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Abstract 

Stress corrosion crack initiation tests in simulated PWR (pressurized water reactor) primary water 
conditions are being conducted on Alloys 600/182 and Alloys 690/152/52 at Pacific Northwest National 
Laboratory (PNNL) under a Memorandum of Understanding Addendum between the Electric Power 
Research Institute (EPRI) and the U.S. Nuclear Regulatory Commission (NRC). This is a multiyear test 
program with a large test matrix. This report presents a review of the test matrix, test system construction, 
test method refinement, the materials selected, specimen preparation activities, and the results of the first 
year and a-half of testing. The goal of this program is to produce stress corrosion crack initiation (SCCI) 
data in support of a factor of improvement (FOI) determination for Alloys 690/152/52 over Alloys 
600/182, and to generate temperature, stress, and material strength dependencies for Alloy 182 SCCI 
times for validation and future refinements of the models that were developed under the Extremely Low 
Probability of Rupture (xLPR) Program. 

Total testing time for all the 690/152/52 specimens has reached more than 12,500 hours with no 
SCCI, as expected. Alloy 600 testing has produced initiation times that are primarily within the range of 
what has been previously observed at PNNL and other labs for similar cold-work levels. The one 
observed low initiation time has been correlated to off-normal microstructure, while the few higher 
initiation times are due to an issue related to the test protocol for those specific specimens. However, 
testing of 15% cold-forged (CF) Alloy 182 welds that are being used for Alloy 152/152M/52/52M FOI 
determination and are serving as the baseline condition for observing environmental effects on Alloy 182 
SCCI has produced many very low initiation times that are well below what was expected based on the 
difference in stress corrosion crack growth rate data between Alloy 182 and Alloy 600, and based on the 
small literature database on well-controlled Alloy 182 SCCI tests. Low SCCI times were observed in all 
four welds that were obtained from vastly different sources. Careful pre-test and post-test surface 
microstructural observations of the specimens are being conducted to aid in understanding the response. 
While two low SCCI times have been correlated to pre-existing weld fabrication defects, the vast majority 
of the low SCCI times did not occur at pre-existing weld fabrication defects, or at any other imperfections 
in specimens or from issues with the test method. There have also been some very long SCCI times in 
15% CF Alloy 182 specimens, having exceeded the range observed in equivalently cold-worked Alloy 
600. This suggests that the wide range of SCCI times may be due to a wide range of SCC susceptibility in 
Alloy 182 at the microstructural level that is either directly due to cold-working or may be strongly 
accentuated by cold-working. 

The number of duplicate tests on Alloy 182 has been expanded so that trends in temperature, stress, 
strength, and other environmental factors can be better established from the highly variable response. 
Microstructural investigations are also being performed to understand the cause of the behavior, and 
additional tests are planned with a reduced amount of cold working (along with originally planned tests on 
as-welded material) to provide additional understanding. 

SCCI time tables and plots have been updated to results as of July 1, 2019. 
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1.0 Introduction 

The goal of this program is to produce stress corrosion crack initiation (SCCI) data on Alloys 
690/152/52 and Alloys 600/182 in support of a factor of improvement (FOI) determination for Alloys 
690/152/52 over Alloys 600/182, and to generate temperature, stress, and material strength 
dependencies for Alloy 182 SCCI times for validation and future refinements of the models that were 
developed under the Extremely Low Probability of Rupture (xLPR) Program. To accomplish these goals 
the U.S. Nuclear Regulatory Commission (NRC) and Electric Power Research Institute (EPRI) have, 
through a Memorandum of Understanding Addendum, jointly funded a program at PNNL to perform 
SCCI testing on these materials. As a first step in this crack initiation testing program, Pacific Northwest 
National Laboratory (PNNL) created a proposed test plan that covered the test method, test matrix, 
specific materials, and test environment. Revisions to the test plan were made based on reviews by the 
NRC, EPRI, and experts in the light water reactor (LWR) stress corrosion community. To accomplish 
the final, agreed-upon plan, PNNL built two 36-specimen SCCI test systems that utilize in situ detection 
of initiation of tensile specimens that are actively held at constant load. 

PNNL developed expertise in this test method through an earlier, and still ongoing program to 
conduct SCCI tests on Alloys 600/690 for the U.S. Department of Energy (DOE) Light Water Reactor 
Sustainability (LWRS) Program. This report contains a summary of all activities conducted through mid-
2017 on the NRC/EPRI project. It includes a review of the test matrix, materials selection and 
characterization, test system construction and shakedown activities, and testing performed on Alloys 690, 
152, 152M, 52, 52M, 600, and 182. 

SCCI time tables and plots have been updated to results as of July 1, 2019. 
  



 

 

2.0 Test Matrix and Timeline 

The original test matrix, presented in Figure 2-1, consisted of 36 Alloy 690/152 specimens, 36 Alloy 
600 specimens, 72 Alloy 182 specimens, and an unspecified number of optional test specimens to support 
xLPR objectives for a minimum total of 144 specimens. Test objectives for this original matrix included 
assessing FOIs for Alloy 690/152/52 over Alloys 690/182 through a series of SCCI tests on Alloys 
690/152/52 and Alloys 600/182, assessing strength effects on SCCI of Alloy 182 (xLPR), and assessing 
the effect of sub-yield strength loading on SCCI of Alloy 182 (xLPR). 

Alloy 82, which like Alloy 182, has also been used to weld Alloy 600 wrought material and to weld 
carbon or low alloy steel to stainless steel in reactor structures, was not included in this project. It is known 
to be more generally resistant to PWSCC initiation than Alloy 182 owing to the greater Cr content of Alloy 
82. Most PWR weldments involving Alloy 82 include Alloy 182, and Alloy 182 was often used when weld 
repairs were made as part of plant fabrication. Thus, the initiation behavior of structures made from these 
weld metals is typically assumed to be controlled by the behavior of Alloy 182. 

 
Figure 2-1.  Original SCC initiation test matrix. The second and third rows represent testing in the 

second test system. The use of two rows is meant to represent the fact that after a 
portion of the Alloy 182 specimens in the first testing sequence (as listed in the second 
row) have initiated, they will be replaced by specimens in the second testing sequence 
(specimens listed in the third row). 

Figure 2-2 and Figure 2-3 show the new, more fully defined and expanded test matrix and test 
objectives, respectively. This matrix consists of 36 Alloy 690/152 specimens, 36 Alloy 600 specimens, 
156 Alloy 182 specimens, and an as-yet specified number of additional Alloy 182 specimens for a 
minimum total of 228 specimens. Testing objectives were more clearly established based on the early, 
observed response of Alloy 182 and on meetings in October 2016 and in February 2017 with the NRC 
and EPRI that included xLPR members. Key needs for xLPR that were not explicitly defined in the 
original test matrix included temperature effects and more data on strength and sub-yield strength loading. 
To accommodate these needs, 7.5% cold-forged (CF) material, two sub-yield strength loading conditions, 
and testing at two temperatures below 360°C have been added to the test matrix. Interest was also 
expressed in evaluating dissolved hydrogen effects, surface condition effects, and comparing tensile 
initiation times to bent beam specimen initiation times, but the details of these particular tests are still 
under consideration, and these tests are set to occur after completing the key objectives for xLPR. Bent 
beam testing noted in Figure 2-3 would be performed under a separately funded NRC program. 



 

 

Test results obtained during testing in 2016 and the first half of 2017 have revealed that 15% cold-
worked Alloy 182 has more complex SCCI behavior than originally expected. Both very short and very 
long initiation times have been observed. A different testing strategy consisting of tests of smaller groups 
of specimens with each specimen instrumented for detection of SCCI has been required. It has also been 
critical to interrupt Alloy 182 tests at the onset of SCCI to allow for examination of the early stages of 
cracking to obtain a fuller understanding of the origin of the varied initiation times. Because full 
instrumentation in the 36-specimen system can only be achieved for 24 specimens, additional test systems 
have been brought online to help achieve the testing goals. Even with these additional test systems, the 
new expected end date is late 2021. 

A need has been identified for more in-depth pre-test and post-test examination of specimens to allow 
possible identification of the cause of the varied Alloy 182 SCCI times. And in some cases, uninitiated 
specimens are being examined when a test is stopped to remove a companion specimen that has initiated. 
Scanning electron microscopy is now being routinely used for these observations because the factors 
affecting the initiation times are due to microstructures that require very high magnification imaging 
rather than being due to specimen fabrication or handling defects that can be observed with an optical 
microscope. 

 
Figure 2-2.  Expanded SCCI test matrix. 

 



 

 

 
Figure 2-3.  Expanded SCCI test matrix objectives. 

 
  



 

 

3.0 Materials and Characterizations 

3.1 Materials 

PNNL began interacting with the NRC and EPRI in September 2014 about the selection and 
acquisition of various materials and weldments. It was desired for the materials to have well-documented 
processing histories, bulk compositions, and information about SCC susceptibility if possible. The goal 
has been to obtain four different heats or weldments for each class of material to provide a solid multi-
heat or multi-weld foundation for measuring and understanding a range of SCCI responses to the planned 
testing conditions. There was strong interest in obtaining materials that have LWR-representative stress 
corrosion crack growth behavior. In a few cases, actual plant materials were obtained, but the majority of 
the materials were selected from available non-plant sources. Many of the Alloy 690 and Alloy 600 
materials were obtained from nuclear industry sources while Alloy 152/52 and Alloy 182 were obtained 
from plant-relevant mockups as much as possible. Stress corrosion crack growth rate (SCCGR) response 
of the available Alloy 182 materials was compared to the EPRI MRP-115 Alloy 182 database. The goal 
was to obtain a set of materials a wide range of susceptibility relative to the database. For Alloy 690 and 
its welds for which no SCC has been observed in service, there is no LWR-representative response. 
Therefore, these materials were selected based only on providing a range of laboratory-observed SCC 
susceptibility. The materials that were obtained are summarized in Table 3-1. Details of the selected 
materials are covered below. 

Table 3-1.  Materials selected and acquired for this program. 

Alloy 182 
NRC/PNNL Phase 2B DMW Mockup NRC/PNNL Flawtech DMW Mockup 

Studsvik Buildup KAPL U-Groove 
Alloy 600 

Spec. Met. NX6106XK-11 MA Plate ATI 522068 MA Bar 
G.O. Carlson 33375-2B MA Plate WNP5 CRDM Tube 

Alloy 152/52 
MHI Alloy 152 U-Groove Mockup MHI Alloy 52 U-Groove Mockup 

ENSA DPM Alloy 52M Butter EPRI Alloy 152M U-Groove 
Alloy 690 

Valinox RE243 TT CRDM Tube Valinox WP142 TT CRDM Tube 
TK-VDM 114092 TT Plate Allvac B25K-2 MA Bar 

 

Alloy 600 Materials 

The goal was to obtain two Alloy 600 plate heats and two Alloy 600 control rod drive mechanism 
(CRDM) tube heats for the testing matrix. However, only one CRDM material could be obtained, and 
therefore an alternative plan was established to obtain one CRDM tube heat and three plate heats with one 
of the plates being an older heat dating back to 2001 or earlier that may have been made following 



 

 

methods more similar to Alloy 600 in operating plants. The CRDM tube was extracted from a portion of a 
head salvaged from a PWR that never went into service. 

Alloy 182 Welds 

Alloy 182 is of particular importance to xLPR model validation and the goal was to obtain four 
representative mockup welds for SCCI testing. Two of the weldments are actual dissimilar metal reactor 
pressure vessel (RPV) primary nozzle mockups. These weldments are the Phase 2B and Flawtech Alloy 
182 mockups that were acquired by PNNL under other NRC programs. The third weldment, provided by 
EPRI, is a large bead-on-plate buildup of Alloy 182 that was previously used for SCC testing at Studsvik. 
This weld has exhibited high SCCGRs in tests performed on it by Studsvik. A fourth weldment was 
fabricated by Knolls Atomic Power Laboratory (KAPL). 

Alloy 690 Materials 

Extensive SCC testing of Alloy 690 heats in the as-received and cold-worked condition has been 
performed at PNNL [1–3]. As a result, the SCCGR susceptibility of many different Alloy 690 heats is 
known. Similar to Alloy 600, the goal was to have two Alloy 690 CRDM tube heats and two plate heats 
in the matrix. For this, PNNL has obtained two Valinox CRDM heats (RE243 and WP142) and two plate 
heats (TK-VDM 114092 and ATI/Allvac B25K-2). The two CRDM materials have completely equiaxed 
and uniform grain boundary structures with no banding associated with processing direction. The two 
plate heats both are banded in the processing plane, a feature that is quite common in Alloy 690 plate (as 
well as in Alloy 600 plate). 

Alloy 152/152M/52/52M Welds 

Due to the interest in testing several different high-chromium, nickel-base alloy welds, PNNL has 
obtained one weldment each of Alloys 152, 152M, 52, and 52M. Alloys 152 and 52 were used in early 
applications of high-chromium weld metals, while Alloys 152M and 52M are now more commonly used. 
All of these alloys were made available by EPRI. 

3.2 Material Test Conditions 
Cold Work 

As indicated by the test matrix, most of the SCCI tests are being conducted on these materials in a 
15% homogeneously CF condition. It is useful to recall that a defining aspect of initiation events in 
service components often involves tensile loading of a highly cold-worked surface layer. A key aspect of 
the increase in cracking susceptibility is suggested by the French [4–6] to be due to a strain reversal 
process that produces very high stresses along with high levels of strain. Test specimens such as U-bends, 
bent beams, and even tensile specimens enable a highly stressed cold-worked layer on a mildly cold-
worked bulk substrate to be evaluated in a way that is relevant to service components. However, a critical 
consideration for SCCI testing is the associated relationship between the cold-work layer thickness and 
the crack depth needed to produce a stress intensity factor level sufficient for rapid propagation. While the 
effect of cold-work depth has been considered in phenomenological analysis of SCCI times [6], the effect 
of damage depth has not been generally addressed in the literature as a consideration for SCCI test 
specimen design or test methodology, even though it has a profound effect on the time to initiation. 
Instead, experimental studies tend to only conclude that a tensile-strained, cold-worked surface reduces 
the SCCI time compared to polished (undamaged) surfaces [7, 8]. 



 

 

Uncertainties exist concerning the representative cold-work depth and degree of damage in LWR 
service components. The depth of the cold-work layer is variable, as is the applied stress and the 
component thickness that determine the stress intensity factor after the formation of a crack. The wide 
range of cold-work layer depths that have been observed in Alloy 600/182 service components suggests 
that a conservative approach would be to assume a worst-case depth that could be as high as ~0.7 mm as 
reported from service component observations [8]. Based on the available literature, this depth exceeds 
that needed to produce SCCI in susceptible Alloy 600/182 service components and establish a condition 
under which SCC growth controls the cracking behavior. This variability in the service cold-work layer 
depth makes using a non-uniformly deformed specimen less desirable when similar stresses and strains 
can be achieved much more easily and in a more quantitative manner through homogeneous deformation 
of the bulk material. 

