy 690, grain boundaries, cold work, stress corrosion cracking, PWR primary water.
INTRODUCTION
Although Alloy 690 remains resistant to SCC in pressurized water reactor (PWR) primary water service
[1,2], moderate to high SCC propagation rates have been measured on severely cold-worked (CW)
materials by many laboratories [3-12]. A summary of reported results is presented in Figure 1. This
updated plot is similar to ones presented in recent papers, however data for Alloy 690 heat affected zone
tests have been removed. In general, non-CW Alloy 690 heats exhibit low growth rates (below ~5x10-9
mm/s) and SCC susceptibility increases as the CW level reaches ~20%. There is evidence for a
significant heat-to-heat variability in SCC response with selected materials showing growth rates of 10-7
mm/s or higher. In order to improve understanding of the underlying cause for IGSCC susceptibility,
high-resolution examinations were performed on Alloy 690 materials documenting the effects of cold
rolling on damage microstructures and measured crack-growth rates in PWR primary water [13,14].
Important differences were indicated among Alloy 690 materials as a function of their starting
microstructural condition before cold working. The current research expands on these observations and
investigates the effect of an initial high-temperature anneal (HTA) on CW damage evolution and
susceptibility to SCC propagation.
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Regulatory Commission. The views expressed in this paper are not necessary those of the U.S. Nuclear Regulatory Commission.
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Figure 1. Summary of crack-growth-rate (CGR) measurements [3-12] on Alloy 690 plate and tubing
materials illustrating cold rolling effects on SCC susceptibility.
ALLOY 690 MATERIALS AND MICROSTRUCTURES
Characterizations and SCC testing will be described for two Alloy 690 heats: NX3297HK12 received
from Argonne National Laboratory (ANL) and B25K received from General Electric Global Research
(GE). Results on these materials will be compared to prior work [12] on an extruded control-rod-drivemechanism (CRDM) heat RE243 from Valinox. Information on these three heats is summarized in Table
1 including bulk composition and material condition. A key aspect for this paper is the evaluation of an
initial HTA at 1100°C followed by a water quench (WQ). This treatment was selected after evaluations
on the lower-carbon, CRDM heat found it to be the highest temperature that produced no significant
increase in the overall grain size (~100 µm). The semi-continuous M23C6 grain boundary carbides
observed for the as-received (AR), thermally treated (TT) condition were dissolved at 1100°C as
illustrated in Figures 2(a) and (b). Because the carbides were effectively removed and carbon put back
into solution, the material condition was referred to as solution annealed (SA). More importantly, highly
CW SA material exhibited much better resistance to SCC crack growth than highly CW TT material [12].
Measured SCC response as a function of %CW is shown in Figure 2(c). A much higher (~15x)
propagation rate was found for the TT material at the highest level of cold work. GE also reported [10]
very similar crack-growth rates on these TT and SA CRDM materials confirming the difference in SCC
susceptibility. In order to future investigate the apparent beneficial effect of the initial HTA, identical
treatments were applied to the higher-carbon ANL and GE mill-annealed (MA) heats.
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Table 1. Alloy 690 Materials and Heat Treatment Conditions
Description

Composition, wt%

Valinox CRDM
Tube 2360
(1.4” wall)
ATI Wah
Chang 2.125”
Bar

Ni-28.9Cr-10.4Fe-0.02C0.3Mn-0.35Si-0.14Al-0.23Ti0.024N-0.008P-0.0005S
Ni-30.8Cr-8.5Fe-0.04C0.33Mn-0.02Si-0.18Al-0.27Ti0.037N-0.0006S-0.006P
Ni-29.3Cr-9.2Fe-0.034C0.22Mn-0.06Si-0.26Al-0.37Ti0.026N-0.006P-<0.0003S

ATI Allvac
3.25” Billet

(a)

Isolated TiN
particles

Semi-continuous
IG M23C6

High-Temperature
Anneal Condition

996°C for 0.33 h,
air cool

AR + 1100°C
for 1 h, WQ

AR + 1100°C
for 1 h, WQ
AR + 1100°C
for 1 h, WQ

1.E-07

(b)

