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Abstract 
 

Stress corrosion cracking (SCC) initiation tests were conducted on 
Alloy 600 and Alloy 600 weld metal (EN82H) at elevated 
temperatures (315°C to 360°C).  Tests were conducted with in-
situ monitored smooth tensile specimens under a constant load in 
both hydrogen dearated and aerated environments.  The use of 
uniaxial tensile specimens is an improvement over conventional 
U-bend specimens in which the stress state is difficult to 
characterize due to stress relaxation.  Three different loading 
methods were assessed: ring-loading, pressure-loading, and 
active-loading (i.e., electric actuator or dead weights).  Three in-
situ monitors were investigated: DC-electric potential drop, linear 
variable differential transformers, and electrochemical noise.  
 
Electric potential drop was the only in-situ crack detection method 
that consistently detected the onset of SCC.  While under 
equivalent initial conditions each loading method initiated SCC, 
reproducible results were only obtained with pressure and active 
loading.   In ring loading, the extent of SCC initiation was much 
less relative to active or pressure loading which is likely due to 
differences in plastic strain.  A load history dependency was 
observed in oxygenated-sulfate solutions.  The thermal activation 
energy was measured as 140 kJ/mol in hydrogenated water.  SCC 
initiation appears to have a dissolved hydrogen dependency 
similar to SCC crack growth.  Preliminary results suggest that the 
mechanical parameter which controls SCC initiation is plastic 
strain and not stress. 
 

Introduction 
 
Nickel-chromium-iron alloys are known to exhibit intergranular 
stress corrosion cracking (SCC) at temperatures greater than 
~250oC when exposed to high purity water.  Degradation by SCC 
involves both an initiation phase and a crack growth phase.  
Although extensive studies have been performed to characterize 
the effects of key parameters on SCC growth rates (e.g. 
temperature, stress intensity factor, etc.), limited studies have been 
performed to examine SCC initiation.  The present work 
summarizes efforts to quantify the SCC initiation time of nickel-
chromium-iron alloys in high temperature water. 

 
Experimental Methods 

 
Materials and Specimens 
 
Four heats of Alloy 600 and two heats of EN82H were tested; the 
compositions of the materials are shown in Table 1.  Wrought 
Alloy 600 material was tested in five different microstructural 
conditions: mill annealed (MA), solution annealed (SA), low 

temperature annealed (LTA), high temperature annealed (HTA), 
and sensitized.  Table 1c provides the details of these heat 
treatments.  The test specimens were button-head tensile 
specimens machined in the “L” orientation (i.e. loading axis 
parallel to the rolling direction), as shown in Figure 1. 
 

 
         Table 1a: Chemical Composition of Alloy 600 Tested 

 Heat  
NX5805G 

Heat  
NX5853G 

Heat  
NX6915 

Heat  
46392 

Ni 75.77 75.40 75.14 73.2 
Cr 15.04 15.54 15.75 15.9 
Fe 7.87 7.76 8.37 9.6 
C 0.07 0.07 0.08 0.06 

Mn 0.22 0.25 0.22 0.22 
Si 0.21 0.29 0.14 0.34 
P 0.007 0.007 --- 0.009 
S 0.001 <0.001 0.004 0.001 

Co 0.04 0.04 --- 0.08 
Cu 0.20 0.11 0.30 0.01 
Al 0.21 0.17 --- 0.21 
Ti 0.35 0.35 --- 0.33 
B 0.004 0.003 --- 0.0015 

Mg 0.01 0.01 --- 0.006 
Mo --- 0.01 --- --- 

 
Table 1b: Chemical Composition of EN82H Tested 
 Heat XX981 Heat XY491 

Ni+Co 72.99 70.87 
Cr 19.87 20.42 
Fe 1.26 2.69 
C 0.039 0.030 

Mn 2.97 2.89 
Si 0.046 0.09 
P 0.002 0.002 
S 0.004 0.003 

Cu 0.007 0.007 
Si 0.046 0.09 
Ti 0.26 0.36 

Nb+Ta 2.50 2.20 
Pb 0.002 0.002 

 
Table 1c: Summary of Thermal Treatments Tested 

Condition Thermal Treatment 
Mill Anneal Final anneal at 980°C 

Low Temperature Anneal 980°C / 20 hours + 885°C / 4 hours 
High Temperature Anneal 1050°C / 24 hours / furnace cool 

Solution Anneal 1150°C / 20 minutes / rapid quench 

Sensitized 1150°C / 20 minutes / water quench +  
607°C / 1 hour / air cool 

To be submitted to: The 12th International Conference on the Environmental Degradation of Materials in Nuclear Power 
Systems – Water Reactors, August 14-18, Salt Lake City, Utah. 
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Figure 1: Button-head tensile specimen used for active-load 
testing.  All dimensions are in mm. 
 