Issues for evaluating surface cold work such as layer thickness and cold-work level should also be 
considered with respect to Alloy 690/152/52 service components. While modern-day reactor assembly 
techniques strive to minimize the presence of surface damage, the production of some cold work may be 
unavoidable as illustrated by the loose part impact event that produced the deepest measured surface 
damage in a cracked PWR component [5, 7]. As with Alloy 600/182, a conservative approach would be to 
assume that a surface damage layer exists in Alloy 690/152/52 that is sufficiently thick for SCCI to be 
controlled entirely by the response of cold-worked material, and that if an SCCI benefit is to exist, it must 
be for comparing the susceptibility of similarly cold-worked materials. Based on this perspective, PNNL 
believes that the most effective means of evaluating the material response is to use a homogeneously 
cold-worked specimen rather than a specimen that has a complex cold-worked surface layer. While it is 
clearly important to understand the effect of the cold-work damage layer on SCCI for components in 
service, understanding the material response to cold work is a necessary first step for this program. 

An important aspect to consider for this program is that it strives to measure SCCI times and not 
through-thickness responses of the specimen. In service components where cold work may exist only in a 
surface layer, Alloy 690 and its weld metals may exhibit crack initiation followed by very low growth as 
the crack extends into the softer base material. SCCI times measured in homogeneously cold-worked 
tensile specimens are only meant to be an indicator of SCCI response and not an indicator of 
susceptibility to through-thickness crack growth. 

Another potential concern is that cold-worked specimens loaded to their yield stress (YS) may 
undergo extensive creep deformation and possibly promote mechanical cracking and/or SCCI. This is 
clearly possible if specimens are loaded to extremely high stresses or are tested under an increasing load 
that results in dynamic straining. Heavily cold-worked Alloy 600 loaded to its yield strength is known to 
undergo creep in air, such as occurred for Alloy 600 that failed after ~30,000 hours (~3 years) when 
loaded to 650 MPa [9]. In addition, testing at PNNL [10] and the University of Michigan [11] has shown 
that very slow, constant extension rate testing of highly cold-worked Alloy 690 in 360°C PWR primary 
water can induce intergranular (IG) creep cracking on both the specimen surface and in the interior. 
However, long-term constant load SCCI tests on Alloy 690 have yet to show creep failure. An 
approximately 1 year-long constant load SCCI test on 26% cold-rolled Alloy 690 loaded to its YS at 
360°C showed no evidence of creep crack formation on either the specimen surface or within the interior 
[10]. The best evidence of the resistance of cold-worked Alloy 690 to constant load creep cracking is the 
long-term testing of homogeneously deformed Alloy 690 tensile specimens by MHI as reported in MRP-
237 Rev. 2 [12]. Materials evaluated by MHI through long term constant load testing include Alloy 690, 
Alloy 152, and Alloy 52 loaded to 500–550 MPa. These stress levels were achieved by tensile straining 



 

 

the specimens at the test temperature of 360°C. While this elevated temperature straining does not strictly 
qualify as cold working, the deformation structures produced at 360°C will be largely similar to those for 
room temperature tensile straining because the tensile and annealing properties for Alloy 690 do not 
substantially change up to 450°C [13]. Recent testing at PNNL has revealed that rather than any softening 
occurring, Alloy 690 undergoes hardening when exposed at 360°C due to unidentified microstructural 
changes [10]. MHI reported at the December 2014 EPRI Alloy 690 Collaboration Meeting that no failures 
have occurred after more than 100,000 hours (~10 years) of high temperature water exposure in any of the 
highly cold-worked, high Cr materials, despite their high stresses and high susceptibility to SCC growth. 
These observations support the conclusion that for an appropriate selection of cold-work level, cracking 
due to creep deformation is not expected for the life of this project. 

The selection of the appropriate level of cold work is an important aspect of this recommended test 
plan. It has been reported that highly damaged, cold-work layers under very high stresses are relevant to 
plant SCCI conditions, but it is important to keep in mind that these microstructures and stresses fade to 
bulk values as a function of depth into a plant component. Measurements of hardness or stress for field 
components are not readily available, but examples of laboratory measurements [14, 15] and finite 
element modeling-based predictions [9] show that the damage does decrease with depth, typically with an 
inverse dependence. To best represent this varying damage level, an intermediate strength has been 
chosen. Peak hardness levels of greater than 300 kg/mm2 and peak stresses approaching 1000 MPa are 
representative of >30% cold work. This level of cold work would be associated with aggressive 
fabrication techniques (i.e., heavy grinding). Thus, 15% cold work appeared to be a reasonable 
intermediate level of damage. The choice of 15% cold work as the baseline condition also stems from the 
expected maximum strain levels in heat affected zones and weld repairs [16]. From a practical perspective 
for assessing FOIs for Alloy 690/152/52 materials, 15% cold work is expected to shorten the initiation 
time of susceptible Alloy 600/182 to ~2000 hours or less, thereby making it possible to determine a useful 
Alloy 690/152 FOI within the time frame of this project. The 15% CF Alloy 690 materials have a 360°C 
YS of ~400–500 MPa, while the Alloy 152/52 materials are in the range of 450–550 MPa. For the 
development of the material strength dependency for xLPR, Alloy 182 is also being tested in a 7.5% CF 
condition and in the as-welded condition. 

For the base metals in plate form, the forging plane is coincident with the processing plane. 
Specimens were cut from these forged materials so that the axis of the specimen is parallel with the 
forging direction. The forging plane and processing plane will both cut across the diameter of the gauge 
section. This will allow cracking to take place along the most susceptible plane of the CF material. 
CRDM materials that tend to show more equiaxed grain structures will be forged in such a way as to be 
able to extract specimens from the available material. All welds will be forged in the transverse direction 
with specimens aligned as shown in Figure 3-1, again resulting in the crack initiation plane being along 
the most susceptible orientation relative to the cold forging and the weld microstructure. 

Surface Condition 

The baseline surface condition is a highly polished, 1 µm finish. Nuclear reactor operational 
experience is that ground surfaces reduce initiation time, but analysis of the available information does 
not suggest that the resulting nanocrystalline microstructure or surface roughness is the cause of the 
reduced initiation times. As discussed in the previous section, grinding, possibly in conjunction with other 
fabrication processes such as bending or hammering, elevates the material strength and creates membrane 
surface tensile stresses that are strong promoters of SCCI. Increases in initiation time associated with the 



 

 

polishing of service components is not due to removal of the nanocrystalline, uneven surface, rather it is 
due to removal of the high strength, membrane tensile loading. SCCI testing at PNNL of tensile 
specimens with ground and highly polished surfaces supports this conclusion. Constant load tensile 
initiation tests on cold-worked Alloy 600 with either ground or highly polished surfaces have exhibited 
nearly the same initiation times. In fact, the specimens with ground surfaces have consistently exhibited 
slightly longer SCCI times [17]. Microstructural exams indicate that the slightly longer initiation time is 
due to better availability of Cr from the high grain boundary surface area in the nanocrystalline layer, and 
this promotes the formation of a more passive oxide layer. With this understanding, the decision was 
made to use a 1 µm (or better) surface finish that allows for much better identification of surface cracks. 

 
Figure 3-1.  Orientation of forging direction and tensile specimens cut from weldments. 

3.3 Material Characterizations 

3.3.1 Overview Images 

Several characterizations helpful in preparing test specimens and in understanding SCCI response 
were planned and are in various stages of completion. Slices were taken off each weld metal for optical 
microscopy, scanning electron microscopy (SEM), and hardness mapping. Etched optical images of each 
of the Alloy 182 welds are presented in Figure 3-2 through Figure 3-5. The relative sizes of the welds to 
each other in these images is approximately correct. As noted previously, the Flawtech and Phase 2B 
welds are dissimilar metal nozzle welds made from ~36 cm diameter piping. SCCI testing is being 
performed on the fill region and not the butter. The KAPL weld is a groove weld in Alloy 600, and the 
Studsvik weld is a weld metal buildup that does not join two pieces of material. 



 

 

 
Figure 3-2.  Cross-section view of an optical image of an etched 15% Flawtech Alloy 182 weld. 

 
Figure 3-3.  Cross-section view of an optical image of an etched 15% KAPL Alloy 182 weld. 



 

 

 
Figure 3-4.  Cross-section view of an optical image of an etched 15% Phase 2B Alloy 182 weld. 

 
Figure 3-5.  Cross-section view of an optical image of an etched 15% Studsvik Alloy 182 weld. 



 

 

3.3.2 Scanning Electron Microscopy Observations of Microstructure 

SEM backscatter imaging of the CF Alloy 182 welds and Alloy 152/52 welds was performed at 
several different magnifications to compare their microstructures. Low magnification imaging of CF weld 
grains was overwhelmed by strain contrast, inhibiting the ability to assess grain structure clearly at low 
magnifications such as those shown in Figure 3-6 for Alloy 182. 

 
Figure 3-6.  Low-magnification images of the Studsvik and Flawtech 15% CF materials showing 

considerable strain contrast that obscures the location of the grain boundaries. 

  



 

 

Comparisons of Nb precipitate distributions in the four Alloy 182 materials were evaluated at 
successively higher magnifications, as shown in Figure 3-7 through Figure 3-9. The KAPL and Studsvik 
materials contained fairly linear distributions of Nb precipitates in the grain interiors, along low angle 
interdendritic boundaries, while the Flawtech and Phase 2B materials only had isolated, randomly 
distributed Nb precipitates in the grain interiors. Nb precipitates were found along high angle grain 
boundaries of all materials, although to a lower extent in the Flawtech and Phase 2B materials. Dark spots 
in the middle of the larger Nb precipitates are typically TiN cores as illustrated by the SEM energy 
dispersive spectroscopy (EDS) images in Figure 3-10. Cracked Nb precipitates (from the cold-forging 
process) were readily observed only in the Studsvik material. 

 
Figure 3-7.  1000x SEM backscatter images showing grain contrast and niobium distributions. 



 

 

 
Figure 3-8.  10,000x SEM backscatter images showing Nb distribution along high angle grain 

boundaries. 

 
Figure 3-9.  25,000x backscatter images showing higher resolution of high-angle grain boundaries 

and Nb precipitates in the KAPL and Studsvik specimens. 



 

 

 
Figure 3-10.  SEM secondary electron image (left) indicates brightness that coincides with angular, 

second phase particles, and SEM-EDS contrast (right) indicates the presence of Nb and 
Ti. 

SEM EDS mapping was used to evaluate the composition along weld pass boundaries. High levels of 
strain and microstructural distortion as a result of cold forging hindered the ability to distinguish weld 
passes in all materials. Low magnification observations of a weld pass in the Studsvik 15% CF material 
are shown in Figure 3-11. The elemental maps provided are only those that show compositional gradients 
in the region of the weld pass. Fine localized compositional fluctuations in Nb and Mn are seen in the 
weld grains. Weld pass boundaries were shown to exhibit mild Cr, Mn, and Fe depletion and elevated Ni 
concentration. Other Alloy 182 welds still need to be evaluated. 

 
Figure 3-11.  SEM secondary electron image (upper left) and EDS maps collected at 20 kV showing 

compositional variation in the region around a weld pass. 



 

 

3.3.3 Optical Observations of Pre-existing Defects 

The Alloy 182 welds were characterized in cross section by optical microscopy to obtain a more 
comprehensive understanding of the distribution and type of pre-existing defects that are present in these 
particular materials. Of particular interest are pre-existing IG cracks or IG defects that may have the 
potential to convert to an IG crack. Features that have the potential to convert to an IG crack could for 
instance be linear groupings of inclusions on a grain boundary. Throughout these observations, many of 
the cracks or crack-like defects were labeled either as ductility dip cracks (DDCs) or as solidification 
cracks. These labels represent a preliminary exercise of trying to understand the types of cracks; the 
actual nature of the cracks is still under investigation. 

To observe the microstructure, a thin slice was sectioned off perpendicular to the welding direction 
from a non-CF block of each weld so that a cross section of the entire weld region is included along with 
the buttering layer and base metal, if present. The non-CF condition was chosen for characterizing defects 
to reduce the chance of cracks becoming more difficult to see due to forging. Prior to the characterization, 
all slices were polished to a high luster colloidal silica finish to enable the best possible clarity. Due to the 
large surface area to be examined in each slice, optical microscopy (OM) was selected over SEM for its 
higher area coverage within a reasonable amount of time. An Olympus BX51M reflected light 
microscope was used with Stream View imaging acquisition software. Using differential interference 
contrast (DIC) and polarizer filters in this instrument provided three-dimensional (3D)-like images that 
revealed the weld pass and dendritic microstructures in the slices. A protocol developed to record the 
location and morphology of micrometer-scale pre-existing defects includes the following steps: 

1. Create a montage at 5X covering the entire slice imaged in DIC + polarized mode: weld pass and 
dendritic microstructure are revealed, which will aid in identifying the locations of the defects at later 
stage. 

2. Scan the entire weld region for defects through the eyepiece at 10X with the DIC and polarizer slider 
out: under this condition, defects of micrometer size can be easily detected under the eyepiece and 
10X magnification yields a reasonable time for completing the examination of an entire weld slice. 

3. Take a snapshot of the morphology of every observed defect at higher magnification (10/20/50X) 
imaged in DIC + polarized mode: under this condition, defects can be revealed relative to their 
locations with respect to weld pass and dendritic grains, and their locations can be correlated and 
identified on the montage image taken previously. 

Optical Microscopy Characterization of the Non-CF KAPL Alloy 182 Weld Slice 

An overall montage image of the non-CF KAPL weld slice is shown in Figure 3-12 with defects marked 
in red and indexed. The positions of the initiation specimens relative to the entire weld are illustrated (in 
red). It can be seen that the specimens were either taken from the upper or the lower part of the weld. The 
morphology of defects was recorded at higher magnifications with examples shown in Figure 3-13 
through Figure 3-16. In this slice, all observable defects were observed in the lower portion of the weld, 
and all of them were located just above the weld pass interfaces on either interdendritic boundaries or 
solidification grain boundaries. OM has limited capability to differentiate between the two types of 
boundaries. Most of the defects were groups of small, discrete pits or inclusions consistent with what has 
been seen on the gauge surface of the initiation specimens in pre-test examinations. The holes or 
inclusions in some of these groupings appeared to be faintly interconnected by a crack, suggesting a 
connection between pre-existing cracks and inclusions. However, many pre-existing cracks were not 
decorated by inclusions or pits. 



 

 

 
Figure 3-12.  OM montage image of the non-CF KAPL weld slice imaged in DIC + polarized mode. 

The observed defects are colored in red and have a blue index number. The positions of 
initiation specimens relative to the entire weld are illustrated (also in red). The 
positions of the already tested initiation specimens are also indicated; their initiation 
times are recorded in parentheses. 

 
Figure 3-13.  OM images of defect #1 in the non-CF KAPL weld slice imaged in DIC + polarized 

mode. The location of this defect is highlighted in the lower-left image and the interface 
between two weld passes is marked by the red dashed line. The image on the right 
shows the morphology of the defect, revealing a group of discrete pits and holes with a 
crack-like feature that is 20 µm long. The identification of crack type is preliminary. 



 

 

 
Figure 3-14.  OM images of defect #2 in the non-CF KAPL weld slice imaged in DIC + polarized 

mode. The location of this defect is highlighted in the lower-left image and the interface 
between two weld passes is marked by the red dashed line. The image on right shows 
the morphology of the defect. 

 
Figure 3-15.  OM images of defect #3 in the non-CF KAPL weld slice imaged in DIC + polarized 

mode. The location of this defect is highlighted in the lower-left image and the interface 
between two weld passes is marked by a red dashed line. The image on right shows the 
morphology of the defect. 