Isolated TiN
particles

As-Received (AR)
Condition
1122°C/~1 min, WQ
+ 716-725°C/10.5 h,
air cool
1038°C for 2 h,
air cool

crack growth rate (mm/s)

Material and
Heat Number
PNNL
Alloy 690TT
RE243
ANL
Alloy 690MA
NX3297HK12
GE
Alloy 690MA
B25K

(c)

~15x

1.E-08

~10x

Alloy 690SA
CRDM

1.E-09

350-360°C

1.E-10

2 µm

~500x

Alloy 690TT CRDM

0
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%CR S-L

Figure 2. SEM backscatter electron (BSE) images comparing the typical grain boundary precipitate
distributions in the CRDM (a) as-received Alloy 690TT and (b) HTA Alloy 690SA materials. Cold
rolling effects on the measured SCC crack-growth rates in 360C PWR primary water are summarized in
(c) from reference [12].
The base microstructures for the GE and ANL plate materials were more complex in the MA condition
and both exhibited regions of compositional banding. Carbide distributions in the GE plate suggest they
were not dissolved during the low-temperature (996°C) and short time (0.33h) mill heat treatment and
limited IG precipitation occurred during cooling. An example of the carbide microstructure is shown in
Figure 3(a). Arrays of transgranular (TG) M23C6 carbides were commonly seen throughout the matrix
that could have been along prior grain boundaries before the final MA. A much lower density of
intergranular (IG) carbides is present with many grain boundaries showing few carbide precipitates.
Similar to the CRDM Alloy 690TT, the ANL plate had a semi-continuous distribution of discrete, IG
M23C6 precipitates (Figures 3b and c). It seems likely that the 1038°C/2h mill heat treatment was
sufficient to put most carbon back in solution and carbides formed on boundaries during cooling. A
moderate density of small TiN particles was also observed at grain boundaries along with many large
particles throughout the matrix.
The HTA treatment had a very significant effect on the carbide distributions in both plate materials. TG
carbides in the GE Alloy 690 were drastically reduced in size and number density, and only isolated, very
small IG carbides were discovered as illustrated in Figure 3(d). Similar grain boundary carbide
characteristics were identified for the ANL Alloy 690 in the HTA condition as presented in Figure 3(e).
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Figure 3. SEM backscatter electron (BSE) images comparing the typical grain boundary precipitate
distributions in (a) GE Alloy 690MA, (b,c) ANL Alloy 690MA, (d) GE Alloy 690HTA and (e) ANL
Alloy 690HTA.
For both MA materials, the 1100°C anneal was successful in dissolving most IG carbides however very
fine M23C6 precipitates remain on a few grain boundaries. Unfortunately, this anneal also promoted grain
growth in the MA heats. The GE Alloy 690 showed a more uniform increase in grain size from ~40 µm
for the MA material to ~70 µm after the HTA treatment, while the ANL Alloy 690HTA material
exhibited local grain growth resulting in pockets of large (>100 µm) grains versus an average grain size of
~60 µm for the MA condition. The HTA-induced changes in the grain size can be seen in Figures 4 and 5.
In order to assess the effect of the HTA on SCC response of Alloy 690, the GE and ANL materials were
cold-worked to levels known to promote moderate-to-high SCC propagation rates in PWR primary water.
The GE Alloy 690HTA was cold rolled (CR) to a reduction of 20% in two passes matching the previously
tested [9-11] GE Alloy 690MA + 20%CR material. For the ANL Alloy 690 materials, both the MA and
HTA conditions were cold forged (CF) to a reduction of 30% expected to produce high SCC growth rates
for the MA material based on prior testing [10-12]. Scanning electron microscopy (SEM), electron
backscatter diffraction (EBSD) and transmission electron microscopy (TEM) were employed to document
general microstructures and local damage features. Comparisons of the general microstructures and strain
distributions by EBSD in the GE and ANL materials are presented in Figures 4 and 5, respectively.
As noted earlier, the EBSD pattern quality and inverse pole figure maps reveal that the HTA treatment
promoted general grain growth in the GE Alloy 690 and local grain growth in the ANL Alloy 690. More
importantly, the CW-induced strain distributions are different between the MA and HTA materials as
indicated in the EBSD local misorientation maps. These maps in Figures 4(c), 4(f), 5(c) and 5(f) highlight
localized regions of high average misorientation (and plastic strain). Each of the maps has been taken
under identical conditions and scaled to a maximum of 5° average misorientation at a particular point.
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Figure 4. EBSD pattern quality maps (a,d), inverse pole figures (b,e) and local misorientation maps (c,f)
for the GE Alloy 690MA + 20%CR (a-c) and GE Alloy 690HTA + 20%CR (d-f) materials.
(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. EBSD pattern quality maps (a,d), inverse pole figures (b,e) and local misorientation maps (c,f)
for the ANL Alloy 690MA + 30%CF (a-c) and ANL Alloy 690HTA + 30%CF (d-f) materials.
The GE Alloy 690MA + 20%CR shows a nearly continuous misorientation of 2-3° (bright green
contrast), while only selected regions near grain boundaries reveal similar misorientations in larger
grained Alloy 690HTA + 20%CR. Differences between the 30%CF ANL materials are not as dramatic,