EN82H specimens were machined from low constraint weld-pad 
build-ups made using cold-wire automatic gas tungsten arc 
welding (CW AGTAW) with a 100% argon cover gas.  
Specimens were machined from the weld build-up in the “T” 
orientation (i.e. the tensile axis is perpendicular to the welding 
direction).  All specimens were button-head tensile specimens 
shown in Figure 1.   
 
Alloy 600 to EN82H to Alloy 600 heat-affected-zone (HAZ) 
specimens where fabricated from an Alloy 600 to Alloy 600 
narrow groove weld with EN82H filler metal.  This narrow 
groove weld geometry has been described previously and contains 
higher plastic strains relative to the weld-pad buildup samples [1].  
Similar to the weld pad buildup, the narrow groove weld was 
made using cold-wire automatic gas tungsten arc welding with a 
100% argon cover gas.  The Alloy 600 and EN82H heats were 
NX5805G and XY491, respectively.  The test specimens were 
button-head tensile specimens, machined according to the sketch 
shown in Figure 2 in the “T” orientation.  The approximate middle 
third of the specimen gauge region was EN82H such that each 
specimen had two HAZ regions.   
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Figure 2: Schematic showing an Alloy 600-EN82H-Alloy 600 
HAZ specimen.  Other specimens were fabricated entirely from 
Alloy 600 or EN82H.  All dimensions are in mm. 
 
Loading Techniques 
 
Three different loading techniques were utilized:  active-loading, 
pressure-loading (“Keno”), and ring-loading.  For the active load 
specimens, a constant load was applied to the specimen 

throughout the test using either servo-electric or servo-hydraulic 
load frames or a lever arm dead load test frame.   
 
Figure 3 shows a schematic of the test facility that uses internal 
autoclave pressure to apply a constant load to tensile specimens.  
The facility is a large autoclave (~ 3.7 m high) that houses 150 
small specimen chambers which are attached to two manifolds at 
atmospheric pressure.  The internal autoclave pressure applies a 
force to a piston that is the pressure boundary between the 
autoclave and the manifold at atmospheric pressure.  As the piston 
moves under pressure, it pulls the tensile specimen in tension.  
When the specimen fails, the piston is released and forced to the 
end of the chamber by the autoclave pressure.  A small rod 
attached on the atmospheric side of the piston strikes a ball 
associated with that specimen chamber.  The ball falls down the 
manifold and passes through a “timing device” so that the time-to-
failure is specifically known.  For each specimen that fails, a 
designated ball falls down the manifold.  This process is 
somewhat akin to the game Keno - hence the term “Keno” is used 
when discussing this loading method.   

 
Figure 3: Schematic of the pressure-loading (“Keno”) test 
facility. 
 
Selected specimens were ring-loaded, as shown in Figure 4.  Since 
the ring is a compliant loading device, it should have less stress 
relaxation concerns than U-bend specimens.  The specimen is 
loaded by pulling on the studs/clevis/specimen assembly with a 
loading frame to a target load.  The load is then transferred to the 
ring by tightening the nut on the top bolt, until the loading frame 
reads zero load.  The fixture, once loaded, is then tested.  The ring 
is instrumented with a linear variable differential transformer 
(LVDT), in order to determine the time-to-initiation.  It is 
anticipated that once SCC initiates, the specimens will elongate 
due to the cracking and the elongation will be detected by the 
LVDT (sensitivity is ±0.0013 mm).  One drawback to ring loading 
is that at high temperatures and loads near the ultimate tensile 
strength, the specimen creeps (elongates), which causes a decrease 
in the applied load.   
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Figure 4: Illustration of the ring-load test technique. 
  
Environments 
 
The SCC initiation tests were primarily conducted in deaerated 
high purity water with various levels of dissolved hydrogen. The 
feed tank solution was buffered to a room temperature pH of 10.1 
to maintain a near neutral autoclave pH at the test temperature. 
The desired hydrogen concentration was obtained by varying the 
feed tank hydrogen overpressure according to Henry's law. A 
room temperature Henry's law coefficient of 5.9 kPa/(cc/kg) was 
employed.  Cylinders of mixed gas containing 4% or 14.7% 
hydrogen, with the balance argon, were used to obtain hydrogen 
levels less than 20 cc H2/kg H2O.  Pure nitrogen gas was 
employed to obtain test conditions with very low hydrogen levels. 
Since the autoclave turnover rate is relatively rapid in all but the 
Keno facilities (once every hour), autoclave effluent dissolved gas 
levels are analogous to feed tank levels, and the oxygen levels for 
all tests were <10 ppb.  Limited testing was performed in de-
ionized water containing 80 ppm oxygen and 80 ppb sulfate, 
which is an overly aggressive boiling water reactor (BWR) 
chemistry.   
 