 

 

 
Figure 3-16.  OM images of defect #4 in the non-CF KAPL weld slice imaged in DIC + polarized 

mode. The locations of the defects are highlighted in the lower-left image and the 
interface between two weld passes is marked by a red dashed line. The image on right 
shows the morphology of the defects, revealing groups of discrete pits and holes with 
semi-continuous short cracks. The identification of crack type is preliminary. 

  



 

 

Optical Microscopy Characterization of the Non-CF Phase 2B Alloy 182 Weld Slice 

An overall montage image of the non-CF KAPL weld slice is shown in Figure 3-17, in which defects 
colored in red. The positions of the initiation specimens relative to the entire weld are illustrated (in red). 
It can be seen that the specimens were either taken from the upper or the lower part of the weld. A few 
defects are scattered across the weld in this slice. Their morphology was recorded at higher 
magnifications and examples are shown in Figure 3-18 through Figure 3-21. Defects shown in Figure 
3-18 and Figure 3-19 are similar in appearance and their locations on boundaries are similar to those of 
the defects observed in the KAPL weld slice. A few other defects were also observed, including a large 
plate-like inclusion (Figure 3-20) and a semi-continuous crack approximately 250 µm long at the bottom 
of the weld (Figure 3-21). 

 
Figure 3-17.  OM montage image of the non-CF Phase 2B weld slice imaged in DIC + polarized 

mode. The observed defects are colored in red. The positions of initiation specimens 
relative to the entire weld are illustrated in red. The positions of the already tested 
initiation specimens are also indicated; their initiation times are recorded in 
parentheses. 



 

 

 
Figure 3-18.  OM images of defect #1 in the non-CF Phase 2B weld slice imaged in DIC + polarized 

mode. The locations of the defects are highlighted in the lower-left image and the 
interface between two weld passes is marked by the red dashed line. The image on right 
shows the morphology of the defects. 

 
Figure 3-19.  OM images of defect #2 in the non-CF Phase 2B weld slice imaged in DIC + polarized 

mode. The locations of the defects are highlighted in the lower-left image and the 
interface between two weld passes is marked by the red dashed lines. The image on 
right shows the morphology of the defects. 



 

 

 
Figure 3-20.  OM images of defect #3 in the non-CF Phase 2B weld slice imaged in DIC + polarized 

mode. The location of the defect is highlighted in the lower-left image and the 
morphology of the defect is shown in the image on the right. 

 
Figure 3-21.  OM images of defect #4 in the non-CF Phase 2B weld slice imaged in DIC + polarized 

mode. The location of the defect is highlighted in the lower-left image and the interface 
between two weld passes is marked by the red dashed line. The image on right shows 
the morphology of the defect, revealing a semi-continuous crack 250 µm long. 



 

 

Optical Microscopy Characterization of the Non-CF Flawtech Alloy 182 Weld Slice 

An overall montage image of the non-CF Flawtech weld slice is shown in Figure 3-22. The positions 
of the initiation specimens relative to the entire weld are illustrated. It can be seen that the specimens 
were either taken from the upper or the lower portion of the weld. The defects observed are colored red 
and those observed in the buttering are colored green. This heat has a much higher density of defects 
compared to the KAPL and Phase 2B welds. Higher-magnification examples are presented in Figure 3-23 
through Figure 3-28. The defects can be classified into two categories based on their morphologies. Most 
of the defects exhibit a semi-continuous crack appearance with lengths of 100s of micrometers, as 
illustrated in Figure 3-23. They appear to be on solidification grain boundaries, and the discrete segments 
of short, straight cracks resemble the characteristics of DDCs. Other defects feature a much more tortuous 
appearance with plume-like branches typical of solidification cracks (Figure 3-27 and Figure 3-28). This 
type of defect seems to be frequently associated with voids. No groups of small pits or inclusions were 
observed in this slice of this heat. 

 
Figure 3-22.  OM montage image of the non-CF Flawtech weld slice imaged in DIC + polarized 

mode. The defects observed in the weld are colored red, while the defects observed in 
the buttering layer are colored green. The positions of initiation specimens relative to 
the entire weld are illustrated in red. The positions of the already tested initiation 
specimens are also indicated and their initiation times are recorded in parentheses. 



 

 

 
Figure 3-23.  Weld fabrication crack observed at location #3 in the non-CF Flawtech weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. 

 
Figure 3-24.  Weld fabrication crack observed at location #13 in the non-CF Flawtech weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 



 

 

 
Figure 3-25.  Weld fabrication crack observed at location 5 in the non-CF Flawtech weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. 

 
Figure 3-26.  Weld fabrication crack observed at location #11 in the non-CF Flawtech weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 



 

 

 
Figure 3-27.  Weld fabrication crack observed at location #18 in the non-CF Flawtech weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 

 
Figure 3-28.  Weld fabrication crack observed at location #5 in the non-CF Flawtech weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. 



 

 

Optical Microscopy Characterization of the Non-CF Studsvik Alloy 182 Weld Slice 

An overall montage image of the non-CF Studsvik weld slice is shown in Figure 3-29. Unlike the 
three other heats, the Studsvik weld is composed entirely of weld passes. Example positions of the 
initiation specimens relative to the entire weld are illustrated in red. The defects observed in the weld are 
colored red. It can be seen that the distribution of defects in this slice is highly inhomogeneous; the 
highest density is observed close to upper/mid-left edge. Higher-magnification images of selected defects 
are presented in Figure 3-30 through Figure 3-39. The defects can be classified into three categories based 
on their morphologies. Most of the defects fall into either DDCs, such as those in Figure 3-30 through 
Figure 3-32, or solidification cracks, such as those in Figure 3-33 through Figure 3-35 with a similar 
density for each type. A few other defects feature groups of small pits or inclusions and very short cracks 
(Figure 3-36 through Figure 3-39) similar to those observed in the KAPL and Phase 2B welds. 

 
Figure 3-29.  OM montage image of the non-CF Studsvik weld slice imaged in DIC + polarized 

mode. The defects observed in the weld are highlighted in red. The positions of 
initiation specimens relative to the entire weld are illustrated. 



 

 

 
Figure 3-30.  Weld fabrication crack observed at location #2 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 

 
Figure 3-31.  Weld fabrication crack observed at location #11 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 



 

 

 
Figure 3-32.  Weld fabrication crack observed at location #15 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 

 
Figure 3-33.  Weld fabrication crack observed at location #4 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 



 

 

 
Figure 3-34.  Weld fabrication crack observed at location #12 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 

 
Figure 3-35.  Weld fabrication crack observed at location #13 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. The identification of crack type is preliminary. 



 

 

 
Figure 3-36.  Weld fabrication crack observed at location #19 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. 

 
Figure 3-37.  Weld fabrication crack observed at location #3 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. 



 

 

 
Figure 3-38.  Weld fabrication crack observed at location #20 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. 

 
Figure 3-39.  Weld fabrication crack observed at location #22 in the non-CF Studsvik weld slice 

imaged in DIC + polarized mode. In every example, the location of the defect is 
highlighted in the lower-left image and the morphology of the defect is shown in the 
image on the right. 



 

 

Summary of Defect Observations 

Although data are still limited, this preliminary OM characterization offers invaluable information 
about the general distribution of pre-existing defects in all four Alloy 182 welds. Preliminary categories 
are DDCs, solidification cracks, and groups of small pits/inclusions sometimes with cracks in between. 
The KAPL Alloy 182 slice features the most groupings of pits/inclusions, while the Flawtech Alloy 182 
slice features the most DDCs. The Flawtech and the Studsvik Alloy 182 slices have a much higher overall 
defect density and longer cracks than the KAPL and the Phase 2B slices. This weld-to-weld difference is 
summarized in Figure 3-40 through Figure 3-43. In the image on the left side in each of these figures, 
defects are highlighted using different colors to identify their types: DDC in yellow, solidification cracks 
in magenta, and groups of pits/inclusions/short cracks in green. On the right, the same montage image is 
presented and defects longer than 50 µm are marked in red while the others are marked in blue. It should 
be noted that the semi-continuous features in DDCs were considered as a whole for the determination of 
the length of the defect. A likely important finding that is not apparent in these images is that almost all of 
the defects are located in the vicinity of the interface between weld passes, regardless of the weld. 

The plan for the next step is to conduct higher resolution examinations of selected defects in these 
slices using SEM and transmission electron microscopy, and to compare the findings with the 
characterization results on initiation tensile specimens. 

 
Figure 3-40.  OM montage image of the non-CF KAPL weld slice imaged in DIC + polarized mode 

with pre-existing defects highlighted according to their type (on the left) and size (on 
the right). 



 

 

 
Figure 3-41.  OM montage image of the non-CF Phase 2B weld slice imaged in DIC + polarized 

mode with pre-existing defects colored according to their type (on the left) and size (on 
the right). 

 
Figure 3-42.  OM montage image of the non-CF Flawtech weld slice imaged in DIC + polarized 

mode with pre-existing defects colored according to their type (on the left) and size (on 
the right). 



 

 

 
Figure 3-43.  OM montage image of the non-CF Studsvik weld slice imaged in DIC + polarized 

mode with pre-existing defects colored according to their type (on the left) and size (on 
the right). 

  



 

 

Tensile, Hardness, and SCCGR Susceptibility 

Material strength and SCC susceptibility in the form of hardness, 360°C YS, and SCCGR has been 
completed or will be performed for as-received materials and 15% CF material for the majority of the 
materials. These measurements are summarized in Table 3-2. While YS is the best estimate of overall 
material strength, the hardness measurements were performed to look at spatial variability in material 
strength, in particular for the weld metals. Figure 3-44 through Figure 3-47 show hardness maps of the 
four Alloy 182 weld metals in the CF condition. The three welds that join materials together exhibit 
higher hardness in the interior region. There is no obvious variability in hardness from root to crown in 
these welds. 

Table 3-2.  Hardness, 360°C yield strength, and SCCGR results for the candidate materials. 

Material ID Condition Hardness 
(kg/mm2) 

YS@360°C 
(MPa) 

SCC CGR 
(mm/s)† 

Alloy 182 
Buildup 

Studsvik 8001231 AW * 390 ~8e-07 
15% CF 240-345 550 

 

Alloy 182 
Nozzle DMW 

Flawtech 844305 AW * 365 ~2e-07 
15% CF 225-345 515, 525 

 

Alloy 182 
Nozzle DMW 

Phase 2B AW * 380 ~4.5e-08 
15% CF 225-330 460, 500 

 

Alloy 182 V-
Groove 

KAPL 823030 AW * 395, 420 ~7e-07 
15% CF 250-350 580, 590  

      Alloy 600 Plate NX6106XK-11 MA 
 

310 ~3e-08 
15% CF 270 575 >1e-06 

Alloy 600 Plate 522068 MA   * 
15% CF 240 450 

 

Alloy 600 Plate 33375-2B MA   * 
15% CF 265 530, 550  

Alloy 600 
CRDM 

WNP5 MA   * 
15% CF 240 520  

      Alloy 152 U-
groove 

MHI 307380 AW   <1e-09 
15% CF 225-345 500 ~2.2e-09 

Alloy 52 U-
Groove 

MHI NX2686JK AW   <1e-09 
15% CF 225-315 470 ~5.5e-09 

Alloy 52M 
Butter 

ENSA DPM Butter AW    
15% CF 240-300 430 ~2e-09 

Alloy 152M U-
Groove 

EPRI 
444537/WC83F8 

AW    
15% CF 255-345 550, 560 ~1.5e-09 

      Alloy 690 
CRDM 

RE243 TT 155  <1e-09 
15% CF 240 415, 420 

 

Alloy 690 
CRDM 

WP142 TT 163 
 

<1e-09 
15% CF 247 445, 455 

 

Alloy 690 Plate 114092 TT 165 
 

<1e-09 
15% CF 260 460 

 

Alloy 690 Plate B25K-2 MA 173 
 

1.1e-09 
15% CF 270 515 

 

† 25-30 MPa√m 
* Testing planned  



 

 

 
Figure 3-44.  Vickers hardness map for the Flawtech Alloy 182 weld viewed in cross section. The 

region of interest (the fill weld region) is within the white boundaries. 

 
Figure 3-45.  Vickers hardness map for the KAPL Alloy 182 weld viewed in cross section. The 

region of interest (the fill weld region) is within the white boundaries. 



 

 

 
Figure 3-46.  Vickers hardness map for the Phase 2B Alloy 182 weld viewed in cross section. The 

region of interest (the fill weld region) is within the white boundaries. 

 
Figure 3-47.  Vickers hardness map for the Studsvik Alloy 182 weld viewed in cross section. This 

specimen is made entirely of weld metal. 

  



 

 

As noted in Table 3-2, SCCGR testing has been performed on many of the alloys. These tests were 
largely performed to support the NRC stress corrosion crack growth program prior to the start of the 
NRC/EPRI SCCI program. Due to the importance of Alloy 182 to the NRC/EPRI SCCI program, tests 
were specifically performed on the as-fabricated Alloy 182 welds to directly assess their susceptibility to 
stress corrosion cracking. Tests were not only run at typical stress intensities (K) of 25–30 MPa√m, but 
also at values as low as10 MPa√m to assess their response at low K that is thought to be playing a strong 
role in the SCCI. These results are shown in Figure 3-48. At ~30 MPa√m, the Studsvik and KAPL welds 
that have the highest yield strength also exhibit the highest stress corrosion CGRs, while the Phase 2B 
weld that has the lowest yield strength has the lowest CGR. However, as stress intensity factor is reduced, 
the CGR of all the materials appears to be converging to a low value of ~1x10-9 mm/s. 

 
Figure 3-48.  Constant K SCCGR response versus stress intensity factor of the Alloy 182 welds 

tested at 360°C. 

 
  



 

 

4.0 Test Method 

4.1 Specimen Design and DCPD Concepts 

Actively controlled, constant load testing of round tensile specimens was selected for SCCI studies. 
Desirable attributes of a tensile specimen are that it has a uniaxial stress state, the gauge region can be 
readily modified to control surface microstructure, various types of macroscopic defects can be generated, 
and there are several ways to produce specimens with well-known amounts of uniform plastic strain. The 
reasoning that led to the selection of this specimen design is discussed in greater detail in the test plan 
letter report [18]. 

Another very desirable trait of tensile specimens is that SCCI can be monitored in situ as proven in 
prior research by KAPL [19]. This is accomplished by monitoring the voltage across the gauge region of a 
specimen that has a constant current through it. As will be shown in example plots, the onset of SCCI is 
characterized by a change to an upward curvature in a voltage versus time plot. The ability to observe this 
change in response is strongly affected by specimen design. Several factors played into the design of the 
tensile specimens employed for SCCI testing [10], the most important being maximizing the ability of the 
direct current potential drop (DCPD) method to detect crack initiation. The DCPD signal is affected not 
only by crack growth but also by elastic and plastic strains, including creep. Initiation tests are typically 
conducted at the YS at which small amounts of creep occur at PWR primary water temperatures. To 
reduce the magnitude of the creep contribution to the DCPD signal, the gauge length was kept as short as 
possible while allowing a sufficient number of grain boundaries to be exposed to high temperature water. 
The short gauge length also played favorably for the desire to be able to fully survey the specimen gauge 
surface by SEM in a reasonable length of time. 