however a lower misorientation can again be seen corresponding to a region of grain growth in the ANL
Alloy 690HTA + 30%CF. Vickers hardness was also determined for each material and are summarized in
Table 2. A slightly lower strength was indicated for the GE Alloy 690HTA + 20%CR at 291 kg/mm2
versus the GE Alloy 690MA + 20%CR at 321 kg/mm2. However, nearly identical hardness values were
measure for the 30%CF ANL and the 31%CR CRDM materials suggesting that the initial HTA does not
influence the overall strength developed at very high levels of cold work.
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SEM and selected TEM examinations have also been conducted on the cold-worked materials. As
described in previous papers [13,14], high-resolution SEM backscatter electron (BSE) imaging under low
kV conditions proved to be the most effective for sampling a large number of boundaries and identifying
fine IG voids and cracks. The most extensive CW-induced damage was found in the ANL Alloy 690MA
+ 30%CF with a regular distribution of voids and some cracked carbides along grain boundaries. Larger
TiN particles in the matrix, often present in clusters extending for >50 µm, were also extensively cracked.
The CRDM Alloy 690TT + 31%CR tubing exhibited a somewhat similar grain boundary microstructure
as the ANL Alloy 690MA + 30%CF material with a semi-continuous distribution of M23C6 precipitates
and associated permanent damage in the form of small voids at carbide interfaces. Consistent with the
limited number of precipitates at most grain boundaries in the GE Alloy 690MA + 20%CR, IG voids or
cracked carbides were only identified in a few boundary sections. Finally, no significant permanent
damage was found in the highly CW CRDM Alloy 690SA, GE Alloy 690HTA or ANL Alloy 690HTA
materials. Careful examination did identify several IG TiN particles that were cracked and an occasional
small void associated with a precipitate or the grain boundary triple point. In summary, the permanent
damage at grain boundaries scaled with the distribution of larger IG carbides as described in Table 2.
HIGH TEMPERATURE ANNEAL EFFECTS ON SCC RESPONSE
Crack-growth testing was conducted on 0.5T compact tension (CT) specimens of the various CW Alloy
690 materials in the S-L orientation (CR materials) or S-L/S-T (CF materials). Primary environmental
conditions were 360°C simulated PWR primary water (1000 ppm of boron and 2 ppm of lithium) and a
dissolved hydrogen concentration of 25 cc/kg to establish an electrochemical potential at the Ni/NiO
stability line. Two specimens were tested in series with a stress intensity (K) of 30 MPa√m actively
controlled on one of the two specimens in series. Specimens were first fatigue precracked in air followed
by extending the precrack by cycling in the high-temperature water environment. A variety of loading
conditions were used to transition the TG crack front created in fatigue to an IGSCC crack. New data is
presented here for the GE Alloy 690HTA + 20%CR, ANL Alloy 690MA + 30%CF and ANL Alloy
690HTA + 30%CF materials. These results will be compared to previous SCC results [12] for the GE
Alloy 690MA + 20%CR, CRDM Alloy 690TT + 31%CR and CRDM Alloy 690SA + 31%CR. In
addition, tests were conducted on the as-received GE and ANL MA materials. More detailed descriptions
of the SCC growth-rate testing apparatus and approach are given elsewhere [6].
The GE Alloy 690HTA + 20%CR exhibited low crack-growth rates ranging from 1.0-2.4x10-9 mm/s
during several constant K evaluations. An example of this response is shown in Figure 6 documenting
SCC stable growth over ~700 hours. This propagation rate is ~20X lower that the constant K growth rate
measured for the GE Alloy 690MA + 20%CR material under identical loading and environmental
conditions [12]. Consistent with the low SCC rate in the HTA material, IG cracking was not continuous
across the crack-growth surface with an estimated IG engagement of ~30%, much lower than the MA
material at ~90% IG engagement. Since the 30%CF ANL Alloy 690 had not been previously evaluated at
our laboratory, the MA and HTA materials were tested in series. Higher propagation rates were observed
during transitioning and at constant K for the ANL Alloy 690MA + 30%CF than the ANL Alloy 690HTA
+ 30%CF. The final constant K response is presented in Figure 7 illustrating the significant difference in
SCC behavior. Similar to the CRDM and GE materials, the ANL Alloy 690HTA specimen exhibited 1520X lower propagation rates. However, the crack-growth surface of this specimen did reveal significant
IG cracking estimated at ~50% engagement, while IG engagement for the ANL Alloy 690MA specimen
was ~90%. Examples of the SCC morphology during the final constant K exposure are given in Figure 8.
Microstructure, hardness and SCC growth rates for the three heats are summarized in Table 2. For each
material, the initial HTA treatment significantly results in a reduced IGSCC susceptibility with 10-20X
lower crack-growth rates for materials in the highly CW condition.
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Table 2. Microstructure, Hardness and SCC Growth Rates for Cold-Worked Alloy 690 Heats Comparing
As-Received (TT or MA) and HTA Materials
Alloy 690 Material
Microstructure
Test Plane Hardness
SCC Growth Rates
CRDM
TT + 31%CR
CRDM
SA + 31%CR
ANL Bar
MA + 30%CF
ANL Bar
HTA + 30%CF
GEG Billet B25K
MA + 20%CR
GEG Billet B25K
HTA + 20%CR

