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Abstract 

Environmentally Assisted Cracking (EAC) in low alloy steels is generally believed to be activated by 
dissolution of MnS inclusions at the crack tip in high temperature LWR environments. EAC is the 
increase of fatigue crack growth rate of up to 40 to 100 times the rate in air that occurs in high 
temperature LWR environments. A steadv s tatg theory developed by Combrade, suggested that EAC 
will initiate only above a critical crack velocity and cease below this Same velocity. A range of about 
twenty in critical crack tip velocities was invoked by Combrade, et al., to describe data available at that 
time. This range was attributed to exposure of additional sulfides above and below the crack plane. 
However, direct measurements of exposed sulfde densities on cracked specimens were performed 
herein and the results rule out significant additional sulfide exposure as a plausible explanation. 
Alternatively, it Is proposed herein that localized EAC starting at large sulfide clusters reduces the 
calculated threshdd velocity from the value predicted for a uniform distribution of sulfides. Calculations 
are compared with experimental results where the threshold velocity has been measured, and the 
predicted wide range of threshdd values for steels of similar sulfur content but varying sulfide 
morphology is observed. The threshdd velocity decreases with the increasing maximum sulfide particle 
size, qualitatively consistent with the theory. The calculation provides a basis for a conservative 
minimum velocity threshdd tied directly to the steel sulfur level, in cases where no details of sulfide 
distribution are known. 

Introduction 

Environmentally assisted cracking (EAC) in low alloy steels exposed to light water reactor (LWR) 
coolants can increase fatigue crack growth rates up to 100 times the air rate in the temperature range 
240-30O0C. EAC is generally believed to be activated by dissolution of MnS inclusions at the crack tip in 
high temperature LWR environments. The fundamental rde of the sulfur content in the steel in causing 
this accelerated crack growth rate at 290°C, the kinetics of the growth rate, dependence on 
electrochemical potential, and micromechanisms of fracture have been extensively studied in 
laboratories around the world. Detailed reviews of fatigue crack growth and stress corrosion cracking in 
low alloy steels have been recently performed by Scott (1) and James (2). Using upper bound EAC 
crack growth rates, fatigue crack growth can be conservatively assessed. For plants that operate mostly 
in a steady state mode, the crack growth predicted due to occasional transients may be acceptably 
small. If the sulfur content of the steels is known to be low ( ~ 0 . 0 0 5  wt%) and sulfide morphology is 
favorable, the likelihood of EAC may be considered to be remote in deaerated water. 

For higher sulfur steels in stagnant flow locations, it is important to assess thresholds for EAC and define 
conditions for which EAC is not activated. The importance of the crack growth rate in defining EAC 
thresholds has been recognized for some time. The crack tip strain rate is recognized as the 
fundamental driving parameter for describing the oxide fracture at the crack tip during crack advance, 
but there are difficulties in calculating this parameter according to Scott (1). Shoji, Takahashi, Suzuki, 
and Kondo (3) successfully used the fatigue crack growth rate in air, which is proportional to the crack 
tip strain rate, to correlate EAC fatigue crack growth data. Atkinson and Forrest (4) qualitatively 
identified the importance of crack tip velocity as a trigger for EAC in several steels. This critical crack tip 
velocity depended on the sulfur content in the steels and diffusion of sulfides in water. 

In general, mass transport in a crack can be a combination of convection, ion migration, and diffusion. 
The work by Combrade, Foucault, and Slama (5) suggests a quantitative approach to describe EAC 
under low oxygen and low flow conditions. Under these conditions, the steadv state dissolved sulfide 
concentration at the crack tip is determined by a balance between production at the advancing crack tip 
and losses out the crack mouth due to diffusion. They theorized that a critical crack tip velocity of about 
lO*mm/s was necessary to produce the sulfide concentration needed to sustain EAC. They 

- 1 -  . 



.- 

I 

X 

successfully correlated the initiation or cessation of EAC with a critical crack tip velocity (designated VI,,) 
as shown schematically in Figure 1. Figure 1 shows that the environmental crack growth rate is double 
valued for a wide range of loading parameters, exhibiting a type of hysteresis effect. EAC can be active 
or inactive at Intermediate loading rates, depending on load history. 