Trends in pH and contaminant levels were monitored through 
system in-line conductivity probes. Anion contaminant levels 
were verified as less than detectable (~25 ppb) by ion 
chromatography (IC) analysis of autoclave effluent samples. 
Autoclave cation contaminants were monitored through analysis 
of autoclave effluent samples by inductively coupled plasma 
(ICP) spectroscopy. Cation contaminant levels typically coincided 
with cation solubility limits (e.g., ~ 2 ppb Fe) at temperature. 
 
In-situ Monitoring 
 
All active-load tests were instrumented with reversing direct 
current electric potential drop (EPD).  Figure 5 shows the EPD 
wiring schematic.  A constant DC current (I) is passed through the 
specimen and the voltage drop, ∆V, between probes on each end 
of the gauge length is measured.  The current distribution is 
uniform, thus the voltage difference between the two probes is 

proportional to the distance between the probes and inversely 
proportional to the cross-sectional area of the gauge region.  The 
resistance of the material is related to the gauge length and cross-
sectional area as follows: 

 ∆V ρLR = =
I A

 (1) 

where R is the resistance, ρ is the resistivity, L is the gauge 
length, and A is the cross sectional area.  Plastic deformation is a 
constant volume process, thus the volume, Vo, can be related to 
the cross sectional area as: 

 oVA =
L

 (2) 

As the sample is strained, the gauge length increases, and the 
gauge length can be expressed as: 
  (3) oL = L + ∆L
where Lo is the original length and ∆L is the change in length.  
Combining Equations 1-3 and recognizing that ∆L/Lo is the 
engineering strain, the change in resistance of the sample can be 
related to the engineering strain, ε, as follows: 

 
1/2

o

Rε =
R

⎛ ⎞
⎜ ⎟
⎝ ⎠

-1  (4) 

where Ro is the original resistance of the sample ( )2
o oR = ρL / oV , 

and R is the resistance for each subsequent point.  Formation of 
SCC reduces the gauge cross-sectional area and causes an 
increase in the voltage difference between the two probes.  This 
increase in voltage signifies SCC initiation.  The voltage 
measured on the test specimen is normalized for temperature and 
material resistivity changes with a voltage measured from a 
“reference” specimen of the same material.  The “reference” 
specimen is pre-strained at the test temperature to the same load 
as the test specimen prior to testing, but it is not under any load 
during the test.  SCC has not occurred in any of these non-loaded 
pre-strained specimens.   

 
Figure 5: Schematic of the reversing direct current electric 
potential drop in-situ monitoring technique.   



Several tests were instrumented with LVDTs, in order to measure 
the specimen elongation that occurred during testing.  In several 
cases, electrochemical potential noise (EcPN) measurements were 
also made, in an effort to determine if this technique was feasible 
for detecting the onset of SCC initiation.  Figure 6 show the 
details of the EcPN system.  For the EcPN technique, one EcPN 
measurement was made every hour.  One measurement consisted 
of 1024 specimen versus Pt wire electrochemical potential (EcP) 
measurements taken at a frequency of 3 Hz. 

25.4 mm
Pt wire

Zirconia
Sheath

Test 
Specimen

Autoclave

25.4 mm
Pt wire

Zirconia
Sheath

Test 
Specimen

Autoclave

 
Figure 6: Schematic of the electrochemical potential noise 
(EcPN) system.   
 
Post-Test Evaluation 
 
All specimens were visually inspected with a stereo-microscope at 
the end of testing to characterize the number of SCC cracks in the 
gauge section of the specimens.  The specimens that did not fail 
were then tensile pulled ~1.3 mm (~4% strain) and inspected a 
second time with a stereo-microscope to characterize the extent of 
SCC.  For the specimens that failed during the test, the maximum 
SCC depth on the fracture surface was also recorded. 
   
Results 
 
Effect of Material 
 
SCC initiation was observed in Alloy 600 for each of the 
microstructural conditions tested, and results are discussed below.  
SCC initiation was not observed in any of the EN82H specimens 
tested.  Tests were conducted on EN82H at 360°C, an applied 
stress of approximately 500 MPa, and dissolved hydrogen 
concentrations between 29 and 75 cc/kg H2, and no SCC was 
observed for exposure times up to 4718 hours (~ 6 months).  
Similarly, no SCC was observed for tests conducted at 288°C, an 
applied stress of 525 MPa, and a hydrogen content of 14 cc/kg 
after 8886 hours (~1 year).  Thus, the bulk of the testing has been 
conducted on Alloy 600.  
 