0.020
0.018

315 kg/mm

316 kg/mm
316 kg/mm
317 kg/mm

321 kg/mm

291 kg/mm

-7

2

1.2x10 mm/s [12]
(S-L, 360°C)

2

9.7x10 mm/s [12]
(S-L, 360°C)

2

8.2x10 mm/s
(S-L, 360°C)

2

3.0x10 mm/s
(S-L, 360°C)

2

4.5x10 mm/s [12]
(S-L, 360°C)

2

2.4x10 mm/s
(S-L, 360°C)

-9

-8

-9

-8

-9

CT069&70 - 0.5T CT GE Alloy 690 B25K HTA+20%CR S-L
360°C, 30 MPa√m, 1000 ppm B, 2.0 ppm Li, 25 cc/kg H2

980s/20s
+ 2.5 h,
R = 0.5

Constant K

40

GE 690HTA
+ 20%CR S-L

38

∆a from 3700 h (mm)

0.016

36

0.014

34
2.4e-09 mm/s

0.012

32

0.010

30

Previous constant K SCC
growth rates at 30 MPa√m
HTA: 1.0e-09 mm/s

0.008
0.006
0.004

Prior CT037 Test on
GE alloy 690MA + 20%CR S-L
4.5x10-8 mm/s

2.0e-08
mm/s

0.002
0.000
3700

28
26

outlet conductivity (µS/cm)