A series of tests by Wire and U (6) on high sulfur A302B plate with initially dean cracks and, low sulfide 
inventories was performed. The Combrade et ai. (5) concept of a critical velocity for initiation of EAC is 
apparently applicable, although EAC is activated at a much lower critical velocity (5x10' mm/s) for a 2.5 
mm crack in this steel. Also, a minimum crack extension of order 0.3 mm is required at rates above the 
critical velocity before EAC is activated. Transient diffusion analysis was performed to relate the 
minimum crack extension and observed times for EAC initiation to fundamental EAC theory. The finite 
crack extension provides the area of dissolving sulfides and diffusion flux needed to obtain the critical 
dissolved sulfide concentration for EAC. The sluggish sulfide dissolution times of two days observed for 
the high sulfur steels successfully accounts for the minimum times of 30 hours for EAC to activate. 

Recent tests by ti (7) designed to study EAC Cessa tion in high sulfur plate showed that EAC eventually 
ceased when the crack tip velocity was below Vi,,. However, the duration of EAC depended strongly on 
the initial depth of exposed sulfides. EAC persisted up to 800 hours for a 1Omm deep crack, much 
longer than may have been expected, based on either diffusion or sulfide dissolution. Wire (8) showed 
that diffusion analysis with limited sulfide solubilii was able to explain the far longer times (> 1000 
hours) observed for the persistence of EAC. The main objective of this paper is to relate the observed 
low threshold velocities directly to theory. 

Threshold Velocity and Segregation 

Fdlowing the diffusion analysis of Combrade et al,(5), the steady state sulfur supply rate or flux in a 
crack, F,, is related to the crack growth rate, 8 ,  and the bulk sulfur level, S, in the steel by 
F, = (p*d/pw) (d,/d)S 51 EH 51. In this expression, pad, p, are the densities of steel and water, 
respectively, and H represents the metallurgical sulfide density, and d is the average crack opening. The 
distance d, is the "equivalent thickness of material' over which sulfides are exposed and is expected to 
be "significantly larger than the average size of the inclusions" due to a non planar path caused by 
cracked inclusions ahead of the crack tip, according to Combrade, et al. (5). A range of about twenty in 
d,/d was invoked by Combrade, et al., to describe the range of critical velocities observed at that time. 
A critical dissolved sulfide concentration C,, is required for EAC. This leads to EAC initiation at a crack 
tip velocity of V,, given as 

Vi, = DC,,/Ha 

where "a" is the crack depth and D the diffusion constant. 

Using the relationship for VI,, a quantitative comparison was made with the observed critical velocities 
for A302B. The initial crack lengths were 3 mm in initiation tests, and the quantity 
H = (pad/pw) (d,/d)S = 0.002 (d,/d) for the sulfur level 0.025 wt%. Using the critical sulfur 
concentration of 3 ppm based on Van Der Sluys' (13) tests and D = 2x104 cm2/s (5), it is seen that a 
dm/d of 20 would be required to agree with the minimum value of Vi, of 5x107mm/s. A similar range of 
dsn/d=20-30 was required to describe the times for EAC cessation in A302B (8). This suggests that far 
more sulfides are active in the process than exposed on a perfect crack plane. In contrast, the value 
calculated for d,/d is only 3 for the 0.013 wt%S forging tested by Combrade. The threshold velocities 
for EAC appears to vary, due to the factor of 20-30 variability represented by d,/d. The quantitative use 
of this theory may thus be subject to question, unless a direct basis for assessment of d,,/d is 
established. 

A test of the theory is possible, because the large variation in d,/d implies that preferentially 20-30 times 
more sulfides would be exposed in steels due to out of plane cracking. Direct observations of sulfide 
exposure during fatigue crack growth in air were performed. It is recognized that extra sulfides are 
exposed in water with EAC on due to hydrogen embrittlement induced during EAC. Hydrogen 
embrittlement leads to microcracks around the inclusions, which interact strongly with the main crack 
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leading to exposure of additional sulfides above and below the crack plane (10). When EAC initiates 
from corrosion fatigue (Vw), i.e. no EAC, however, environmental effects are minor and hydrogen 
embrittlement is not occuring. Tests in air simulate this condition. 