In-Situ Monitoring Techniques 
 
In tests where SCC occurred, a change in the slope of the EPD 
versus time signal was present, as shown in Figure 7.  As 
illustrated, lines were drawn over ranges of EPD data both before 
and after the slope of the EPD versus time data was noted to 
change.  The intersection of these lines was defined as the time at 

which SCC initiated.  Slope changes were not observed in the 
EPD data for the tests where SCC did not occur.  The LVDTs 
were less sensitive to detecting the onset of SCC initiation, as 
shown in Figure 8.  The LVDT signals were very noisy and were 
sensitive to room temperature and autoclave pressure fluctuations.  
The data shown in Figures 7 and 8 are from the same test.  EPD 
was able to detect initiation during this test at 1734 hours.  
Electrochemical noise measurements were also unable to detect 
the onset of SCC.   Thus, only EPD was able to consistently detect 
SCC initiation.  
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Figure 7: Example of SCC initiation detected by the EPD system.   
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Figure 8: Example of LVDT data obtained during initiation tests.  
 
Effect of Loading Technique / Load History 
 
SCC initiation was observed with all three loading techniques.  
However, for the ring-load specimens, the LVDT in-situ 
instrumentation was unable to detect SCC initiation.  As a result, 
comparisons of SCC initiation times are not possible for the ring 
loading and active loading techniques.  However, Figure 9 
compares the number of SCC cracks observed in solution 
annealed Alloy 600 ring and active loaded specimens tested under 
identical conditions.  Included in Figure 9 are also the results for 
the EPD “reference” samples that were included in the tests.  As 
seen in Figure 9, the ring loaded specimens exhibited significantly 
less SCC than the active loaded specimens.  Also, no SCC was 
observed in any of the EPD “reference” specimens that were 
examined.  In contrast, Keno autoclave testing and active-load 
testing have produced similar SCC initiation results.  Figure 10 
compares the results from Keno autoclave testing with results 



from active-load lever-arm testing for specimens that were tested 
under identical conditions.  Shown in Figure 10 is the time to 
failure for the “Keno” and active loaded specimens, as well as the 
time to initiation in the active loaded specimens.     
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Figure 9: Comparison of the number of SCC cracks observed 
under identical conditions for active and ring loaded specimens. 
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Figure 10: Comparison of the failure time for sensitized Alloy 
600 in aggressive BWR chemistry. 
 
Strain bursts, an example of which is shown in Figure 11, were 
observed in the active load tests.  In contrast, strain bursts did not 
occur in the ring-loaded samples even when SCC cracks were 
observed along the entire gauge length of the specimen. Strain 
bursts are instantaneous increases in the strain of the specimen (up 
to 1.3 mm of displacement), and were easily detected with EPD, 
LVDTs, and the actuator position.  Strain bursts have been 
reported by other researchers for Ni-Cr-Fe alloys (e.g., Alloy 690, 
Alloy 618, etc.) during creep testing at temperatures between 454 
and 566°C [2, 3], as well as in austenitic stainless steels [4].  
Commercial literature attributed strain bursts to the formation and 
subsequent release of dislocation pile-ups.  Klueh [2] postulated 
that when a dislocation pile-up breaks through a barrier, a 
dislocation avalanche results that triggers neighboring pile-ups, 
and that the process continues in neighboring grains.  Commercial 
literature demonstrated that the pile-up barriers could involve 
short range ordering.  The effect of strain bursts, if any, on SCC 
initiation is not yet understood.  One active-load test was 
conducted to determine if a strain burst would initiate SCC; SCC 
was not observed in the specimen following the first observed 
strain burst.   
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Figure 11: Strain as a function of time for mill annealed Alloy 
600 in deaerated water (360°C, 29 cc/kg H2) illustrating the strain 
bursts commonly observed during testing. 
 
Results suggest that there may be a load-path dependency on the 
SCC initiation behavior of nickel-based alloys in aerated water.  
During several “Keno” and active load tests in BWR chemistry, 
an increase in load during the middle of the test triggered SCC 
initiation.  This is illustrated in Figure 12 for solution annealed 
Alloy 600.  As shown in Figure 12, at 500 hours the specimen was 
unloaded and then reloaded to the same load.  No EPD indication 
of cracking was observed after the unload / reload transient.  At 
1056 hours, an intentional 9% overload was placed on the 
specimen for 2 hours, and then the load was returned to the 
original test load.  SCC was observed to start immediately after 
the overload, and continued when the load was returned to the 
original test load.  The specimen failed at 1367 hours.   
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Figure 12: EPD signal and stress as a function of time for 
solution annealed Alloy 600 specimen in BWR chemistry.  SCC 
initiated immediately after a 9% overload occurred. 
 