Another factor important for clearly observing the SCCI time is compensating for the resistivity 
evolution of the material being tested. It is well known that Ni-base alloys undergo a time dependent 
increase in resistivity when exposed at LWR-relevant temperatures. This phenomenon strongly affects the 
observed DCPD voltage and lasts more than 10,000 hours, so there is value in subtracting out this 
contribution to the DCPD signal. This was accomplished by monitoring a larger diameter region of the 
specimen where the stress is ~15-25% of the gauge stress (depending on gauge diameter). For this low 
stress region, neither crack initiation nor any substantial amount of creep will occur, and the inherent 
resistivity change of the material can be measured. The specimen dimensions along with a photo of the 
specimen are shown in Figure 4-1. After taking into account all design considerations, a 30.5 mm tall 
tensile specimen with a 4.0 mm gauge length was selected. The specimen height matches that of a 0.5T 
compact tension (CT) specimen that is commonly used for SCCGR testing, and any material that is 
suitable for making 0.5T CT specimens can also be used to fabricate these SCCI specimens. 



 

 

 
Figure 4-1.  PNNL initiation specimen design with dimensions in Imperial units. Gauge diameter is 

selected based on material strength and can be varied from 0.108-0.177 in. (2.75-4.5 
mm). Gauge length is 0.154 in. (4.0 mm). Overall height is 1.2 in. (30.5 mm). 

A sketch of the specimen showing idealized voltage measurement points is shown in Figure 4-2. Up 
to the point of crack initiation, the DCPD signal is affected largely by creep. For this reason, PNNL 
reports the DCPD response as a strain value. A formula for strain as a function of voltage starts first with 
the dependence of voltage on gauge dimensions: 

  Eq. 4-1 

where V is the measured voltage, ρ is the material resistivity, L is the distance between measurement 
points, and A is the cross-sectional area. Because plastic strain (including creep) is volume conservative, 
the relationship can be rewritten as: 

  Eq. 4-2 

where ν is the volume of material between the voltage measurement points. By rearranging this equation 
to solve for L and inserting it into the equation for true strain [ε = ln(L/Lo)], the strain as a function of 
voltage is obtained from the following formula: 

  Eq. 4-3 

where εreferenced is the resistivity corrected creep strain, and "gauge" and "ref" are measurements across the 
gauge section and reference region, respectively. 



 

 

 
Figure 4-2.  Sketch of the tensile specimen showing idealized DCPD measurement points. 

Due to the specimen fixturing obstructing the idealized voltage measurement points, the actual 
voltage pickup points are at slightly different locations than indicated in Figure 4-2. The deviation in 
voltage from idealized pickup points was assessed using finite element modeling, and a correction factor 
as a function of gauge diameter was determined. Further details on this DCPD measurement method can 
be found in Ref. 8. 

4.2 SCC Initiation Test Systems 

4.2.1 Overview of Test System Design 

Test systems have been built to allow in situ monitoring of crack initiation in an environment that 
provides a high degree of control over load (stress), water temperature, and water chemistry, including 
B/Li content, dissolved gas content, and impurity content. With the exception of the load train, these test 
systems are very similar in design to systems built at PNNL to measure the SCCGRs of LWR pressure 
boundary component materials. 

The key parts of these test systems are (1) a servo-electric load control system capable of maintaining 
a stable constant load for very long periods of time and capable of providing a wide range of cyclic 
loading conditions, (2) a recirculatory water system that is used to control water chemistry, (3) an 
autoclave for specimen exposure at high temperatures and pressures, (4) a DCPD system for in situ 
monitoring of crack initiation, and (5) a continuous data acquisition system. Careful consideration went 
into design and equipment selection to optimize control of all system variables. Some of the most 
important optimizations were to (1) make sure that all wetted components release no contamination into 
the water, (2) have a sufficiently high water flow rate through the autoclave to maintain the target 
chemistry, (3) maintain uniform temperature as a function of time and location in the autoclave, (5) 
maintain steady pressure because it affects the tare load on the pullrod entering the autoclave, (4) obtain 
highly accurate measurements of the test environment (temperature, conductivity, pH, load, dissolved gas 
content), and (5) create a sensitive DCPD crack initiation detection system. Each of the subsystems is 
discussed in further detail below. 



 

 

4.2.2 Environmental Control 

The water flow system is composed of low- and high-pressure loops as shown in Figure 4-3. The 
purpose of the low-pressure loop is to flow water through a water column where selected gases and ionic 
impurities are dissolved or injected into the water. A side stream is taken off this low-pressure loop to 
feed the high-pressure loop that runs to the autoclave. The large pressure pulses and flow surges created 
by the piston pump are dampened by the use of pulsation dampers at the inlet and outlet of the pump. The 
high-pressure water flows into a regenerative heat exchanger where hot water leaving the autoclave is 
used to preheat the incoming water. Just prior to entering the autoclave, the partially heated water is 
brought up to test temperature using a preheater. After the water flows through the heated autoclave, it 
goes back through the regenerative heat exchanger and then through a water cooler that brings the water 
back down to room temperature. The cooled water then passes through a back-pressure regulator and 
emerges at ~0.07 MPa (10 psi) of pressure. The water flows through a flow meter, a conductivity sensor, 
a mixed resin bed demineralizer, and is finally dumped back into the low-pressure mixing loop. 

B and Li levels for PWR primary water testing are controlled by pre-saturating the mixed resin bed 
demineralizer with boric acid and lithium hydroxide to specific levels that will result in tailored near-
constant B and Li content in the water. There is some drift in the Li level in the water because it is singly 
ionized and easily displaced from the demineralizer by more highly positively ionized species coming off 
the autoclave such as chromate. The displaced Li is removed by periodic partial replacement of water in 
the mixing loop with water having little or no Li (and some B). B and Li levels in the mixing loop are 
determined from measurements of water conductivity, pH, and temperature. Water flow through the 
autoclave is maintained at ~125 cc/min to provide a consistent chemistry environment. 



 

 

 
Figure 4-3.  General water flow diagram for PNNL stress corrosion crack-growth and crack 

initiation test systems. 

4.2.3 Load Train 

Load is applied using a servo-electric motor. The motor provides the ability to hold a steady load for 
indefinite periods of time. It also provides position or load control cyclic loading up to about 3 Hz. Load 
from the servo-electric motor is transmitted into the autoclave via a pullrod that runs through the base of 
the autoclave connecting to the base of the load train. The specimens are braced from above by a top plate 
and multi-bar linkage that transmits load from the top plate to the base of the autoclave. Water pressure 
applies a tare load to the pullrod that passes into the autoclave. This tare load represents 1/3 to 1/2 of the 
total load applied to the specimens. Three types of specimen-loading systems are being used, one for 
testing 1-3 specimens, one for testing 1-6 specimens, and another that was developed for testing up to 36 
specimens using a single servo motor and autoclave. Examples of these systems are shown in Figure 4-4. 
All three designs rely on series loading to allow multiple specimens to be tested with a single servo 
motor. All specimens in the 1-3 specimen and 1-6 specimen load trains can be simultaneously monitored 



 

 

with DCPD, but due to the cost and challenges associated with running a very large number of Pt wires, 
the 36-specimen system is currently limited to monitoring up to 24 specimens. Series loading of the 1-3 
specimen and 1-6 specimen load train is straightforward with all specimens supported in a single string. 

 
Figure 4-4.  Load train for crack initiation test systems at PNNL for (a) 1-3 specimens and (b) up to 

6 specimens, and (c) up to 36 specimens. 

  



 

 

The 36-specimen load train designed at PNNL uses three strings of 12 specimens as shown in the 
conceptual drawing provided in Figure 4-5. All three strings are hung from the upper support plate on U-
joints, and the bottoms of the strings are attached by U-joints to a plate that is allowed to pivot around the 
load rod using a specially designed central U-joint. The design of this balance plate and U-joint is shown 
in Figure 4-6. The central U-joint only works when it is compressively loaded; the pivoting surfaces are 
denoted by arrows. Provided there is sufficiently low friction in the joints, the equilateral triangle 
arrangement forces all three strings to carry 1/3 of the load generated by the servo motor. 

 
Figure 4-5.  Conceptual drawing of the 36-specimen load train. 



 

 

 
Figure 4-6.  Drawing of the balance plate (left) and central U-joint (right). Pivoting surfaces for the 

central U-joint are denoted by arrows. 

Another unique feature of this load train is that if a specimen cracks to the point of failure, the load 
line will pick up the load and allow the test to continue. This is referred to as a load-catch system, and 
details of this design are presented in Figure 4-7 through Figure 4-9. Key system features are the catch 
bolts that pass through the outer linkages and screw into the inner linkages. The inner and outer linkages 
are solidly bolted together, but a small gap exists between the inner and outer linkages that permits 
sliding. The pass-through hole in the outer linkage is elongated, and when a new specimen is loaded into 
the fixture, the catch bolt sits at one end of this hole, as illustrated in Figure 4-8 and Figure 4-9. The open 
space in the catch hole represents available sliding displacement of the fixture as a specimen elongates 
due to creep and cracking. When a specimen finally breaks into two pieces, the catch bolt travels across 
the remainder of the gap and then is caught by the pass-through hole, allowing the load to be carried 
through the linkage. 

 
Figure 4-7.  Overview image of two specimens in the multispecimen load train. 



 

 

 
Figure 4-8.  Front cross-section view of the multispecimen load train showing the gap that allows 

for specimen elongation prior to the load being transferred to the load train. 

 
Figure 4-9.  Side cross-section view of the multispecimen load train showing the gap that allows for 

specimen elongation prior to the load being transferred to the load train. 

4.2.4 Test System Control and Data Logging 

Each subsystem, such as the servo load system, water chemistry control system, and heating system, 
is actively controlled to target values using its own controllers. All test system electronics and the servo 
loading system are powered via uninterruptable power supply (UPS). Each servo system has its own 
dedicated double-inverted UPS that produces conditioned 120 AC power that is unaffected by any 
building power surges or power bumps. Operation of the DCPD electronics and logging of all test system 
operating parameters is controlled by custom Windows software jointly written by Peter Andresen of GE 



 

 

Global Research and Mychailo Toloczko. Many revisions of this software have been created since the 
inception of this testing program. Some of these revisions have worked toward reducing noise in the 
DCPD data to improve resolution in the detection of SCCI. Logging of additional test system parameters, 
in particular autoclave pressure and water temperature in the low-pressure mixing loop, has also been 
incorporated. These additions allow for improved assessment of test system health during remote 
monitoring. Another added feature is the ability for the software to trigger the servo system to unload 
when the UPS that powers that servo system drops below 10% battery level. This ensures the safety of the 
specimens in the event of an extended power outage. 

Another improvement recently implemented is the addition of a second load cell in the test systems. 
This load cell not only provides a second measure of load, but it has been linked to the servo control 
system so that it can act as a failsafe to prevent servo malfunction or operator error from destroying the 
specimens. Thus, it is being called a failsafe load cell system. To accomplish this capability, the servo 
motor power feed control line that runs between the servo power supply and the servo motor was 
intercepted and run through solid-state relays that are triggered by high- and low-limit alarms in the 
failsafe load cell meter. These limits are set just slightly beyond the load limits programmed into the servo 
control system. 

4.3 Testing Protocol 

All specimens are machined so that they reach their target testing stress at a load of 1000 lb (454 kg). 
This permits selection of any grouping of specimens for testing simultaneously through serial loading as 
described previously. 

The gauge surfaces of all specimens are polished to a 1 µm or to a colloidal silica finish to facilitate 
identification of surface features and cracks both before and after a test. The surface finish was achieved 
by polishing the specimens while spinning in a lathe at 200 rpm. In typical polishing fashion, the gauge 
surface was subjected to gradually finer polishing abrasives starting with 400 then 600 grit SiC sandpaper 
and then switching to a polishing cloth with 6 µm, 1 µm diamond paste, and then colloidal silica 
compound. These abrasives were applied to the specimen using a thin stick that was moved systematically 
back and forth along the gauge by hand. Each grinding or polishing step normally requires ~30 sec–2 min 
while lubricant oil is dripped onto the tool whenever necessary. After each step, the specimen is rinsed in 
dish soap water and then the gauge surface is checked using an optical stereoscope. Upon completion, the 
specimen is sonicated twice in dish soap water, once in 2 % ethanol, and then dried. The effect of surface 
finish on SCCI is not within the scope of this study, but previous experience with Alloy 600 suggested no 
difference in initiation response for a polished or ground finish with this specimen type [17, 20]. In fact, 
our testing consistently has shown that ground surfaces very slightly delay initiation time, as discussed 
previously. 

The baseline environmental conditions for the tests are 360°C simulated PWR primary water with 
1000 ppm of B, 2 ppm of Li, and a dissolved hydrogen content of 25 cc/kg (corresponding to the Ni/NiO 
stability line). This temperature and dissolved hydrogen content were selected as a mild test accelerant 
while still retaining the same stress corrosion mechanisms found in plant. Water flow rate through the 
autoclave is maintained at 125 cc/min to ensure a consistent environment. 

Key environmental conditions (autoclave temperature, water conductivity, and pressure) and loading 
parameters (servo load and servo position) are measured and recorded every 60 s. As will be shown later, 



 

 

total applied load is stable to within 0.5% of the target value on a second-by-second basis and to within 
1.5% of the target value on a day-to-day basis. The longer-term variation is due to slight variations in the 
autoclave water pressure from pump performance variability that slightly affects autoclave pressure and 
consequently the pullrod tare load. This load variation is generally held to less than 1% fluctuation 
through active adjustment of the water pressure. Temperature is stable to within 0.5%. 

Within 24 hours of the test system reaching the target temperature, the specimens are brought up to 
their target load over a period of ~1 hour at a constant strain rate of ~10-5 mm/sec, analogous to 
conducting a tensile test. The stress versus strain evolution is continually monitored and plotted for each 
specimen during load-up, allowing production of a live stress versus strain plot. The stress is determined 
from applied load and gauge diameter, while the strain is determined from DCPD, as previously 
described. The gauge diameter of each specimen is adjusted so that all specimens reach their yield stress 
at the same load. The loading is typically stopped when small plastic strains of 0.1-0.3% (centering on the 
0.2% offset YS) are observed in all specimens. Due to the inherent variability in the strength of materials 
as well as the precision with which the gauge diameter of a specimen can be machined, there is always 
some spread in the stress versus strain response of the specimens; some specimens yield sooner than 
others. When one or more specimens yields before others, loading is continued, and up to 3% plastic 
strain (depending on available work hardening capability of the material) is allowed in the specimens that 
yield early to give the other specimens a chance to reach their YS. An example in which all specimens 
behave similarly during loading is provided in Figure 4-10, and an example of one specimen yielding 
earlier than others is provided in Figure 4-11. When test interruptions are performed to remove initiated 
specimens, the remaining specimens are brought back up to the original load using the same methods as 
were used during the start of a test. Specimens typically exhibit fully linear response during reloading. 
  



 

 

 
Figure 4-10.  Example of a 3-specimen test being brought up to full load with all specimens 

exhibiting nearly identical stress versus strain responses. 

 
Figure 4-11.  Example of a 3-specimen test being brought up to full load with one specimen yielding 

substantially earlier than the others. 