Three samples of pressure vessel steels were used in this study: ASTM A302B (HT 20969-2), A508, 
Class 4, (HT 1222195-VA1) and M08, Class 2 (HT 124H448-VA1). The actual bulk sulfur levels were 
0.024, 0.004, and 0.008 wt% S, respectively. These samples were precracked using an MTS servo- 
hydraulic system in room temperature air according to ASTM E647, Section 8.6 via load shedding from 
AK levels of 17-19 MPaJm to AK levels of about 11 MPaJm. Fatigue cracks were then grown in room 
temperature air at increasing loads according to ASTM E647, Section 7.2.1. The AK levels went from 
approximately 11 MPaJm to at least 62 MPaJm and a maximum of 77 MPaJm. All three of the 
samples were then fractured into separate halves after immersion in liquid nitrogen. 

SEM observations were made using an AMRAY l0oOB unit operating at 20 kV. First, the total fracture 
surface was photographed piece by piece at a magnification of 5X so that the distinct AK regions could 
be delineated. Then, a survey was made at a magnification of 100X of each AK region so that a 
representative area could be defined and photographed. Finally, each representative area was scanned 
at magnifications ranging from 500X to 2000X so that inclusions could be located. Once located, the 
particles’ compositions were examined using Energy Dispersive Spectroscopy (EDS). For purposes of 
this study, only those particles believed to be predominantly manganese sulfides were counted. 

Observations from the present study show that the MnS particles observed in the high sulfur plate were 
disk shaped. Their orientations were such that their radii were parallel to both the crack growth direction 
and the primary fracture plane normal. The diameters of these disks ranged from approximately 20 pm 
to approximately 40 pm and the thickness was about 3 pm. The particles found in the forgings were 
globular and had diameters ranging from about 2 pm to approximately either 5 pm or 7 pm, respectively, 
for the 0.004 and 0.008 wt% S steels. In all cases, the sulfides were in general randomly distributed with 
some scattered clustering. 

Figure 2 shows the areal density of MnS particles found on the fracture surfaces of the as-cracked 
samples with areas of clustering, and those from planar polished specimens. Results from multiple 
areas examined are shown to indicate the significant variability. The polished samples are from the 
same heats of materials as those examined in this work, so a direct comparison can be made. It should 
be noted that the as-cracked samples have rough fracture surfaces. The polished samples have flat, 
polished surfaces which are parallel to, but just below the actual fracture surfaces. 

The scatter in the counting of particles from run to run on the same area is large in some cases. 
Overall, though, results from the present study shown in Figure 2 offer no discernable difference in terms 
of the areal density of sulfide particles exposed on a rough fracture surface versus those exposed on a 
flat, polished sample surface. Therefore, the mechanics alone cannot explain the factor of twenty 
reduction in Vi, attributed to exposure of more sulfide particles and another mechanism needs to be 
found. 