Effects of Materials Condition and Stress/Strain 
 
It has generally been reported that the SCC initiation time 
(SCCItime) for Alloy 600 in high temperature, high purity water is 
proportional to the applied stress by the expression SCCItime∝ σ-4 
[5-7].  The data were plotted as a function of applied stress to 
determine if the initiation time data followed the expected trend 
with respect to applied stress.  Figure 13 shows the measured time 
to initiation as a function of applied stress and suggests that the 
initiation time is not adequately described by the applied stress.    
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Figure 13: SCC initiation time as a function of applied stress for Alloy 600 and EN82H in deaerated water at 360°C.  Up arrows reflect 
specimens that did not initiate SCC.  Down arrows reflect specimens in which SCC occurred, but EPD was not able to detect initiation due 
to noise in the EPD response.  For specimens with down arrows, the indicated time corresponds to the exposure time.  All other SCC 
initiation times were determined by EPD. 
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Figure 14: SCC initiation time as a function of plastic strain for Alloy 600 and EN82H in deaerated water at 360°C.  Up arrows reflect 
specimens that did not initiate SCC.  Down arrows reflect specimens in which SCC occurred, but EPD was not able to detect initiation due 
to noise in the EPD response.  For specimens with down arrows, the indicated time corresponds to the exposure time.  All other SCC 
initiation times were determined by EPD. 



However, Figure 14 shows that same data are well correlated to 
plastic strain.  As seen in Figure 14, the time to initiation 
decreases as the plastic strain increases.  Included in Figure 14 are 
the results from two specimens of mill annealed Alloy 600 that 
were cold worked 12%.  For the cold worked specimens, the data 
are shown at two locations, the plastic strain applied during 
loading, as well as the total plastic strain imparted to the sample 
during both cold rolling and loading.  The data for cold rolled 
Alloy 600 suggests that the plastic strain imparted to the sample 
prior to loading the sample is important.  It should be noted that 
included in each test was a EPD “reference” specimen that was 
pre-strained to the same load as the test specimen prior to testing, 
but was not under any load during the test.  The fact that SCC has 
not occurred in any of the non-loaded pre-strained specimens 
suggests that although SCC initiation time correlates with plastic 
strain for the samples under load during the test, plastic strain 
alone is not sufficient to cause SCC initiation.  It appears that the 
samples must be under an applied load for SCC to initiate.       
 
It should be pointed out that the data shown in Figures 13 and 14 
correspond to both Alloy 600 and EN82H, and that multiple heats 
and heat treatments are shown for Alloy 600.  Additional testing 
for a fixed material condition is necessary over a range of applied 
plastic strains (and applied stresses) in order to conclusively 
determine whether the initiation time is controlled by applied 
stress or plastic strain.     
 
Effects of Dissolved Hydrogen 
 
Figure 15 summarizes the SCC initiation time as a function of 
dissolved hydrogen for Alloy 600 heat NX5805G at 360°C.  The 
five diamond data points on this figure represent Alloy 600 data 
from the HAZ specimen tests, while the four square data points 
correspond to pure Alloy 600 active-load test specimens.  The 
results from the HAZ specimens are included since post test 
stereo-microscope specimen inspections revealed numerous Alloy 
600 intergranular cracks and a lack of either EN82H weld metal 
or the EN82H to Alloy 600 heat affect zone cracks.  Since SCC 
occurred only within Alloy 600 regions, the SCC initiation time 
data obtained with the HAZ test specimens actually represented 
Alloy 600 heat NX5805G behavior.  The reasons for this behavior 
are discussed later. 

* Two small cracks observed after tensile pull, not detected by EPD (time represents exposure time)
** Multiple cracks observed prior to tensile pull, not detected by EPD (time represents exposure time)
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Figure 15: Effect of dissolved hydrogen on Alloy 600 SCC 
initiation in deaerated water at 360°C. 
 

Figure 15 illustrates that for the HAZ specimens, the SCC 
initiation time is lengthened by a factor of ~2 as the dissolved 
hydrogen concentration is increased from 30 to 75 cc/kg and by a 
factor of ~5 as the dissolved hydrogen level is reduced from 30 to 
1 cc/kg hydrogen at 360°C.  In contrast, no discernible SCC 
initiation performance difference was noted between MA Alloy 
600 specimens tested at hydrogen levels of 30 and 75 cc/kg.   
 
Also included in Figure 15 is the estimated effect of dissolved 
hydrogen on SCC initiation time using the results from [8].  
Specifically, it was assumed that the SCC initiation and crack 
growth rate dissolved hydrogen functionalities were analogous.  
That is, if a 2X increase in the crack growth rate susceptibility 
occurred for a given change in hydrogen level, this same increase 
in susceptibility would be associated with SCC initiation 
(decrease in initiation time).  As illustrated in Figure 15, a modest 
increase in SCC susceptibility is predicted when the hydrogen 
level is decreased from 75 to 30 cc/kg (1.1X), which is relatively 
consistent with the experimental data (i.e. HAZ specimens 
showed a 2X increase in SCC initiation susceptibility but no effect 
was observed with the mill annealed specimens).  An appreciable 
reduction in SCC susceptibility of 3x was predicted when the 
dissolved hydrogen level is reduced from 30 to 1 cc/kg and a 5x 
reduction was observed in the HAZ specimens.   
 