  



 

 

During the SCCI test, the voltage evolution of each specimen is measured in the form of creep strain. 
The strain response prior to initiation is typical of creep, in which the specimen exhibits a primary creep 
transient followed by a more steady-state response. As discussed earlier, the typical indication of SCCI is 
a transition from a decreasing or steady slope to an increasing slope. An example of idealized specimen 
response is provided in Figure 4-12. 

 
Figure 4-12.  Idealized SCCI test specimen behavior showing a primary creep transient, steady-

state creep, and then eventually the onset of SCCI denoted by the change to positive 
curvature. 

  



 

 

5.0 Shakedown Testing 

Two 36-specimen test systems were built under this project, and while a nearly identical system was 
previously constructed under a DOE Office of Nuclear Energy (NE) funded project and has been in 
routine use for several years, performance testing of the two new systems was included in the scope of the 
NRC/EPRI Initiation project. This performance testing falls roughly into two categories consisting of (1) 
verifying that all subsystems are working, and (2) verifying the stability of the environment. 

5.1 Subsystem Readiness 

All LWR SCC test systems at PNNL were designed and built at PNNL by the LWR SCC testing 
group. Thus, we have intimate knowledge of and extensive experience with building these systems and 
then working out the minor bugs that are always present. Typical activities include room temperature 
pressure testing to expose and tighten any water fittings that were not sufficiently tightened the first time, 
tuning the high-pressure pump for optimal performance, confirming that the heater controller system was 
properly assembled and programmed by verifying proper behavior of the autoclave heaters, confirming 
that the DCPD electronics and wiring were properly assembled through functional testing, calibrating the 
servo load cell, and verifying water cleanliness using inductively coupled plasma optical emission 
spectrometry and inductively coupled plasma mass spectrometry after initial exposure of the autoclave 
wetted surfaces to high temperature water to produce oxidized surfaces. 

These activities generally went smoothly during performance testing of the two 36-specimen test 
systems. Water chemistry observations from both autoclaves revealed a high degree of cleanliness 
indicated by sub-parts per billion levels of a wide range of elements in the water. Elements in 
concentrations greater than 1 ppb included V at 5.5 ppb from the Ti-6Al-4V preheater, Fe at 2.5 ppb from 
the autoclave, tubing, and load train are all made from stainless steels, Cu at 4.0 ppb due to Cu deposited 
on the load train parts during the electrospark discharge machining process, and Si at 500 ppb due to the 
glass mixing loop column. These values are the same or lower than our other SCC test systems. 

One area in which substantial difficulty was encountered was in achieving a leak-free autoclave 
closure gasket seal. A leaking closure gasket cannot be tolerated because it will allow corrosion on the 
sealing surface that will further degrade the ability to maintain a leak-free seal. The autoclaves for this 
project are slightly larger than the 36-specimen system built under the DOE-NE program, but the closure 
gasket design was created by the autoclave manufacturer and is the same as our 36-specimen DOE-NE 
autoclave, so the NRC/EPRI autoclaves were expected to seal without difficulty. 

Several attempts were made to obtain a leak-free seal by progressively increasing closure bolt peak 
torque, altering the bolt tightening sequence, and using finer increments in tightening the bolts, but none 
of these efforts provided any obvious benefit. This prompted a more careful examination of the stress and 
closure load on the gasket. As detailed in Table 5-1, the stress and closure load of the NRC/EPRI 
Initiation test systems (labeled I1-I4 in the table) was compared to our three other autoclave designs. It 
was found that for the manufacturer-recommended bolt torque values, all four designs generate relatively 
similar gasket stresses and closure loads. However, we discovered many years ago that routine successful 
closure of the 4 liter (4L) autoclave systems required a bolt torque of 160 ft-lb. This substantially raises 
the closure stress and closure load on those autoclaves. Analysis of the data in the table revealed that at 
160 ft-lb of torque, the gasket closure stress of 394 MPa greatly exceeds the yield strength of the gasket, 



 

 

indicating that in order to obtain a leak-free seal, the gasket has to be plastically deformed. It was not 
possible to achieve the necessary stress in the NRC/EPRI Initiation autoclaves by applying higher bolt 
torque because the manufacturer-specified bolt-torque limit of 250 ft-lb is reached before the gasket is 
driven to plasticity. The only way to increase the stress was to reduce the surface area of the gasket by 
reducing the gasket wall thickness. After verifying with the autoclave manufacturer that this would not 
pose any danger to operation of the autoclave, progressively lower wall thickness gaskets were tried with 
each one producing less problematic closure. The conditions shown in green in Table 5-1 represent the 
final values that consistently produced leak-free closure. Not surprisingly, the gasket stress is essentially 
identical to that of the 4L autoclaves. 

Table 5-1.  Gasket stress and closure load calculations of the four different autoclave systems in use 
at PNNL for SCC testing. Green values for the NRC/EPRI Initiation systems were 
selected to produce gasket stress and closure load values similar to those attained for the 
standard 4L autoclaves. 

 

5.2 Stability of Environment 

Key parameters that can readily be observed to assess environmental stability are autoclave 
temperature and applied load. As discussed previously, applied load is a combination of servo load and 
pullrod tare load. Data from observation of these parameters over a period of ~3 days are provided in 
Figure 5-1. Temperature is extremely stable with a variation of +/- 0.1°C. Servo load is also very stable, 
exhibiting moment-by-moment load fluctuations of +/- 0.5 kg that are probably due more to noise in the 
electronics than an actual variation in load. Tare load that is controlled by water pressure is also stable to 
within +/- 0.5 kg on a moment-by-moment basis, but due to variation in high-pressure pump performance, 
there is a day-by-day variability of +/- 1.5 kg. This results in a total load variability of +/- 2 kg and 
represents a <0.5% variability applied load for the typical target test load of ~1360 kg. 



 

 

 
Figure 5-1.  Variation in servo load, tare load, and autoclave temperature as a function of time. 

Consistency of temperature throughout the autoclave is another important trait needed for good test 
results. This was determined by monitoring the temperature in the autoclave at several different locations 
using an array of four adjustable thermocouple probes. These locations were selected to span from the top 
of the load train to the bottom of the load train with the thermocouples placed near where specimens 
reside. For observations in 360°C water, a 2°C maximum spatial variation was observed. The coldest 
location was at the bottom of the load train, while the warmest was about 2/3 of the way up the load train. 

Another area of assessment was the stability of the B and Li water chemistry. Although B and Li 
water chemistry is actively controlled, it is important to observe the degree of correction that is needed to 
maintain stable water chemistry, because this is an indicator of possible water contamination or a 
demineralizer that was not properly saturated with B and Li. Observations during shakedown testing 
revealed typical upward drift of water conductivity due to displacement of Li from the demineralizer 
because it traps more highly ionized species such as chromate. 

5.3 Load Balance in the 3-String Load Line 

The automatic load balancing system described in Section 4.2.3 for the 3-string load line relies on the 
ability of the universal joints to move freely in response to any changes in the length of a string due to 
specimen plastic deformation. To assess load balancing performance, loading tests were performed in air 
at room temperature with a load cell placed in each string. For small amounts of plastic strain by one 
specimen in a string, all three strings maintained virtually identical loads, as shown in Figure 5-2. In this 
test, there were two specimens in each string, and the specimens were selected so that one of the 
specimens in String-3 would undergo plastic deformation before the others. The stress versus strain 
response of these specimens during the loading test is shown in Figure 5-3 through Figure 5-5. In String-3 



 

 

one specimen reaches ~1% plastic strain, while the other specimens undergo virtually no strain. This is 
typical of what would occur during the start of a multispecimen test, and shows that the balance system 
works well under this condition. For reference, this is the expected behavior for the SCCI test on the 
Alloy 690/152/52 specimens where all specimens are designed to yield at the same time with no expected 
specimen failures over the lifetime of the test. 

 
Figure 5-2.  String loads for NRCI1 during room temperature air loading showing each string 

carrying almost exactly the same load. 

 
Figure 5-3.  Response of specimens in String-1 of NRCI1 during room temperature air loading. 



 

 

 
Figure 5-4.  Response of specimens in String-2 of NRCI1 during room temperature air loading. 

 
Figure 5-5.  Response of specimens in String-3 of NRCI1 during room temperature air loading. 



 

 

During routine operation of the 3-string test system, much larger strains will occur when a specimen 
fails in the Alloy 600 and Alloy 182 tests planned to be conducted in this test system. In this case, much 
more than 10% plastic strain can occur in a specimen as it fails. Observations of load imbalance during 
room temperature air proof testing is provided in Figure 5-6, and the stress versus strain response for the 
specimens is provided in Figure 5-7 through Figure 5-9. Two specimens were loaded into each string for 
this test, again with the aim of having the specimens in one string undergo plastic deformation before the 
specimens in the other strings. As can be seen, the load on the string with the specimens that are 
deforming drops well below the other strings, thereby showing that imbalance occurs. At a total of 23.5% 
plastic strain (the sum of the two specimens), the load imbalance has reached 20%. 

It is important to recognize that for the air test result shown here, the plastic strains were induced by 
increasing the load on the specimens. During an SCCI test, the load is held constant, and the strains are 
driven by the specimen losing strength due to cracking. In either case though, a load imbalance will occur. 
A key point about this during constant load testing is that the total load on all three strings is held 
constant, so when the load on one string drops, the load on the others will increase. In this air test run 
where the load dropped in one string by 20%, the load in the other two strings increased by 10%. It is this 
increase in load on the other strings that is the problem, because it will drive the specimens in those 
strings into an overload condition, and this must be avoided. 

 
Figure 5-6.  String load versus time plot for U-joint balance plate test in air. 



 

 

 
Figure 5-7.  Stress versus strain traces for the two specimens in String-1. 

 
Figure 5-8.  Stress versus strain traces for the two specimens in String-2. 



 

 

 
Figure 5-9.  Stress versus strain traces for the two specimens in String-3. 

As mentioned previously, the imbalance is caused by friction in all the pivot joints in the 3-string load 
line. The balance plate is located inside the autoclave because this reduces the number of mechanical 
feedthroughs that are needed, and it reduces clutter below the autoclave area that is already congested 
with DCPD wiring and water piping. Because of corrosion issues inside the autoclave, ball bearing or 
needle bearing pivots could not be used, and instead, simple sliding surfaces were used. The polished 
sliding surfaces are relatively low friction, but the levels are still too high for effective load balancing at 
large strains. 

Initial efforts at mitigating the overload condition focused on continuing to use the internal balance 
plate in combination with reducing load on the specimens when SCCI is detected. Partial unloading 
studies were conducted during SCCI tests in small autoclave systems, and it was found that after SCCI 
had occurred, the load on the specimens could be reduced by 20% without stopping the stress corrosion 
crack growth process that causes failure. However, at 80% load, final failure would take approximately 4 
days instead of taking only 15-25 hours when at full load. Four days is still shorter than it takes to stop 
and restart a test, so this was considered a reasonable mitigating approach that would allow testing to start 
without having to reengineer a new balance plate system. 

One complication of this partial unloading technique is that it relies on detecting SCCI, and in the 36-
specimen test systems, only as many as 24 specimens can be instrumented for SCCI. SCCI tests were 
conducted in small autoclave systems, and it was found that both Alloy 600 and Alloy 182 specimens 
would undergo strain bursts in the final hours before failure. These strain pulses are large enough to be 
easily seen in the servo displacement data. An example of this is provided in Figure 5-10. In this test, a 
specimen underwent seven strain pulses before failing. As shown in Figure 5-11, a unique signature of 
these pulses is that they occur nearly instantaneously. Nothing else can cause such a fast displacement 



 

 

except if the servo is commanded to move. Thus, the test monitoring software was modified to watch for 
this unique signature and command the servo to unload by 20% when this signature is detected. 

 
Figure 5-10.  Servo displacement during the last ~50 hours of a 2-specimen test on 15% CF 

NX6106XK-11. 

 
Figure 5-11.  The first servo displacement jump that occurred in the test shown in Figure 5-10. 



 

 

Another issue with the load line design that became apparent during air testing was the magnitude of 
impact loading that occurs when a specimen fails. The multispecimen load train is designed to pick up the 
load that a specimen was carrying after the specimen reaches a predetermined amount of elongation. The 
design of the fixturing to accomplish this is presented in Figure 5-12 through Figure 5-14. The catch bolts 
screw into the inner rectangular piece but do not clamp the outer H-pieces. Instead, there is an ~0.003 in. 
gap between the bolt head, the outer H-piece, and the inner rectangular piece, leaving the inner 
rectangular pieces and the H-pieces free to slide against each other with their movement limited by the 
position of the catch bolt in the catch hole. The fixturing was designed so that for the standard specimen 
height of 1.2 in., the starting gap will be maximized, providing ~0.055 in. of specimen displacement 
before the catch bolts land on the catch holes. When that occurs, the specimen will be unloaded, and the 
load will run through the catch bolt. 

Prior SCCI testing experience has revealed that specimens will slowly elongate by up to ~0.03 in. 
during the final stages of the crack growth process before undergoing rapid, near-instantaneous final 
fracture. An allowance of another 0.005 in. is needed for possible plastic strain during loading, and 
another 0.005 in. allowance is needed for specimen-to-specimen length variation that can affect the 
starting gap. When a specimen finally undergoes rapid fracture at the conclusion of an SCCI test, there 
will be a gap of ~0.015-0.020 in. that the bolt will traverse before landing on the catch hole. Because the 
load train has an elastic quality, the fracture will trigger momentary rapid movement of the load train that 
will then be rapidly stopped when the bolt lands on the catch hole. This response is not driven by 
movement of the servo motor, but instead is driven by the elastic behavior of the load train that acts like a 
spring. While the load will drop due to relaxation of the load line, the rapid stop will cause a momentary 
impact-driven loading. 

 
Figure 5-12.  Overview image of two specimens in the multispecimen load train. 



 

 

 
Figure 5-13.  Front cross-section view of the multispecimen load train showing the gap that allows 

for specimen elongation prior to the load being transferred to the load train. 

 
Figure 5-14.  Side cross-section view of the multispecimen load train showing the gap that allows for 

specimen elongation prior to the load being transferred to the load train. 

  



 

 

In prior consideration of this failure process, it was estimated that because unloading would occur due 
to the lengthening of the load line as the catch bolt rapidly traveled the gap (at a speed much faster than 
the servo loading system can match), the magnitude of the impact loading would not cause the total load 
to exceed the original load during the impact event. To test this belief, high speed load cells were installed 
in each string in the DOE-NE LWRS 36-specimen test system with two specimens loaded and DCPD 
instrumented in each string, and air loading tests were conducted to measure the loads during the failure 
of a specimen in String-1 due to tensile loading. The results of this test are shown in Figure 5-15 through 
Figure 5-17 for String-1, String-2, and String-3, respectively. Load data were acquired at 600 
measurements per second allowing the impact loading and subsequent loading ringing to be recorded. As 
can be seen in the figures, the impact loading in String-1 where the specimen failure occurred was the 
strongest with the peak load exceeding the original load by ~5%. String-2 and String-3 both exhibited 
much lower impact loading with load never exceeding the original load. Exceeding the target load in 
String-1, even if only for a small fraction of a second, is an issue that needs to be addressed because it 
will cause undesirable plastic strain in the unfailed specimens in String-1. 

 
Figure 5-15.  String-1 load during failure of a specimen in that string that occurred at ~1.91 sec. 