A detailed study of sulfide morphology was performed on a variety of steels tested for EAC around the 
world to try to improve the correlation of EAC to sulfide morphology. Wire and James (9), showed that 
either the sulfide area fraction or bulk sulfur level as measured in test specimens appeared to correlate 
EAC susceptibility in a rough manner. Use of both the mean maximum particle diameter and area 
fraction provided a better separation of EAC susceptibility as shown in Figure 3. The maximum diameter 
is simply the maximum dimension of a particle as measured by the automated scanning process. The 
Figure shows that EAC was not observed for steels with mean maximum sulfide diameters below 4 pm 
and sulfide area fractions below 0.0003. This is consistent with the observation by Hanninen, 
Kempainen, and Ttirronen (10) that EAC occurred in an A5338 steel with a large portion of sulfides 
above 6 pm, but did not occur in two other steels with similar sulfur contents but relatively few sulfides 
above this size. Further. EAC was associated with fan shaped, brittle fracture areas which often started 
from sulfide inclusions. This shows that EAC can occur locally around large MnS particles. The 
enhancement in crack growth rate increased with the percentage of brittle fracture observed on the 
crack plane (10). 
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Cdonies of sulfide particles, as shown in Figure 4, also produce localized EAC. Bulloch and Atkinson 
(1 1) quantified the degree of sulfide segregation occurring in MnS colonies associated with fatigue crack 
surfaces in low alloy steels. They defined a parameter called the localized sulfide concentration factor, 
LSCF, which is the ratio of the sulfide area fraction in the inclusion cluster to the ideal or uniformly 
distributed sulfide area fraction. The uniform area fraction is obtainabie directly from suMde studies 
discussed above, and represents an averaged value over a plane surface. The LSCF observed in 
segregated colonies of inclusions ranged from 70 to 150 in areas with EAC crack growth, and were very 
small (about 10) in regions of non EAC crack growth. The authors went on to develop a detailed 
assessment of the local sulfide concentrations around occluded sulfiide clusters with crack velocity. The 
calculated concentrations of sulfides in the water were very high, ranging from 1000-3300 ppm, and 
threshold concentrations required for EAC were estimated to be >4000 ppm. These results assumed 
sulfide sdubility was unlimited, counter to experimental data and interpertation used in this paper. 

As reviewed in detail by Wire (8), there is strong evidence that the concentration of sulfides dissolved by 
exposure of MnS to water is limited to values less than about 10 ppm in pure water, and increases to no 
more than 100 ppm with addition of LiOH and boric acid. Measurements of sulfide levels formed by 
dissolution of MnS powders in low alloy steel crevices showed about 5 ppm for the maximum sulfur 
concentration after high temperature exposure in pure water. Recently, Young and Andresen (12) 
reported direct measurements of sulfide concentration at crack tips with EAC in the range of 4-12 pprn. 
These were maximum values obtained with the addition of oxygen. Finally, the direct doping tests with 
H,S by Van Der Sluys (13) showed that a value of 3 ppm was sufficient to induce EAC even in low sulfur 
steels. Hence, it is concluded that the actual levels of sulfides necessary for EAC are about 3-5 ppm. 

The diffusion analysis by Wire (8) quantified the effects of reduced sdubility on the rate of dissolution. A 
schematic of a dissolving sulfide of radius, R,, in a solution of concentration, C,, is shown in Figure 5. 
With limited sulfide solubility, the maximum concentration, C,, is obtained on the dissolving particle 
surface, and the maximum possible flux of dissolving ions is j=DCJRo at the particle surface. For the 
case where the bulk solution has a concentration C, of sulfides, the maximum is reduced to j=D(C,- 
C,)/R,. Dissolution rates decrease with increasing solution concentration and cease in a saturated 
sdution. The corresponding particle dissolution time T (8) increases rapidly for C, near C, as 

. 

TP,) = Go,/Pw) R,2/I2D(C,-Co)1 (3) 

This dependence of dissolution time on solution concentration explains the wide variation of particle 
dissolution times observed for sulfides in a crack tip, and shows that very long dissolution times will 
occur in a crack when a large inventory of sulfides has led to concentrations near C,. The saturation 
concentration C, attainable from dissolution of MnS is about 10 ppm in pure water (8). 

Diffusion analysis with a large inventory of sulfides present on the crack tip was performed (8) in cases 
where the dissolved sulfide concentrations are expected to be near the solubility limit. This occurs after 
exposure of a large inventory of fresh sulfides, due to breakthrough of an embedded defect or around a 
cluster of sulfides visualized by Bulloch and Atkinson. In both cases, the limited sulfide solubility 
reduces the dissolution rates of sulfides. The dissolution time for a large array of sulfides of depth "a" is 

tdi,(a) - Ha2/(2DCJ (4) 

This equation becomes the same as that for a particle of radius R, in Equation 2 by substituting a = R, 
and H = p,/pw (for 100% sulfide density). 