These limited test results suggest that the SCC initiation and SCC 
growth rate dissolved hydrogen dependencies may be 
quantitatively similar.  These SCC initiation dissolved hydrogen 
results are also consistent with commercial U-bend SCC initiation 
tests which have shown that the SCC initiation and growth rate 
dissolved hydrogen effects are similar [9]. 
 
Thermal Activation Energy Determination 
 
Figures 16 and 17 provide determinations of the thermal 
activation energy (Q) for solution annealed Alloy 600 SCC 
initiation based on testing at 360°C, 338°C, and 316°C.  Q was 
determined to be 140 ± 33 kJ/mol in the Figure 16 evaluation and 
133 ± 26 kJ/mol in the Figure 17 evaluation.  The Figure 16 
evaluation is for the single Alloy 600 heat NX5805G.  Figure 17 
includes data from this heat as well as data from two other heats 
(46392 and NX5853).  Generally, it is a poor practice to combine 
multiple heats of material in a single Q evaluation (Figure 17) 
since heat-to-heat variability can confound the temperature 
dependency.   Because of this, the single heat (Figure 16) Q of 
140 kJ/mol is viewed to be the best estimate for the Q of solution 
annealed Alloy 600 SCC initiation.  However, the similarities 
between the single heat and combined heat Q values suggests that 
the solution anneal heat treatment may significantly reduce heat-
to-heat variability.  It is possible that SCC heat-to-heat variability 
is in a large part due to differences in grain boundary carbide 
coverage.  The solution anneal heat treatment essentially 
solubilizes grain boundary carbides, which increases the SCC 
susceptibility and may reduce the heat-to-heat variability.  
 
The estimated thermal activation energy of 140 kJ/mol is 
considerably less than values reported by other investigators (e.g., 
212 kJ/mol [10]).  One important consideration for this difference 
is the effect of dissolved hydrogen, although stress relaxation 
(which varies with temperature) may also affect the results.   The 
correct methodology to conduct thermal activation energy tests for 
nickel alloys is to perform tests at a constant distance (in terms of 



∆EcP, ∆EcP = (EcPNi/NiO – EcP)) from the Ni/NiO phase 
transition at all temperatures [11].  The tests shown in Figures 16 
and 17 were all conducted at ∆EcP ~ 10 mV.  Since the hydrogen 
concentration of the Ni/NiO phase transition is a function of 
temperature [12], this thermal activation energy test methodology 
requires that different hydrogen concentrations be tested at each 
temperature.  However, prior to this recent dissolved hydrogen 
understanding, thermal activation energy testing was performed at 
a constant dissolved hydrogen level.  Thermal activation energies 
are likely to be biased high if testing is performed at a constant 
dissolved hydrogen level.  Thus, similar to SCC crack growth 
rate, the true Q of  SCC initiation is likely to be in the 100 to 170 
kJ/mol range and the higher values reported earlier (e.g., 210-250 
kJ/mol) are likely biased high by dissolved hydrogen effects, 
Reference (11). 
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Figure 16: Results of thermal activation energy testing: solution 
annealed Alloy 600 heat NX5805G at ∆EcP~10 mV. 
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Figure 17: Results of thermal activation energy testing: solution 
annealed Alloy 600, three heats, ∆EcP ~10 mV. 
 

Discussion 
 

Effect of Stress and Strain on Initiation Time 
 

Results suggest that active load testing coupled with the use of 
EPD for in-situ SCC initiation detection is the preferred 
methodology for SCC initiation testing. This test methodology is 
preferred for two reasons: 1) the strain and strain history are 
accurately known and controlled and 2) the data will have less 
uncertainty than data derived from ring and U-bend specimens, 

which rely on the period of time between specimen inspection 
intervals to estimate SCC initiation times and which have 
unknown and uncontrolled strain-states.   
 
Testing of specimens in which the strain and strain history are 
accurately known and controlled is necessary based on the results 
in Figures 13 and 14, which suggest that plastic strain (and not 
stress) controls SCC initiation.  Additional information which 
supports the notion that plastic strain is the controlling mechanical 
parameter for SCC initiation is obtained from considering the 
difference in SCC response between the active and ring loaded 
specimens shown previously in Figure 9.  Figure 18 compares the 
stress-strain history associated with active-load SCC initiation test 
specimens compared with the stress-strain history believed to 
occur within ring-loaded specimens.  Active-load specimens were 
loaded either at 338°C (hot) or at room temperature (cold) to the 
target test stress which was then held constant.  For hot loading, 
the stress-strain history is analogous to the 338°C tensile curve, 
which is the blue line in Figure 18.  The diamond symbols 
correspond to active-load specimen test stress-strain states.  The 
specimen active-load test stress-strain state is determined from an 
in-situ measurement of the test load and a post test measurement 
of the specimen elongation.  For active-load specimens which are 
loaded cold, the stress-strain behavior follows the room 
temperature tensile curve (red curve) until the test stress is 
obtained.  The test specimen is then heated to the test temperature 
under constant stress (blue arrow illustrating appreciable strain 
upon heatup under constant stress). 
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Figure 18:  Comparison of the stress and strain in ring versus 
active loaded test specimens. 
 