Semi-continuous GB
carbides, isolated GB &
matrix TiN, many IG
voids, few cracked GB
carbides and TiN
No GB carbides, isolated
GB and matrix TiN, few
cracked TiN
Semi-continuous GB
carbides, GB & matrix
TiN, many cracked GB
precipitates & voids
Isolated fine GB carbides,
GB & matrix TiN, few IG
voids, cracked TiN
Occasional GB carbides &
TiN with more in banded
regions, many matrix
carbides, isolated IG voids
& cracked carbides
Isolated fine GB carbides
& TiN, small matrix
carbides, isolated IG voids

24
22

3800

3900

4000

4100

4200

4300

4400

4500

20
4600

time (hrs)

Figure 6. Example of crack-growth response for the GE Alloy 690HTA + 20%CR under constant K
loading in 360°C simulated PWR primary water.
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Constant Load

20

0.130

∆a from 3160 h (mm)

0.110

Previous Constant K SCC
growth rates at 30 MPa√m

ANL 690MA
+30%CF

MA: 5.1e-08 mm/s
HTA: 3.0e-09 mm/s

18

35 MPa√m

16

0.090
0.070

14

8.2e-08
mm/s

12

0.050

ANL 690HTA
+30%CF

0.030

3300

3400

10

30 MPa√m

2.6e-09 mm/s

0.010
-0.010
3200

22

outlet conductivity (µS/cm)

0.150

CT073&74 - 0.5T CT ANL alloy 690 MA+30%CF & HTA+30%CF (S-L/S-T)
360°C, 1000 ppm B, 2.0 ppm Li, 25 cc/kg H2

8

3500

3600

6
3700

time (hrs)

Figure 7. Example of crack-growth response for the 30%CF ANL Alloy 690MA and 30%CF ANL Alloy
690HTA specimens under constant K loading in 360°C simulated PWR primary water.

(a)

(b)

Figure 8. SEM secondary electron images showing the SCC morphology for the ANL Alloy 690MA +
30%CF (a) and ANL Alloy 690HTA + 30%CF (b) test specimens during the final constant K evaluation
shown in Figure 7.
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To create a better overall comparison to the CRDM data, baseline SCC response for the as-received GE
and ANL Alloy 690MA materials was obtained. Both of the MA specimens exhibited evidence for SCC
growth during constant K loading, however at low propagation rates that decayed with time. This
behavior is illustrated in Figure 9 showing growth rates of ~2x10-9 mm/s for the first 300-400 hours at
constant K followed by a transition to even lower rates. Three constant K exposures were assessed after
extensive transitioning and revealed similar or slightly lower SCC propagation rates. Maintaining
constant K conditions for long times resulted in growth rates dropping to ~1x10-9 mm/s for the GE
specimen, while the ANL specimen essentially revealed no further crack extension. Slightly higher SCC
rates were consistently measured for the GE Alloy 690MA versus the ANL Alloy 690MA, but rates for
both were very low and no evidence for IG cracking was found in post-test examinations. The SCC
propagation rates for these MA materials were still greater than those measured [6] for as-received
CRDM Alloy 690TT specimens that were consistently <1x10-9 mm/s.
CT084&85()(0.5T(CT(ANL(and(GE(Alloy(690MA,(Test(#1(
360°C,(30(MPa√m,(1000(ppm(B,(2.0(ppm(Li,(25(cc/kg(H2(

Previous Constant K SCC
growth rates at 30 MPa√m
GE MA: 1.0-1.6e-09 mm/s
ANL MA: 0.6-1.4e-09 mm/s

0.026

∆a from 6000 h (mm)

34

Constant K!