These results explain the occurrence of localized EAC due to either single sulfide particles (Equation 2) 
or cluster of sulfides of depth a (Equation 3). In both cases, the dissolved sulfide concentration near the 
particle is C,, which is sufficient to cause EAC. Hence, EAC will be active around freshly exposed sulfide 
particles, even at low cycling rates and crack tip velocities. The concentration stays at this level for 
extended times, because now the maximum concentration is C,, which limits the dissolution fluxes at 
particle interfaces to a maximum value of DCJR,. The occurrence of localized EAC near particle 
clusters along a crack tip is shown in Figure 6. As shown, EAC will occur locally at each cluster as it is 
exposed since C - C, is greater than Ccw Cracks will grow around the clusters at the EAC crack 
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growth rate. Since EAC is initially operative in exposed clusters, EAC will continue at crack tip velocities 
V>Vi, as shown in Figure 1. For the case of fully enhanced EAC in A302B (14), the crack tip velocity is 
a maximum of 40 times that in air, and the corrosion fatigue rate V, (EAC off) is about 1.7 times the air 
rate, leading to V, - 24 V,. Hence, EAC will remain on around these dusters for V, = V,, /24 . 
This shows that localized EAC can reduce the effective initiation velocity for EAC by a factor of up to 24. 
The concept that localized EAC can be triggered at inclusion colonies due to the high concentration of 
sulfides means that EAC can be activated locally in segregated steels at average crack tip velocities 
much lower than Vi,. It remains to define the conditions for EAC to be stable and persistent. It is easily 
shown that this will occur only for segregated steels. For EAC to persist and spread generally across 
the crack front, the advancing localized crack must expose new sulfides during the time that the cluster 
is dissolving (Fig. 6). The crack must therefore traverse a minimum distance AP, where AP is the 
average sulfiie spacing. At the minimum velocity Vi,, the requirement is 

V, t,>AP. (4) 

Comparison to Experiment 

Sulfide parameters for a range of steels are listed in Table 1. The areal particle density, n, can be used 
to estimate the spacing as n= l/(AP)'. Even for the very high sulfur A302B plate, with the largest mean 
maximum sulfide size, it is easily seen that individual sulfides could not lead to sustained EAC for 
V c  <Vi,. Using D=2x104cm2/s, C,=7x1OS ppm, C,=O (V< <Vi,), Vi,=5x107 mm/s, and Equation 2 with 
2 R, = 13 pm, the calculated value of Vinr is only 0.172 pm while AP is 120 pm. 

For the A3028 and A5338 plate materials and A508-2 forgings in Table 1, larae clusters were observed 
to occur frequently at a low magnification of 100-200X, making EAC continuation from clusters plausible. 
For large clusters in A302B the value of Vi, tditt from Equation 3 is 268 pm while A9 is 120 pm so EAC 
would be sustained. For A5338, with Vi, = 1 . 4 ~ 1 0 ~  mm/s (6) the value of Vi, tdi, is 385 pm while A9 is 
276 pm consistent with segregation effects. Similarly, some of the A508-2 forgings will show this effect 
depending on the values of Vi, and the cluster size. Since data are limited for initiation velocities of 
medium sulfur forgings, the value Vi, observed by Combrade, et al. (5), of 7x104 mm/s is used. Heat 
5610 shows Vi, t d k  is 119 pm while AP is 100 pm, and sustained of EAC would be expected for V,, = 
Vi,. On the other hand, for heat 53718 V,, tdm is 50 pm while A9 is 110 pm and so stable EAC would 
not be projected. In fact, EAC was observed for heat 5610 (15), while none was seen for heat 53718 
(Reference 14, Heat G). For the A5084 materials, clusters were small and no EAC was observed. 

TABLE 1 
SULFIDE DISTRIBUTION MEASUREMENTS FOR SEVERAL STEELS 

+ Maximum values used due to large scatter *Typical value for large cluster 
+ + Isolated only 
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Weldments have very small particles as the example in Table 1 shows, and no observed clusters 
consistent with the rarity of EAC in welds (2). The overall calculations show that clustering explains the 
low values of EAC initiation velocities observed for A3028 and A5338 plate materials, consistent with the 
fundamental theory for EAC Initiation based on diffusion analysis. 