In contrast, the ring-load specimens could only be loaded at room 
temperature.  Additionally, the ring-load specimens were loaded 
to a level about 10% higher than the actual test stress to account 
for load relaxation due to an elastic modules change upon heatup.  
The circles in Figure 18 represent the stress-strain state upon the 
cold loading and the triangles represent the anticipated stress-
strain state upon heatup.   The ring-load specimen strain values 
were determined through post test specimen measurements.  
Unlike an active-load specimen heatup under constant load, the 
strain does not appreciably increase upon heatup in a ring-load 
specimen.  Because of this difference the test strain associated 
with ring-load specimens is much lower than the strain level of an 
active–load specimen test at the same stress (e.g., ~20% greater 
strain for solution annealed Alloy 600 tested at 338°C and a stress 
of ~480 MPa).  



As mentioned in the previous paragraph, numerous differences 
exist between active and ring-load specimen loading methods 
which may explain the difference in the SCC initiation response.  
Since active-load specimens were loaded both at room and test 
temperature and have shown the same time to initiation, it is 
unlikely that this difference is attributable to a temperature effect.  
 
A ring simulation active-load test was performed to provide 
insight into the difference in SCC initiation response between ring 
and active-load specimens.  In this active-load test, the specimen 
was loaded 10% above the desired test load prior to heating the 
autoclave.  Then, while the autoclave was heating-up, the 
specimen was unloaded 10% to the target test load.  This 
replicates the load loss rings experience, since their modulus 
decreases as temperature increases.  During the test, the load was 
decreased 4.45 N every other day to simulate the decay in load 
that occurs for the ring loaded specimens.  The test specimen 
stress-strain state at the end the test is depicted on Figure 18 as a 
square.  The SCC initiation response of this specimen was similar 
to active-load, not ring-load specimens.  This result suggests that 
it is not the initial 10% overload or the relaxing stress associated 
with the ring-load specimens which explains the difference in 
SCC initiation response in ring and active-load specimens.  Based 
on these results and the results presented in Figures 13-14, it 
appears that the different SCC initiation response in the ring and 
active-load specimens is due to different levels of plastic strain.   
 
The lack of SCC initiation in the HAZ region of the Alloy 600-
EN82H-Alloy 600 specimens is believed to be consistent with the 
evidence that plastic strain, not applied stress, is a dominant factor 
in SCC initiation.  The lack of SCC within the HAZ regions was 
surprising in light of HAZ crack growth rate studies, which 
indicate a significant increase in the SCC crack growth rate 
susceptibility within the HAZ [13].  Furthermore, the short 
initiation times in the solution annealed material suggest that the 
HAZ microsctructure should be more susceptible to SCC 
initiation relative to MA material.  Specifically, the yield strength 
of the weld metal and HAZ regions of the narrow groove weld 
“HAZ” specimens is greater than the yield strength of the Alloy 
600 region.  Because of this yield strength difference, the Alloy 
600 regions are expected to strain to a greater extent than the HAZ 
and weld metal regions when the HAZ specimens are loaded to a 
constant stress.  This difference in strain may explain why Alloy 
600 initiation times are earlier in the HAZ specimens than in MA 
Alloy 600 specimens under the same conditions in Figure 15. 
 
Resolution of EPD System 
 
Post-test destructive examinations were performed on three 
solution annealed Alloy 600 test specimens (GL5-77, FJ9-15, 
GL5-27) to better define the resolution of the EPD in-situ crack 
monitoring system.  GL5-77 was tested at 338°C, 20 cc/kg 
hydrogen, and a stress of 476 MPa for 1678 hours.  EPD did not 
indicate SCC in this specimen, however the EPD system had 
excessive noise during the last 350 hours of the test (i.e., initiation 
could not be determined during this time frame).  Specimen FJ9-
15 was tested at 360°C, 50 cc/kg hydrogen, and a stress of 448 
MPa for 668 hours.  EPD indicated SCC at 583 hours in this 
specimen.  Similar to GL5-77, specimen GL5-27 was tested at 
338°C, 20 cc/kg hydrogen, and a stress of 483 MPa stress for 
1481 hours, and EPD indicated SCC at 1205 hours. 
 

Specimen GL5-77 was inspected by computed tomography (CT) 
following testing both before and after performing a post test 
tensile elongation.  Prior to a tensile elongation of ~1300 µm, 
cracks were not noted on the specimen by CT, but were detected 
by dye penetrant and optical stereo-microscope inspections. 
  