32

1.5e-09 mm/s

30

0.025

GE 690MA
0.024

28

2.5e-09
mm/s

26
~5e-10 mm/s

0.023

24

ANL 690MA
0.022

outlet conductivity (µS/cm)

0.027

22
1.7e-09 mm/s

0.021
6150

6250

6350

6450
6550
time (hrs)

6650

6750

20
6850

Figure 9. Example of crack-growth response for the non-CW GE Alloy 690MA and ANL Alloy 690HTA
specimens under constant K loading in 360°C simulated PWR primary water.
COLD WORK EFFECTS ON HARDNESS, RESIDUAL STRAIN AND SCC
Hardness and EBSD misorientation (residual strain) mapping has now been performed on most Alloy 690
materials where we have measured SCC growth rates in simulated PWR primary water. Data for eighteen
Alloy 690 plate and tubing materials/conditions have been collected to enable a more detailed assessment
of cold work effects on SCC response. The list of analyzed materials also includes two materials tested
by AMEC [11]. Except for the three heats discussed in this paper, other Alloy 690 materials were in the
TT microstructural condition and exhibited a semi-continuous distribution of grain boundary carbides.
The measured SCC propagation rates as a function of the %CW is reviewed in Figure 10 with dashed
lines tracing the CRDM TT and SA response. As documented in Figure 2(c), the TT material shows a
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much greater increase in SCC susceptibility from 17 to 31%CR than does the SA material. This plot also
highlights the differences between the 20%CR GE Alloy 690MA/HTA and 30%CF ANL Alloy
690MA/HTA materials described in the previous section. The differences between the MA and HTA
materials essentially bound the overall scatter in the plot along with the 31%CR CRDM TT specimen that
was given a recovery anneal at 700°C [13,14]. Hardness and residual strain were obtained in an attempt to
improve the correlation with crack growth and help define key aspects controlling SCC susceptibility.
First correlations will be described for hardness measurements. Average Vickers hardness values have
been obtained on individual CT test specimens from the crack-growth plane at a location well ahead of
the SCC crack front. As expected, hardness increases in a reasonably linear fashion with the %CW for
most materials as shown in Figure 11(a). The two materials that diverge from that trend are the GE Alloy
690MA + 20%CR and CRDM Alloy 690TT + 31%CR + recovery materials. The 700°C recovery anneal
was applied to alter the dislocation structure and the small decrease in hardness from that for the 31%CR
material was expected. The reason for the higher hardness of the GE Alloy 690MA + 20%CR material is
unknown since the as-received MA material did not show a higher initial hardness value. However, the
correlation between hardness and SCC rates is improved by these differences as shown in Figure 11(b).
The trend line for the CRDM TT material now fits all data except for the three materials given the initial
HTA treatment: CRDM SA + 31%CR, GE HTA + 20%CR and ANL HTA + 30%CF. Although it is clear
that matrix strength promotes SCC, another aspect plays an important role influencing susceptibility.
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Figure 10. Measured SCC growth rates in 360°C simulated PWR primary water as a function the %CW
for various Alloy 690 materials.
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Figure 11. Cold work effects on Vickers hardness (a) and the correlation between hardness and the
measured SCC growth rates (b).
Residual strain indicated by EBSD misorientation measurements provides another sensitive method to
assess the effects of cold work damage. A common EBSD analysis area (map at magnifiction of 250x)
and step size (0.5 µm) was used for all examinations. As for hardness maps, EBSD measurements were
again obtained on individual CT test specimens from the crack-growth plane well ahead of the final SCC
crack front. The integrated misorientation densities show a considerable scatter when plotted as a
function of %CW in Figure 12(a). Individual samples farthest off the CRDM response are the GE MA +
20%CR and ANL MA + 30%CF materials along with the ANL MA + 26%CR. These differences result in
an improved relationship between misorientation density and SCC growth rates in Figure 12(b). Only the
CRDM TT + 31%CR material shows a crack growth rate slightly above the linear fit, while the HTA
materials remain exhibit propagation rates below the general correlation. Therefore, neither hardness nor
misorientation can reconcile the reduced SCC susceptibility for the CW Alloy 690HTA specimens.
DISCUSSION OF IGSCC SUSCEPTIBILITY IN COLD-WORKED ALLOY 690
Research at many laboratories has now demonstrated that highly CW Alloy 690 tubing and plate
materials can become highly susceptible to IGSCC propagation in simulated PWR primary water. This
overall data was summarized in Figure 1 and illustrated that SCC response is dependent on the material