Impact loading resulted in about a 5% overload compared to the starting load of ~950 
lb. 



 

 

 
Figure 5-16.  String-2 load during a specimen failure that occurred in String-1 at ~1.91 sec. Impact 

loading was much smaller in this string where the failure did not occur. 

 
Figure 5-17.  String-3 load during a specimen failure that occurred in String-1 at ~1.91 sec. Impact 

loading was much smaller in this string where the failure did not occur. 

  



 

 

Because the overload is only 5% of the original load, this issue is mitigated by the 20% unloading 
routine that was established to prevent overload when large amounts of plastic strain occur prior to 
specimen failure. A second additive solution that has been adopted is to add shock absorbing material in 
the load line to slow the impact speed and thus limit the impact loading. After some consideration, it was 
decided to insert a malleable or crushable piece of metal between the catch bolt and the landing point in 
the catch hole (Figure 5-18). When a specimen fails, impact loading is reduced due to the crush feature 
slowing the speed at which the fixture reaches its new length. The crush feature does not contact the bolt 
during normal operation because this would cause a DCPD current short around the specimen. Some 
examples of different crush features are shown in Figure 5-19 through Figure 5-21. These crush features 
would be installed in the bolt-landing gap for every specimen. Wire crush features were selected because 
they can easily be secured using spot welding techniques that are used to attach the DCPD wires. 

As a first step to assessing the value of these crush features, the amount of deformation versus applied 
load was measured for several different designs installed in a load string. The strings were assembled with 
no specimens so that the weight of the string would go directly onto the crush features as would happen 
when a specimen fails (Figure 5-22). Five different designs were tested up to a load of 1000 lb and the 
deformation results are shown in Figure 5-23. Better impact absorbing performance is achieved by having 
a greater amount of displacement and having continuous displacement up to the maximum load. All but 
the single loop stainless steel (SS) wire continued to deform up to the maximum load, and the double-
loop Ni wire and the foil wrapped stainless steel wire offered the most displacement. The double-loop Ni 
wire, as shown for example in Figure 5-24 and Figure 5-25, was determined to be the most favorable 
because of its ease of fabrication (only takes 30 seconds to make one), and because there was concern that 
the foil wrap might unwind and make electrical contact that would short out the DCPD measurement of a 
specimen. 



 

 

 
Figure 5-18.  A portion of a multispecimen load line showing where malleable (crush) material 

could be inserted between the catch bolt and catch landing to slow the impact loading. 



 

 

 
Figure 5-19.  Single wire crush feature. 

 
Figure 5-20.  Single loop crush feature. 

 
Figure 5-21.  Wire + foil wrap crush feature. 



 

 

 
Figure 5-22.  Layout of crush features in a DOE-NE LWRS1 test system load string for 

deformation versus load testing in air. 

 
Figure 5-23.  Crush feature deformation versus applied string load for crush features installed in 

the tensile initiation load line. 



 

 

 
Figure 5-24.  Double-loop Ni wire crush feature. 

 
Figure 5-25.  Double-loop Ni wire crush feature as installed on all twelve 15% CF Alloy 600 

specimens for SCCI testing in the NRCI2 test system. 



 

 

6.0 Alloy 690/152/52 Testing 

This test has four heats of Alloy 690 and four different Alloy 152/52 welds. There are three 
specimens each of the Alloy 690 heats and six specimens each of the Alloy 152/52 heats. The details of 
these materials are provided in Table 6-1 and the details of the specimens that were used are provided in 
Table 6-2. One specimen each of Alloy 690 heat and two of each Alloy 152/52 heat (12 specimens total) 
have been instrumented for DCPD detection of initiation and the other 24 specimens have been 
instrumented for detection of failure. 

Table 6-1.  Details of the Alloy 690/152/52 materials for this test. 

Material 
Heat and/or Weld 

Fabricator 
# of Specimens 

in Test 
360°C Air YS 

(MPa) 

Alloy 690 CRDM RE243 3 418 

Alloy 690 CRDM WP142 3 450 

Alloy 690 Plate 114092 3 460 

Alloy 690 Plate B25K-2 3 515 

Alloy 152 U-Groove MHI 307380 6 500 

Alloy 52 U-Groove MHI NX2686J 6 470 

Alloy 52M Butter ENSA DPM Butter 6 430 

Alloy 152M U-Groove IHI 444537/WC83F8 6 555 

Table 6-2.  Information (e.g., specimen ID, specimen dimensions, location in load line, etc.) for the 
specimens used in the Alloy 690/152/52 SCCI test. 

 

During the initial attempt to bring these specimens up to their test load, the expected linear loading 
response was initially observed, but it was followed by large phantom negative strain values in some but 
not all specimens. During this first loading attempt, several specimens were also observed to begin 
yielding earlier than expected. This was true for Alloy 690 WP142, Alloy 690 B25K-2, both Alloy 152M 
IHI specimens, and one Alloy 152 MHI specimen. The test was cooled, and examination of the DCPD 



 

 

wiring revealed that several of the current wires on several specimens had not been adequately spot 
welded. After fixing the spot weld issues, a second loading was attempted, and again large phantom 
negative strains occurred but this time at a higher load and for different specimens. During this second 
attempt, it could be seen that both of the Alloy 52 MHI and both of the Alloy 52M ENSA specimens had 
begun yielding. 

After cooling a second time to fix additional loose spot welds, the specimens were successfully 
loaded as shown in Figure 6-1 through Figure 6-3. Because all the specimens had been plastically strained 
by a small amount in the prior loading attempt, nearly all showed fully linear responses during this 
successful loading. One of the Alloy 152M IHI specimens exhibited nearly 1% plastic strain as the target 
load was reached, and very small amounts of plastic strain were also apparent for IN107 (Alloy 690 TK-
VDM 114092) and IN134 (MHI Alloy 152). The indicated strain for the Alloy 152M specimen is ~0.8% 
(Figure 6-3). The final stresses during loading in 360°C water were ~95–97% of what was observed 
during air tensile tests that were performed to select the gauge diameters of the specimens. This has been 
seen in a few other instances and may be due to small differences in calibration between the load cells 
that were used. The important fact though is that the specimens were brought up to their YS for this test. 

 
Figure 6-1.  DCPD response of the four instrumented Alloy 690 specimens in NRCI1 during the 

successful loading run. 



 

 

 
Figure 6-2.  DCPD response of the four instrumented Alloy 52 specimens in NRCI1 during the 

successful loading run. 

 
Figure 6-3.  DCPD response of the four instrumented Alloy 152 specimens in NRCI1 during the 

successful loading run. 



 

 

The non-referenced strain response of these specimens up to the current test time of ~12,500 hours is 
provided in Figure 6-4 through Figure 6-6. All 12 instrumented specimens are exhibiting steady behavior 
representative of a combination of creep and material resistivity evolution, and the magnitude of the total 
strains for all 12 specimens are roughly similar. This test is planned to continue throughout the life of the 
program to obtain as much test time as possible. Periodic stops will be made for test system maintenance 
and to observe specimens. Examples of such test stoppages are noted in Figure 6-4. 

During the most recent test stoppage to install a second load cell, the decision was made to estimate 
the creep strain rate. Knowing the creep strain rate provides some insight into whether microstructural 
evolution is occurring in these specimens, and the data can be compared to creep strains being measured 
in more highly cold-worked Alloy 690 being tested under the DOE-NE LWRS SCCI program at PNNL. 
To measure the creep strain rate, the servo load was removed. This drops the load on the specimens to 
45% of full load. This much of a drop in load will largely turn off any creep response, leaving only 
material resistivity evolution that is inherent to Alloys 600/690 and their weld metals. The strain rate 
measured from ~2 weeks at reduced load was compared to the strain rate in the prior two weeks at full 
load with the results presented in Table 6-3. The creep strain rates range from 2.8-11x10-9 %/sec, and as 
expected, are very low. In looking at the response among the different classes of material, it appears that 
the Alloy 152/152M materials have the highest average creep rate, likely due to the higher average 
applied stresses to these specimens compared to specimens made from other materials. There are limited 
data in the literature for comparison, but a creep strain rate published by Attanasio in the proceedings of 
the 9th Environmental Degradation Conferences shows a similar creep strain rate for Alloy 690 in high-
temperature water. Further review of the literature will take place over the next several months. 

Table 6-3.  Strain rates measured on Alloys 690, 52, and 152 at ~12,000 hours of exposure in high-
temperature water. 

ID Material Heat 

Full Load 
Stress 
(MPa) 

Total Strain 
Rate 

(%/sec) 

Material Resistivity 
Contribution 

(%/sec) 

Creep 
Strain Rate 

(%/sec) 
IN107 690 TK-VDM 114092 439 1.4x10-8 6.9x10-9 7.1x10-9 

IN116 690 Valinox WP142 431 7.3x10-9 2.4x10-9 4.9x10-9 

IN125 690 Valinox RE243 397 7.3x10-9 4.5x10-9 2.8x10-9 

IN137 690 Allvac B25K-2 499 1.3x10-8 7.3x10-9 5.7x10-9 

IN110 52M ENSA 413 1.1x10-8 8.3x10-9 2.7x10-9 

IN113 52M ENSA 410 9.7x10-9 6.9x10-9 2.8x10-9 

IN119 52 MHI 465 9.7x10-9 6.9x19-9 2.8x10-9 
IN122 52 MHI 457 9.9x10-9 7.1x10-9 2.8x10-9 
IN128 152M IHI 530 1.1x10-8 3.5x10-9 7.5x10-9 

IN131 152M IHI 524 1.1x10-8 5x10-10 1.1x10-8 

IN134 152 IHI 484 1.1x10-8 7x10-10 1.0x10-8 

IN140 152 IHI 484 1.1x10-8 3.5x10-9 7.5x10-9 



 

 

 
Figure 6-4.  DCPD response of the four instrumented Alloy 690 specimens in NRCI1. Gray line is 

the servo displacement. Temporary rapid increases in displacement occur after the test 
restarts. 

 
Figure 6-5.  DCPD response of the four instrumented Alloy 52 specimens in NRCI1. Gray line is the 

servo displacement. Temporary rapid increases in displacement occur after the test 
restarts. 



 

 

 
Figure 6-6.  DCPD response of the four instrumented Alloy 152 specimens in NRCI1. Gray line is 

the servo displacement. Temporary rapid increases in displacement occur after the test 
restarts. 

  



 

 

7.0 Alloy 600 Testing 

In the original test plan, Alloy 600 was going to be tested after Alloy 182 testing had been completed. 
However, during shakedown testing of the 36-specimen autoclave systems, it was found that under some 
circumstances, as much as a 10% load imbalance between the three strings could occur under prototypic 
testing conditions. This could lead to some specimens inadvertently being loaded above their target test 
stress. It was also found that when a specimen fails, the impact loading that occurs as the load-catch 
system takes over the load of a failed specimen will lead to a momentary applied load in the string where 
the specimen fails that is as much as 10% higher than the target test load. Further testing revealed that 
these possible overload events have the potential to be mitigated by a revised testing procedure. Proposed 
changes to the test procedure included (1) temporary partial unloading to 80-85% of the target stress after 
detection of initiation in a specimen that would be maintained until the specimen fails to avoid high 
impact loads when a specimen fails, (2) use of sacrificial crush features in the linkages to absorb impact 
loads, and (3) after failure of a specimen, unloading to the tare load to rebalance the strings. 

A revised testing procedure was created to include these steps, and testing of six 15% CF 
NX6106XK-11 and six 15% CF 33375-2B Alloy 600 specimens was started before the Alloy 182 testing 
in NRCI2 as part of an effort to assess the revised test procedures. These two heats of Alloy 600 were 
selected for this scoping test because there are ample amounts of each material, and these two materials 
were expected to have the lowest initiation time based on their high yield strength and prior SCCI testing 
experience. Two specimens of each heat were mounted in each string (creating strings with nominally 
identical specimens), and all were instrumented for detection of SCCI by DCPD. Crush features used to 
reduce impact loading when a specimen fails were installed for all 12 specimens. Testing was conducted 
in the prototypic conditions for this program (all specimens are at their yield strength in 360°C simulated 
PWR primary water at the Ni/NiO stability line). The goals of this test were as follows: 

• Verify that the combination partial unloading prior to specimen failure and the use of crush features 
to cushion impact loading prevents the remaining specimens from being overloaded just before and 
during the failure. This can be verified by comparing the indicated specimen strains just before and 
after a specimen fails. Specimens that are overloaded will exhibit some plastic strain during the 
failure event. 

• Verify that unloading to the tare load (load due to pressure on the pullrod) after a specimen failure 
successfully rebalances the three strings. This can be verified by observing whether specimens in one 
of the strings undergo plastic strain during reloading to the target load after a specimen fails. There 
was no indication of plastic strain in the specimens in a particular string, suggesting that partial 
unloading is effective at rebalancing the strings. 

• Obtain Alloy 600 SCCI data. 

As presented in Figure 7-1 through Figure 7-3, the stress versus strain response for all 12 specimens 
during loading to reach the test stress was essentially identical with each specimen reaching 0.1-0.2% 
plastic strain. 



 

 

 
Figure 7-1.  Stress vs strain response during load-up of four Alloy 600 specimens loaded into String-

1 of the NRCI2 test system. 

 
Figure 7-2.  Stress vs strain response during load-up of four Alloy 600 specimens loaded into String-

2 of the NRCI2 test system. 



 

 

 
Figure 7-3.  Stress vs strain response during load-up of four Alloy 600 specimens loaded into String-

3 of the NRCI2 test system. 

The DCPD strain versus time response during the first 1060 hours of SCCI testing is presented in 
Figure 7-4 through Figure 7-6. During this time, four of the six 33375-2B specimens underwent SCCI 
between 120 hours and 1062 hours of exposure. These values are within our current range of experience 
for Alloy 600. For the first three initiation and failure events, the revised procedure was followed. 
However, the algorithm to trigger partial unloading prior to specimen failure was mistakenly not engaged 
for the fourth initiation (IN163), and the specimen failed a full load. Based on DCPD strain data, the 
shock loading appears to have induced small amounts (0.05 to 0.5%) of plastic strain in the remaining 
specimens. It was decided that this small amount of strain was negligible, and the decision was made to 
continue running the test at the original load to observe the specimen response after this event. No further 
initiations occurred at this original load out to a total test time of 3035 hours (1772 hours accumulated 
after the full load failure), a value that is well beyond the expected window of 1500-2000 hours for Alloy 
600, suggesting that the small applied strains during the shock loading affected the initiation response. 
One possible explanation was that crack tip blunting occurred and thereby lowered the stress intensity 
factor. Another possibility was that by plastically straining the specimens, a new slightly higher YS was 
created while the specimens continued to operate at the original test stress. 