Upon tensile elongation of GL5-77 and FJ9-15, numerous surface 
cracks were noted by optical stereo-microscope inspections.  The 
deepest looking crack on each specimen was identified and this 
crack location was investigated by subsequent CT and 
metallographic inspections to characterize the maximum crack 
depth.  Metallography and CT crack depth characterization results 
were consistent for a given specimen.  CT and metallography 
showed 0.46 and 0.48 mm crack depths, respectively, for 
specimen GL5-77, as shown in Figure 19.  A 1.02 mm crack 
depth was noted in specimen FJ9-15.  
 

0.46 mm

 
(a) 

0.48 mm

0.13 mm GL5-77, G, 11th Surface, 8:1 Phos.

0.48 mm

0.13 mm0.13 mm GL5-77, G, 11th Surface, 8:1 Phos.

 
(b) 

Figure 19: (a) Computed tomography inspection and (b) 
metallographic cross section inspection of the SCC noted by dye 
penetrant and optical inspection in specimen GL5-77.   
 
A cursory interpretation of the above results suggests that for SA 
Alloy 600, the EPD resolution was between 0.46 and 1.02 mm.  
However, the above crack depths require correction for crack 
growth.  That is, for specimen FJ9-15, EPD indicated SCC at 583 
hours and the test was shutdown at 668 hours.   One issue that 
must be addressed is the crack growth rate for those 85 hours.  
Prior testing of Alloy 600 compact tension specimens with a 
thickness of 2.54 mm under similar environmental conditions 
suggests that for a stress intensity factor (K) of 60 ksi√in, the SCC 
growth rate should be ~ 4 x 10-7 mm/s.  K of course will increase 
with increasing crack depth.  This suggests that the resolution is 
not 0.46 to 1.02 mm, but 0.34 to 0.90 mm.   
 
There are reasons to believe that the 4 x 10-7 mm/s estimate is too 
slow (i.e., 0.25 to 0.89 mm mils EPD resolution estimates are 
even lower).  The SCC growth rate estimate of 4 x 10-7 mm/s is 



expected to be low since the SCC initiation test material was SA 
Alloy 600, which is a more susceptible material condition than the 
MA Alloy 600 from which the SCC growth rate estimate was 
based.  Additionally, the SCC growth rate verses K plot presented 
in Figure 20 suggests that the SCC growth rate of button head 
tensile specimens could be greater than estimated due to a 
“specimen size” effect, [11].  Specifically, Figure 20 suggest that 
at high stress intensity factors, higher SCC growth rates occur for 
compact tension specimens of smaller sizes, possibly (likely) due 
to a loss in constraint.  An even greater SCC growth rate may 
occur in the button heat tensile specimens since these specimens 
are even smaller than the 0.6T compact tension specimens at high 
K.   In the unlikely event that EPD worked perfectly, all SCC 
crack growth would have occurred in the 3.5 days beyond “EPD 
indicated initiation” for specimen FJ9-15.  In this case the 
resulting average crack growth rate for the maximum crack depth 
would be 3.2 x 10-6 mm/s. 
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Figure 20:  SCC growth rates as a function of specimen thickness 
suggest that at high K-levels, results may be biased fast for 
“small” specimen sizes. 
 
There was concern that post-test specimen tensile elongation was 
actually creating cracks (i.e., opening up embrittled grain 
boundaries.)  To test this hypothesis the crack tip of specimen 
GL5-27 was inspected at high magnification in a scanning 
electron microscope (SEM) upon tensile elongation.  This 
inspection revealed oxide covered grain boundaries, suggesting 
that tensile elongation does not form cracks but instead widens 
existing stress corrosion cracks.  This hypothesis is supported by 
inspections results of tensile elongated non-loaded EPD reference 
specimens which to date have shown no evidence of SCC. 
 
Conclusions 
 
• Preliminary results suggest that plastic strain may be a better 

mechanical parameter than stress to characterize SCC 
initiation time.   

 

• Limited SCC initiation thermal activation energy testing 
suggests that the activation energy for SCC initiation in Alloy 
600 is ~140 kJ/mol, which is similar to the thermal activation 
energy measured for SCC growth.  This value is much lower 
than many prior measurements, which may have been biased 
by dissolved hydrogen effects.  In the present study thermal 
activation energies tests were conducted at a constant 
corrosion potential distance from the Ni/NiO phase transition. 

 

• Testing suggests that SCC initiation and SCC growth exhibit 
similar sensitivities to dissolved hydrogen level. 

• Testing at 360°C and dissolved hydrogen levels near the 
Ni/NiO phase transition suggests that it may be impractical to 
obtain SCC initiation of EN82H weld metal in a reasonable 
period of time at strain levels < 10%. 
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