heat and condition. High levels of CW (~20% reduction) produced slightly elongated grains, high
dislocation densities particularly at grain boundaries and some degree of IG void formation and cracked
carbides/nitrides depending on the precipitate distribution. Previous high-resolution examinations [13,14]
of Alloy 690 microstructures and IGSCC cracks revealed that the CW-induced permanent damage (grain
boundary cracked carbides and voids) did not directly promote IGSCC. The primary interaction between
these pre-existing features and the IGSCC cracks was crack blunting and not an acceleration of
environment-induced growth. The presence of IG carbides was shown to enhance localized grain
boundary deformation during cold work and it was proposed that local strains/stresses at interfaces
promote IGSCC susceptibility.
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Figure 12. Cold work effects on the integrated misorientation density determined by EBSD (a) and the
correlation between misorientation density and the measured SCC growth rates (b).
Improved SCC resistance of the highly CW Alloy 690HTA materials in the current experiments further
documents the critical importance of the initial microstructural condition. Hardness measurements
indicated that matrix strength alone cannot explain SCC behavior, since the HTA materials hardened with
the %CW in an identical fashion to the as-received MA or TT materials. Plastic strain distributions
assessed by EBSD did help isolate a few differences among the CW materials, but gave a similar response
since misorientation densities scale with the bulk dislocation densities. As intended, the HTA treatment
did remove most chromium carbides from grain boundaries and the matrix. Very fine M23C6 precipitates
were discovered at some boundaries in the GE and ANL HTA materials along with a lower density
distribution of smaller carbides in the GE HTA matrix. It is tempting to link the improved SCC resistance
to this change in carbides and the general result is consistent with the behavior for the CRDM TT versus
SA materials. Unfortunately, the HTA treatment did also promote some grain growth in the GE and ANL
materials that complicates the microstructural interpretation of what controls SCC. In particular, the GE
Alloy 690HTA exhibited local regions of grain growth that corresponded to lower misorientation
densities in EBSD measurements. These pockets of lower strain and strength within certain grains could
influence SCC propagation across the crack front. However, no clear evidence of this effect could be
identified from examinations of the crack-growth surface or side-surface cross sections. Overall, it seems
most likely that the change in grain boundary characteristics due to the HTA treatment directly influences
local strain distributions during cold working and alters IGSCC susceptibility in highly CW Alloy 690.
Crack growth experiments and characterizations are continuing on tailored materials to help define
important grain boundary microstructural/microchemical aspects and processes controlling IGSCC.
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SUMMARY AND CONCLUSIONS
High levels of cold work have been shown to promote IGSCC propagation of Alloy 690 materials in
simulated PWR primary water environments. Correlations to IGSCC response are established to the
degree of cold work, hardness, average misorientation densities measured by EBSD and grain boundary
characteristics (precipitates and damage). Crack propagation rates are found to be reduced for highly CW
materials where an initial HTA and water quench is applied before cold working. Similar to prior results
for a CRDM heat, the CW Alloy 690HTA plate materials exhibit SCC growth rates that are 10-20 times
lower than the CW Alloy 690MA materials. Hardness and misorientation densities both provide a better
assessment of SCC susceptibility than the % cold work, however neither measurement properly predicts
behavior for the CW HTA materials. These new observations support the suggestion that the presence of
grain boundary carbides promote higher local strains during cold working and increase IGSCC
susceptibility in highly CW Alloy 690 materials. Although this work has provided additional insights
into cracking mechanisms, more research is needed to determine critical processes controlling SCC.
Acknowledgements
Primary support for this research is from the U.S. Nuclear Regulatory Commission. In addition, key
support was also obtained from Rolls Royce for EBSD characterizations and the Office of Basic Energy
Sciences, U.S. Department of Energy for high-resolution grain boundary examinations. Helpful
interactions with D. Dunn and P. L. Andresen are acknowledged along with the technical assistance of R.
J. Seffens, A. D. Guzman and C. E. Chamberlin. Pacific Northwest National Laboratory is operated for
the U.S. Department of Energy by Battelle Memorial Institute under Contract DE-AC06-76RLO 1830.