As a means to better understand the factors affecting this delayed initiation time, it was decided to 
increase the load on the specimens until yield was observed in as many specimens as possible. This was 
accomplished through slow tensile loading exactly as is done when bringing specimens up to load at the 
start of a test. Many of the specimens were observed to re-yield with a 3-5% load increase, but the load 
was continued to be increased in an attempt to get all the specimens to re-yield. The specimens in String-3 
did not undergo yield even after an estimated 9% increase in stress, and the decision was made to stop the 
load increase because the plastic strains for the String-2 specimens were approaching 3%. The final 



 

 

increase in load and stress on the specimens was 9%, and the subsequent constant load SCCI testing 
response can be seen in Figure 7-7 through Figure 7-9. Many of the specimens exhibited a slight increase 
in slope, and IN160 that underwent ~2% plastic strain during re-yielding initiated ~60 hours after the load 
increase at a total test time of 3000 hours, while the time at the YS was only 1228 hours. All but two of 
the remaining specimens underwent SCCI within the range of time expected for Alloy 600. These final 
two specimens that were made from the NX6106XK-11 heat went out to ~2800 hours at the YS. This is 
~700 hours beyond what has been previously observed for this material. SCCI times of the 12 specimens 
are listed in Table 7-1. 

 
Figure 7-4.  DCPD response of the four Alloy 600 specimens installed in String-1 up to 1025 hours. 



 

 

 
Figure 7-5.  DCPD response of the four Alloy 600 specimens installed in String-2 up to 1025 hours. 

 

 
Figure 7-6.  DCPD response of the four Alloy 600 specimens installed in String-3 for up to 1025 

hours. 



 

 

 
Figure 7-7.  Final DCPD response of the four 15% CF Alloy 600 specimens installed in String-1. 

 
Figure 7-8.  Final DCPD response of the remaining two 15% CF Alloy 600 initiation specimens 

installed in String-2. 



 

 

 
Figure 7-9.  Final DCPD response of the remaining two 15% CF Alloy 600 initiation specimens 

installed in String-3. 

Table 7-1.  SCC initiation times measured for the twelve 15% CF Alloy 600 materials being tested 
in NRCI1. S# is the string where the specimen resides. 

33375-2B S# YS (MPa) tinit (h) NX6106XK-11 S# YS (MPa) tinit (h) 

IN154 1 528 †3026/1254 IN156 1 544 †4600/2828 

IN155 1 537 †3250/1478 IN157 1 547 †4591/2819 

IN158 2 558 120 IN160 2 544 †3000/1228 

IN159 2 551 1025 IN161 2 547 †3205/1433 

IN162 3 547 830 IN164 3 544 †3250/1478 

IN163 3 558 1062 IN165 3 547 †4100/2328 

† These specimens spent 1772 hours at ~90-96% of their YS. The lower number listed is the initiation time minus 
1772 hours. 

Cursory SEM examination of the crack surface of two of the 33375-2B specimens, one that initiated 
at 120 hours and another at 830 hours, has been performed and is presented in Figure 7-10 and Figure 
7-11. Interestingly, the cracking of the specimen with a low initiation time of 120 hours started from an 
inclusion such as titanium nitride that is present in a low density in Alloy 600. The specimen with a more 
typical initiation time of 830 hours had a very typical IG crack surface in the vicinity of where the crack 
initiated. There is strong interest from the LWRS SCC Initiation program at PNNL to examine some of 
these specimens, and additional examinations will be performed using funding from that program, in 



 

 

particular on the four 33375-2B specimens that had relatively low SCCI times compared to our prior 
experience with Alloy 600. These results will be shared with the NRC/EPRI SCC Initiation program. 

There are three important outcomes from this 12-specimen test of Alloy 600. (1) Useful Alloy 600 
SCCI data were obtained. (2) The results of this test suggest that load imbalance and shock loading issues 
can be mitigated using the revised testing methods that were discussed. (3) The lack of SCCI for ~1772 
hours at slightly below the YS followed by the near immediate SCCI of several specimens after the load 
was increased back up to the new YS suggests that SCCI times may be strongly affected by running a test 
at slightly below the YS. This suggests that the applied stress for the planned sub-yield strength testing of 
cold-forged Alloy 182 should be carefully considered. Rather than the planned 80% or 85% of the YS, it 
may be prudent to run at ~90-95% of the YS if reasonable SCCI times are desired. 

 
Figure 7-10.  SEM image of the crack surface of IN158 (33375-2B) that initiated at 120 hours. 



 

 

 
Figure 7-11.  SEM image of the crack surface of IN162 (33375-2B) that initiated at 830 hours. 

  



 

 

8.0 Alloy 182 Testing 

The Alloy 182 test matrix is the largest of all the materials being tested within this program. The 
original matrix included 72 Alloy 182 specimens, and the expanded matrix that provides more 
information about the environmental dependencies of Alloy 182 crack initiation has 156 specimens. The 
first series of tests in the matrix were the 15% CF specimens being tested at their yield strength. This 
series was meant to provide the baseline response for Alloy 182 for determining dependencies on test 
temperature and applied stress, provide heat-to-heat variability in SCCI time, and provide a baseline for 
FOI of Alloy 152/52 SCCI times. Testing to-date has been primarily on this first series of tests and is 
what is covered here. 

All testing was originally planned to be performed in a 36-specimen autoclave that would run 
continuously, allowing specimens to break in situ as was done for the Alloy 600 testing described in 
Section 7. However, because the autoclave was being used for Alloy 600 testing to evaluate the effects of 
load imbalance and shock loading, testing was started in other test systems that were made available. 
These initially were 3-specimen test systems. Because of the very low SCCI times that have now been 
observed in all four of the Alloy 182 weld metals in the 15% CF condition, in retrospect, testing in these 
smaller systems was the best possible approach. The small systems can be stopped and restarted over a 2-
3 day period, while the large systems take a week to be stopped and then restarted. Using funds from this 
project, two available tests systems were expanded to be able to test 6 specimens at a time, and these 
systems can also be stopped and restarted quickly. With these smaller systems, it was possible to easily 
stop the tests shortly after SCCI, allowing the possibility to observe the early stages of stress corrosion 
cracks and their point of nucleation on the surface of the specimen. This aids in understanding the reason 
for the low SCCI times. This approach was taken with these tests, and in order to try to best determine the 
reason for the low SCCI times, careful pre-test examination of specimens was performed as well. SCCI 
tests have been completed on 27 out of the 36 15% CF Alloy 182 specimens for obtaining baseline 
response. The status of all 36 specimens as of July 1, 2019 is presented in Table 8-1. Goals for this testing 
have expanded not only to measuring SCCI time, but to understanding the reasons for the SCCI behavior 
of Alloy 182. Related observations are covered later in this section. 
  



 

 

Table 8-1.  Summary of the initiation response of 15% CF Alloy 182 specimens. 

Material Spec. 
ID 

Applied 
stress (MPa) 

Surface 
finish 

tinit (h) Crack initiation associated 
with pre-existing defects? 

KAPL IN166 563 1 µm ≤30 No pre-test SEM examination 
IN167 552 1 µm ≤30 No pre-test SEM examination 
IN168 547 1 µm 113 Yes 
IN194 581 CS† 1635 No 
IN195 575 CS 1625 No 
IN196 567 CS 1642 Yes 
IN279 572 CS NI▲, >5554 No (no preexisting defects) 
IN280 566 CS NI, >5554 No (no preexisting defects) 
IN281 576 CS NI, >5554 No (no preexisting defects) 

Studsvik IN169 541 1 µm NI, >5126 No pre-test SEM examination 
IN170 536 1 µm 30 No pre-test SEM examination 
IN171 534 1 µm 2957 No 
IN191 553 CS 83 No 
IN192 559 CS 41 No 
IN193 555 CS 41 No 
IN233 532 CS ≤30 No 
IN234 529 CS 725 No 
IN235 532 CS 910 No 

Phase 2B IN185 514 1 µm ≤105 No 
IN186 514 1 µm NI, >3173 No (no preexisting defects) 
IN187 514 1 µm 409 No 
IN197 500 CS 806 No 
IN198 506 CS 4964 No 
IN199 506 CS 2238 No 
IN216 462 CS 132 No 
IN217 467 CS >2971 No (no preexisting defects) 
IN218 467 CS 2908 § No 

Flawtech IN188 518 CS ≤30 No 
IN189 518 CS ≤30 Yes 
IN190 518 CS 90 No 
IN200 528 CS 825 No 
IN201 528 CS 746 No 
IN202 528 CS 900 No 
IN221 525 CS 106 No 
IN222 525 CS 113 No 
IN223 525 CS 79 No 

† CS = colloidal silica finish 
▲ NI = No initiation and may not continue test. Time in parenthesis is the total accumulated exposure time. 
§ The sample may have spent time at stresses below the yield stress 
* ">" indicates that testing is ongoing for this specimen. 



 

 

8.1 SCCI Measurements 

As with the Alloy 690/152 and Alloy 600 testing, an important part of Alloy 182 testing is applying 
the target stress on the specimens. An advantage of testing only 3-6 specimens at one time is that it is 
easier to hit the target stress for a small number of specimens than it is for a large number of specimens. 
In general, our careful tuning of the gauge diameter of these specimens has allowed us to closely match 
the achieved stress and applied plastic in each specimen in a set. Examples of the stress versus strain 
loading plots for each of the four different Alloy 182 welds are provided in Figure 8-1 through Figure 8-4. 
These are for tests conducted in 3-specimen autoclave systems and show the response of each specimen. 
Load was increased until all specimens had undergone at least 0.1% plastic strain. The span in plastic 
strain was generally very tight with a maximum differential of no more than 0.3% for the tests shown 
here. The SCCI testing phase begins immediately after these loading runs are completed. 

 
Figure 8-1.  Stress versus strain plot during initial loading of three 15% CF KAPL Alloy 182 tensile 

specimens for SCCI testing. The total load as a function of actuator displacement is 
plotted on the secondary x (upper) and y (right) axes. 



 

 

 
Figure 8-2.  Stress versus strain plot during initial loading of three 15% CF Studsvik Alloy 182 

tensile specimens for SCCI testing. The total load as a function of actuator 
displacement is plotted on the secondary x (upper) and y (right) axes. 

 
Figure 8-3.  Stress versus strain plot during initial loading of three 15% CF Phase 2B Alloy 182 

tensile specimens for SCCI testing. The total load as a function of actuator 
displacement is plotted on the secondary x (upper) and y (right) axes. 



 

 

 
Figure 8-4.  Stress versus strain plot during initial loading of three 15% CF Flawtech Alloy 182 

tensile specimens for SCCI testing. 

Examples of referenced DCPD strain response to monitor for SCCI are shown in Figure 8-5 through 
Figure 8-8 where SCCI was readily detected by a rapid transition to an increasing slope. A wide range of 
initiation times were observed for each weld with many specimens exhibiting unexpectedly low SCCI 
times. Among these sets of three specimens for each of the welds presented here, one or two specimens 
exhibited significantly higher initial responses and initiated within hours of reaching the full load. Similar 
low initiation times were observed in other tests of these materials as listed in Table 8-1. Many specimens 
from each of the four welds initiated in <150 hours. Much longer SCCI times, however, have also been 
observed in these welds, creating a 1-2 order of magnitude difference in SCCI time within the same 
material and indicating highly heterogeneous susceptibility to crack initiation. The initiation status of all 
the completed and ongoing tests on 15% CF Alloy 182 specimens through July 1, 2019 has been plotted 
as a function of applied stress, as shown in Figure 8-9 along with the trend band for Alloy 600 initiation 
tests performed at PNNL. SCCI times of the Alloy 182 specimens are either quite low with 45% of the 
specimens having an initiation time of <150 hours, however, a broad range of initiation times has 
occurred with a decreasing number of specimens at higher and higher initiation times. The range of 
initiation times falls well below and well above those observed for Alloy 600 tests at PNNL. EdF has one 
of the most extensive data sets on Alloy 182 SCCI, and their results are presented in Figure 8-10 [7] with 
initiation times adjusted to 360°C to match PNNL results. For the same stress range as PNNL tests, EdF 
has observed initiation times of 100-4250 hours, generally similar to the PNNL results. The distribution 
of SCCI initiation times within this stress range as a function of time is presented in Figure 8-11 and 
Figure 8-12, for PNNL and EdF, respectively, again highlighting the similar response. Alloy 182 is 
known to be susceptible to SCCI in service and have very high laboratory SCCGRs, but at the same time 
long SCCI times have also been reported for Alloy 182 service components [21, 22]. Such a wide 
distribution of initiation times presents a challenge for evaluating stress, temperature, and other 
dependencies. As a result, the scope of the work has widened to include more detailed examination of 
specimens to try to understand the variability in SCCI. 



 

 

 
Figure 8-5.  DCPD referenced strain response of the first set of three 15% CF KAPL Alloy 182 weld 

specimens IN166-168. 

 
Figure 8-6.  DCPD referenced strain response of the first set of three 15% CF Studsvik Alloy 182 

weld specimens IN169-171. 



 

 

 
Figure 8-7.  DCPD referenced strain response of the first set of three 15% CF Phase 2B Alloy 182 

weld specimens IN185-187. 

 
Figure 8-8.  DCPD referenced strain response of the first set of three 15% CF Flawtech Alloy 182 

weld specimens IN188-190. 



 

 

 
Figure 8-9.  Measured SCCI time as a function of applied stress for the 15% CF specimens from the 

four welds. Dashed lines represent the range of initiation data obtained from Alloy 600. 

 
Figure 8-10.  SCCI times as a function of applied stress for Alloy 182 tested by EdF [7]. 



 

 

 
Figure 8-11.  Frequency distribution of SCC initiation times of PNNL tests. 

 
Figure 8-12.  Frequency distribution of SCC initiation times of EdF tests [7]. 



 

 

8.2 Microstructural Characterizations of 15% CF Alloy 182 Initiation 
Specimens 
Microstructural characterizations of the Alloy 182 initiation specimens initially focused on 
examining the crack morphology on the gauge surface after initiation was detected. However, 
after several very low SCCI times were observed, pre-test examinations of the specimens became 
part of the routine. To facilitate this activity, additional polishing using colloidal silica was 
applied to the gauge surface of specimens with identification numbers ≥185. Pre-test, mid-test (if 
a test interruption took place), and post-test backscatter electron (BSE) SEM montage imaging 
was routinely conducted on the entire gauge and fillet surface of the specimens following a 
method described before [17, 20, 23]. A high acceleration voltage (30 kV) was used to take 
advantage of the large interaction volume so that features covered by thin surface oxides could 
be revealed after exposure. The montage was done at a magnification of 200X with a resolution 
of 1024 x 1024 pixels for every image in the montage. Previous experience with Alloys 600 and 
690 had proved that this approach can sufficiently locate surface damage in a variety of forms 
including nano-size cavities [24]. More detailed characterizations, including higher-
magnification SEM SE/BSE imaging and EDS, were occasionally performed on selected pre-
existing defects found prior to testing in the BSE montage images. Upon conclusion of a test, the 
pre-test and post-test surface morphology was routinely compared with emphasis on 
understanding the microstructural contributions to crack nucleation. 

Observations of the crack depth and crack profile of initiated Alloy 600 specimens at PNNL has been 
accomplished by serial sectioning of the gauge section and measuring the depth of all cracks on the 
polished cross sections. Most of the cracks could be intersected and measured multiple times, enabling the 
determination of a crack depth profile. The main reason for this approach is that multiple large cracks 
were commonly observed in the Alloy 600 specimens upon initiation, and it was difficult to know which 
one was the primary crack unless all were characterized to determine the depth profile. The serial polish 
method maximizes the possibility of examining multiple cracks. The Alloy 182 specimens, however, 
usually only exhibited one or two major cracks at the point of initiation, making it easier to identify the 
primary crack and making the serial sectioning approach unnecessary. To better understand crack depth at 
the time of initiation, the decision was made to air fatigue open selected specimens to exam the surface of 
the primary crack. Fatigue loading parameters were carefully chosen, and the process was closely 
watched to ensure fatigue crack extension took place from the primary stress corrosion crack without 
substantial plastic strain. After a water bath to remove excessive boric residue, the crack surface was 
montaged under both SE and BSE modes. A high acceleration voltage (30 kV) was used for SE montage 
for maximizing topological resolution, and a low acceleration voltage (5 kV) was used for BSE montage, 
taking advantage of the small interaction volume to better capture the contrast due to the difference in 
thickness of the oxide layer formed on crack wall, thereby aiding in visualization of the crack nucleation 
area. 