Only limited data are available where assessments of V,, were made by systematically varying test 
loading parameters to assess the minimum velocity to turn on EAC. The data were collected by Wire 
and U (6). The data show a minimum initiation velocity of 5x10’ mm/s for a high sulfur (0.024- 
.026 wt %S) A3028 plate and a maximum 8x10a mm/s observed for a low sulfur plate (0.007 wt%S). As 
mentioned above, the low initiation velocity in the A3028 material does indeed suggest that EAC started 
at a value of 20 times lower than projected by using Equation 1 with d,/d= 1. This is consistent with 
significant segregation effects which can lead to a change of about 24. The medium sulfur (0.013 wt%) 
A533B plate also shows evidence of segregation with Vi, about 20 times less than theory for d,/d = 1. 
The medium sulfur forgings and low sulfur plate show velocities lower by factors of 2.7 and 4.5 than 
projected, possibly indicating small effects of clustering. 

Using lower bound estimates of the initiation crack tip velocity for EAC specimens from the round robin 
study (9) mentioned eariier, a greater population of EAC velocities Is constructed in Figure 7. This plot 
shows a factor of about 100 variation in transition velocity for a variation of about 5 in sulfur level, 
consistent with the theory that the lower threshold velocities are reduced by about 24 times below 
theoretical values based on bulk properties. To make this more transparent, the crack tip velocity times 
the bulk sulfur level (SV) is used to represent the sulfide flux based on a uniform distribution of sulfides 
as shown in Figure 8. This plot normalizes the effect of bulk sulfur level, and should isdate segregation 
effects. Figure 8 suggests that there is indeed a minimum value of SV which bounds all of the data. 
Further, the calculated maximum effect of segregation of 24 is consistent with the range in SV. 

Additional comparisons with literature can be made to test whether the maximum effect of segregation 
proposed here brackets the observed thresholds. Van Der Sluys and Emmanuelson have performed a 
systematic series of tests in order to define a threshold for EAC cessation (13) in simulated PWR water. 
They concluded that an &r velocity of l ~ l O - ~  mm/s was the minimum required to sustain EAC. Since 
this value is for EAC cessation, the corresponding value of Vi, for EAC initiation would be about 40 times 
this or 4x10a mm/s, which is easily bounded below by the value of 5xlO-’ mm/s observed for A302B 
plate. Atkinson, Yu, and Chen (16) recently published a theoretical fit to threshold stress intens’ 
for EAC thresholds in simulated PWR water in terms of sulfur levels (Ahhp = 2.1 7s MPa Flues m ). At 
a high level of sulfur of 0.025 wt%, this is equivalent to an air velocity of about 3.7~10-~ mm/s. This is 
consistent with and somewhat higher than that observed by Van Der Sluys above, and is therefore also 
much higher than the lower bound. 

Summary 

EAC threshold velocities for EAC initiation were collected from the literature and plotted versus sulfur 
level. The velocities are bounded on the lower side by the value for A3028 plate. The range of the 
threshold velocity normalized for sulfur levels is about 24 for a variety of steels. This range had been 
attributed by Combrade et al. to exposure of additional sulfides above and below the crack plane. 
However, direct measurements of exposed sulfide densities on cracked specimens ruled out significant 
additional sulfide exposure as a plausible explanation. An alternative explanation was developed using 
diffusion analysis. When account is taken of sulfide segregation and localized EAC, quantitative values 
for the lower bound values of EAC initiation velocity are consistent with basic theory in stagnant, low 
oxygen water where diffusion is the main means of mass transport. The successful link to theory 
supports the use of lower bound thresholds for EAC. 
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Figure 1. Crack Growth Rate Depends on History 
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Figure 3. Large Sulfide Size Promotes EAC 
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Rgure 2. Sulfide Density Same on Crack and Polished 
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' Figure 4. Voids from Inclusion Cluster-Bulloch & Atkinsc 
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Figure 5. Particle Dissolution Limited by Solubility 
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Figure 7. EAC Initiation Velocity vs Sulfur Level 
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Figure 6. EAC Stability at Inclusion Clusters 
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