13

References
1. H. Xu, S. Fyfitch, P. Scott, M. Foucault, R. Killian and M. Winters, Materials Reliability Program:
Resistance to Primary Water Stress Corrosion Cracking of Alloys 690, 52 and 152 in Pressurized Water
Reactors (MRP-111), EPRI, Palo Alto, CA: 2004, 1009801.
2. J. Hickling, Materials Reliability Program: Resistance to Primary Water Stress Corrosion Cracking of
Alloys 690 in Pressurized Water Reactors (MRP-258), EPRI, Palo Alto, CA: 2009, 1019086.
3. D. J. Paraventi and W. C. Moshier, “Alloy 690 SCC Growth Rate Testing,” Workshop on Cold Work in
Iron- and Nickel-Base Alloys, Ed. R.W. Staehle and J. Gorman, EPRI, Palo Alto, CA, June 2007. Also
Proc. EPRI Alloy 690 Workshop, EPRI, Palo Alto, CA, October 2007.
4. P. L. Andresen, M. M. Morra, K. S. Ahluwalia and J. Wilson, “Effect of Deformation and Orientation
on SCC of Alloy 690,” Proc. 14th Int. Conf. Environmental Degradation of Materials in Nuclear Power
Systems - Water Reactors,” American Nuclear Society, 2009, p. 846.
5. B. Alexandreanu, “The Stress Corrosion Cracking Behavior of Alloys 690 and 152 Weld in a PWR
Environment,” ibid 4, p. 239.
6. M. B. Toloczko and S. M. Bruemmer, “Crack Growth Response of Alloy 690 in Simulated PWR
Primary Water,” ibid 4, p. 706.
7. P. L. Andresen, M. M. Morra and K. S. Ahluwalia, “SCC of Alloy 690 and Its Weld Metals,” Proc.
Fontevraud 7 Int. Symp. Contribution of Materials Investigation to Improve the Safety and Performance
of LWRs, French Nuclear Energy Society, 2010, Paper A010-T04.
8. S. M. Bruemmer, M. J. Olszta and M. B. Toloczko, “Cold Rolling Effects on Grain Boundary Damage
and Stress Corrosion Crack Growth in Alloy 690,” ibid 7, Presentation A062-T04.
9. K. Arioka, T. Yamada, T. Miyamoto and T. Terachi, “IGSCC Growth Behaviors of Alloy 690 in
Hydrogenated High Temperature Water,” ibid 7, Paper A007-T04.
10. P. L. Andresen, M. M. Morra and K. S. Ahluwalia, “SCC of Alloy 690 and Its Weld Metals,” Proc.
15th Int. Conf. Environmental Degradation of Materials in Nuclear Power Systems – Water Reactors,”
The Minerals, Metals and Materials Society, 2011, in press.
11. D. R. Tice, S. L. Medway, N. Platts and J. W. Stairmand, “Crack Growth Testing on Cold Worked
Alloy 690 in Primary Water Environment,” ibid 10, in press.
12. M. B. Toloczko and S. M. Bruemmer, “Cold Rolling Effects on Stress Corrosion Crack Growth in
Alloy 690 Tubing and Plate Materials,” ibid 10, 91.
13. S. M. Bruemmer, M. J. Olszta, M. B. Toloczko and L. E. Thomas, “High-Resolution Characterization
of Grain Boundary Damage and Stress Corrosion Cracks in Cold-Rolled Alloy 690,” ibid 10, p. 301.
14. S. M. Bruemmer, M. J. Olszta, M. B. Toloczko and L. E. Thomas, “Linking Microstructure to Stress
Corrosion Cracking of Cold Rolled Alloy 690 in PWR Primary Water,” Corrosion 2012 Conference,
C2012-0001924, March 2012 and Corrosion J, in press.

14