8.2.1 Pre-existing Defects 

Pre-existing defects were routinely mapped during pre-test SEM examinations of the entire surface of 
both the gauge and the fillet region for specimens with index numbers ≥185. Examples are shown in 
Figure 8-13 and Figure 8-14, which include high-magnification images of selected defects. The observed 
pre-existing defects can be grouped into three categories: defects generated during weld fabrication, 
defects produced by cold forging, and defects formed due to mechanical damage. The first category 



 

 

involves aggregations of Ti-Cr–rich carbonitrides and cracks. These features were commonly found in all 
four welds. As shown in Figure 8-13 through Figure 8-16, the Ti-Cr rich carbonitrides tend to drop out 
during the polishing process, leaving micrometer-size voids on the surface. In addition, cracks were 
sometimes found emanating from these particles or linking several particles when they were along the 
same grain boundary (Figure 8-14 Site A). In fact, most of the weld cracks in the gauge section observed 
so far were associated with Ti-Cr rich carbonitrides. The second category of defects is cold forging-
induced cracking of NbC precipitates that are extensively distributed inside grains or along 
dendrite/solidification grain boundaries (Figure 8-15). Such cracking is an indicator of high local strain, 
but these cracks of sub-micrometer size are not considered to be possible precursors of SCCI, and no 
evidence of initiation from these has been observed. The last category of defects - mechanical damage - is 
usually present in the form of dents and scratches. Specimens have been carefully handled and plastic 
sheaths are routinely used to protect the gauge section, so no dents were created on the gauge region of 
any specimens. The scratches are often IG and shallow (a few micrometers deep) without sharp intrusion 
into the gauge. Therefore, their impact on SCCI is considered negligible. 

 
Figure 8-13.  Pre-test SEM-BSE montage imaging of the entire surface of the gauge and fillet region 

of the 15% CF Studsvik Alloy 182 weld specimen IN192 with colloidal silica finish. 
Zoom-in images on defects found in the gauge surface are highlighted in yellow. 



 

 

 
Figure 8-14.  Pre-test SEM-BSE montage imaging of the entire surface of the gauge and fillet region 

of the 15% CF KAPL Alloy 182 weld specimen IN194 (test ongoing) with colloidal silica 
finish. This specimen features a high density of Ti-Cr rich carbonitrides and a few 
examples are shown in higher-magnification. In particular, a crack was observed to 
link the carbonitrides on a grain boundary at Site A. 



 

 

 
Figure 8-15.  Higher-magnification SEM-BSE (unless otherwise noted) imaging of the Site A in 

IN192 marked in Figure 8-13. Examples of cracked NbC precipitates are highlighted in 
Sites A1-A4 and damage associated with Ti-N-Cr rich carbonitrides are highlighted in 
Sites A5-A6. 

 
Figure 8-16.  EDS composition maps of Sites A5 and A6 identified in Figure 8-15. EDS analysis was 

conducted using low acceleration voltage (5 kV) for small interaction volume and better 
detectability of light elements, so that the chemical composition of sub-micrometer-size 
precipitates on the surface can be revealed qualitatively. 



 

 

8.2.2 SCCI Microstructures 

The post-test crack mapping on the surface of many of the 15% CF specimens tested to-date are 
displayed in Figure 8-17 through Figure 8-21. While observations are still ongoing, several 
commonalities have been observed. Intergranular attack (IGA) became discernable on most solidification 
grain boundaries (SGBs) after no more than 24 hours of exposure. Whether initiation occurred early in the 
test or after prolonged exposure, a primary crack exhibiting a significantly longer surface length and 
wider opening was typically readily identifiable. This is consistent with what was found in cold-worked 
Alloy 600 initiation specimens [17, 20]. However, as shown for IN166-168 in Figure 8-17, IN170 in 
Figure 8-18, IN192-193 in Figure 8-19, IN185 in Figure 8-20, and IN188-189 in Figure 8-21, the primary 
cracks in the weld specimens with low initiation times tended to be 700-1200 µm in surface length, which 
is much longer than those in Alloy 600 specimens upon DCPD-detected initiation. Interestingly, no 
obvious difference in the surface length of primary cracks was observed in specimens with long and short 
initiation times, as seen, for example, in Figure 8-20. Rapid crack formation was also observed in a 15% 
CF Studsvik specimen that initiated at 2957 hours. This test was stopped at 2950 hours due to a required 
building heating, ventilation, and air-conditioning outage, and during the outage the specimen was 
removed for surface examination. As documented in Figure 8-22, a large crack was found extending 
slightly into the fillet region. Despite the presence of this ~800 µm crack, the decision was made to restart 
the test. Upon restart, this specimen underwent SCCI and the test was stopped at 3020 hours for 
examination. Not only did the crack in the fillet extend slightly, but a nearly 1 mm long crack also formed 
in the gauge section in the short amount of time that the specimen was at load. Resistance to growth of 
existing cracks has also been observed, for example, in the 15% CF Studsvik specimen that reached 5126 
hours without DCPD-based SCCI. As shown in Figure 8-23, two long cracks in the gauge center were 
found in IN169 after 2950 hours of exposure, and at the next examination at 5126 hours there was no 
observable growth. The observed highly variable response both for initiation times and for observed 
cracking behavior is suggestive of strong spatial variability of SCC susceptibility within the same weld. 
To better understand the complexity of the SCCI behavior of these welds, more detailed microstructural 
characterizations have been performed with preliminary results summarized below. 

 
Figure 8-17.  Post-test SEM-BSE montage imaging of the entire surface of the gauge and fillet 

region of the first set of 15% CF KAPL Alloy 182 weld specimens IN166-168 after 
initiation was detected. The cracks are highlighted in red. 



 

 

 
Figure 8-18.  Post-test SEM-BSE montage imaging of the entire surface of the gauge and fillet 

region of the first set of 15% CF Studsvik Alloy 182 weld specimens IN170-171 after 
initiation was detected and IN169, which has not yet initiated. The cracks are 
highlighted in red. 

 
Figure 8-19.  Post-test SEM-BSE montage imaging of the entire surface of the gauge and fillet 

region of the second set of 15% CF Studsvik Alloy 182 weld specimens IN191-193 after 
initiation was detected. The cracks are highlighted in red. 



 

 

 
Figure 8-20.  Post-test SEM-BSE montage imaging of the entire surface of the gauge and fillet 

region of the first set of 15% CF Phase 2B Alloy 182 weld specimens IN185 and IN187 
after initiation was detected and IN186, which has not yet initiated. The cracks are 
highlighted in red. 

 
Figure 8-21.  Post-test SEM-BSE montage imaging of the entire surface of the gauge and fillet 

region of the first set of 15% CF Flawtech Alloy 182 weld specimens IN188-190 after 
initiation was detected. The cracks are highlighted in red. 



 

 

 
Figure 8-22.  Crack evolution on the surface of the 15% CF Studsvik Alloy 182 specimen IN171 

with SCCI detected at 2957 hours of exposure. The cracks are highlighted in red. A 
new crack of ~600 µm long initiated over a period of 70 hours at Site B between 2950 
and 3020 hours of exposure. 

As mentioned earlier, a primary activity for assessing the behavior of this material is characterizing 
pre-existing defects and relating them to the formation of stress corrosion cracks. Comparison between 
pre-test and post-test SEM surface examinations revealed that in 3 out of 16 tests where detailed 
comparisons were made, the primary crack formed on a pre-existing defect (as of July 1, 2019). As shown 
in Figure 8-24 and Figure 8-25, short cracks linked by closely spaced voids from dropout or dissolution of 
Ti-Cr–rich carbonitrides at Site A in the 15% CF KAPL Alloy 182 specimen IN168 and at Sites A and C 
in the 15% CF Flawtech Alloy 182 specimen IN189 acted as stress corrosion crack nucleation sites during 
testing. While the initial observation for IN168 was performed after 33 hours of exposure that creates the 
possibility that the pre-existing defect was actually a rapidly formed stress corrosion crack, the rounded 
edges of the crack are more characteristic of a pre-existing crack. Both of these specimens had low SCCI 
times. In contrast to these two specimens, the primary crack in seven other specimens did not nucleate on 
a pre-existing defect, and all but one of these seven tests exhibited equivalently short initiation times 
(Table 8-1). An example of such a crack is provided in Figure 8-26, which shows the before and after test 
surface morphology for the 15% CF Flawtech specimen IN188. It is believed that SCCI in this specimen 
was driven by the formation of several long cracks with wide openings near the transition to the fillet. 
Comparison of these cracks to the pre-test images shows no observable pre-existing defects. Although a 
large pre-existing crack was also present in this specimen far into the fillet, stresses are low in this 
location, and no substantial growth of this crack was observed after the exposure, and this crack did not 
contribute to the DCPD-indicated SCCI response. An example for a 15% CF Studsvik Alloy 182 



 

 

specimen in Figure 8-27 illustrates the surface morphology evolution at Site A in IN192 that was 
characterized in detail prior to undergoing testing (Figure 8-13 and Figure 8-15). No change was observed 
at the two pre-existing aggregations of carbonitrides during test interruptions or at the conclusion of the 
test after SCCI was detected. Interestingly, a few short cracks appear to have nucleated at nearby grain 
boundaries. Similar examinations were performed on other initiated specimens, and none of them 
exhibited any noticeable pre-existing defects that led to SCCI. These observations suggest that pre-
existing defects on the surface are not required for low SCCI times. The current theory is that Alloy 182 
welds have spatially highly variable SCC susceptibility, and higher susceptibility is strongly accentuated 
by cold forging. The origins of this susceptibility may include compositional variations, local variations 
in internal stress and strain that are commonly observed in weld metals, or weakened boundaries due to 
processes such as ductility dip cracking that drive weld crack formation during weld fabrication. 

 
Figure 8-23.  Crack evolution on the surface of the 15% CF Studsvik Alloy 182 specimen IN169 

without SCCI detection up until 5126 hours of exposure. The cracks are highlighted in 
red. Zoom-in images at Sites A and B revealed no obvious growth of existing cracks 
between 2950 and 5126 hours of exposure. 



 

 

 
Figure 8-24.  Crack evolution on the surface of the 15% CF KAPL Alloy 182 specimen IN168 with 

SCCI detected within 30 hours of exposure. The cracks are highlighted in red. Zoom-in 
images show the primary crack nucleated from pre-existing defects along a 
solidification grain boundary. 



 

 

 
Figure 8-25.  Crack evolution on the surface of the 15% CF Flawtech Alloy 182 specimen IN189 

with SCCI detected within 30 hours of exposure. The cracks are highlighted in red. 
Zoom-in images show multiple cracks (including the primary crack at Site C) nucleated 
from pre-existing defects along solidification grain boundaries. 



 

 

 
Figure 8-26.  Crack evolution on the surface of the 15% CF Flawtech Alloy 182 specimen IN188 

with SCCI detected within 30 hours of exposure. The cracks are highlighted in red. 
Zoom-in images show primary cracks at Sites A, C, and D. No observable defects were 
found at the same locations prior to the tests. 



 

 

 
Figure 8-27.  Crack evolution at Site A in Figure 8-13 and Figure 8-15 on the surface of the 15% CF 

Studsvik Alloy 182 specimen IN192 with SCCI detected at 41 hours of exposure. The 
pre-existing defects are highlighted in blue, the cracks are denoted by yellow arrows, 
and IGAs along grain boundaries are highlighted in orange. No observable change was 
found in the pre-existing defects and new cracks were found to grow at other locations 
from IGA. 

Characterizations have also been started to investigate the effect of crack shape and grain orientation 
on SCCI in Alloy 182 welds. This was achieved by performing detailed SEM examinations of the crack 
surface after fatigue opening initiated specimens. To-date, preliminary crack surface examinations have 
been completed on one 15% CF KAPL Alloy 182 specimen IN168 (Figure 8-28) and two 15% CF 
Studsvik alloy 182 specimens IN170 and IN171 (Figure 8-29). The area of IG failure on the crack surface 
of each specimen is outlined as an aid to visualize the shape of the primary cracks at the time the tests 
were stopped. Very different from most cracks observed in Alloy 600, which appear to be semi-elliptical 
in shape [20, 23], the primary cracks in the three 15% CF Alloy 182 specimens all exhibited irregular 



 

 

depth profiles that likely followed the shape of the SGBs on which the cracks grew. Interestingly, in the 
15% CF KAPL specimen IN168 and the 15% CF Studsvik specimen IN170, which exhibited early SCCI, 
the primary crack nucleated at solidification grains with longitudinal directions tangent to the perimeter of 
the gauge. In contrast, for the 15% CF Studsvik specimen IN171 that exhibited a long initiation time of 
~3000 hours, the primary crack nucleated on a grain boundary with a longitudinal direction roughly 
aligned normal to the gauge perimeter, and it protruded ~1 mm deep into the specimen. The difference in 
cracking direction along the grains for the short and long initiation time specimens might suggest some 
possibility for more rapid stress corrosion cracking when the longitudinal direction is tangential to the 
gauge perimeter, but more examinations are needed before such assessments can be accurately made. 

 
Figure 8-28.  The SEM-SE (left) and BSE (right) montage imaging of the fractured surface of the 

15% CF KAPL Alloy 182 specimen IN168 with initiation detected at 113 hours of 
exposure. The area of IG failure is highlighted in orange and the primary crack shape 
determined from the contrast on the fractured surface (darker area) is outlined in 
yellow. The position of the precursor crack observed at 33 hours is marked in red. 



 

 

 
Figure 8-29.  The SEM-SE montage imaging of the fractured surface of two 15% CF Studsvik Alloy 

182 specimens IN170 and IN171. The area of IG failure in each specimen is outlined in 
orange. 

8.3 Summary of 15% CF Alloy 182 Testing 

SCCI testing has been conducted on 30 specimens from four 15% CF Alloy 182 welds in 360°C 
PWR primary water and preliminary results are summarized as follows: 

• Approximately half of the specimens tested as of July 1, 2019  had very low initiation times that were 
well below the trend band for Alloy 600, and many of these initiations appeared to take place from 
nearly the moment the specimens reached full load in high temperature water. The remaining 
specimens with longer initiation times had a decreasing distribution out to very long initiations times 
that were more than 2x longer than equivalently cold-worked Alloy 600. 



 

 

• In 3 out of 16 tests with low SCCI times, the primary crack nucleated from a pre-existing weld defect 
in the form of IG cracks linked by closely spaced Ti-Cr–rich carbonitrides. The other specimens with 
low initiation times did not undergo SCCI from detectable pre-existing weld defects. 

• The trend to-date suggests localized regions of very high SCC susceptibility in Alloy 182 welds. 
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