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ABSTRACT

In stress corrosion studies, crack velocity plotted with respect to stress intensity generally yields a characteristic

curve with three distinct regions. The first region (stage I) exhibits a threshold (K_scc) followed by a rapid increase in
crack velocity (da/dt) for small changes in stress intensity. The second region (stage II) is characterized by an essentially

constant crack velocity with increases in the stress intensity. The third region (stage III) exhibits a rapid increase in crack
velocity for small increases in stress intensity leading to fracture.

Stage I behavior has been poorly characterized in the corrosion literature due to previous emphasis on determining
the threshold (K_scc) and the difficulty and uncertainty in the measurements of a large increase in the crack velocity with
only incremental changes in stress intensity. In order to study the stage I behavior more thoroughly, tests were conducted

in the stage I regime to measure crack velocity as a function of constant stress intensity.

Constant K specimens were prepared according to the Mostovoy design, a tapered double cantilever beam specimen
that produces a constant stress intensity from a constant applied load. The specimens were prepared from a Type 304
stainless steel containing 0.06 wt% C. This material was solution annealed at 1100°C for 1 hour, water quenched, and
subsequently annealed at 625°C for 24 hours to produce sensitization. A sodium thiosulfate solution at 50°C was chosen

as the test environment, due to the presence of aggressive anions that promote intergranular stress corrosion cracking
(IGSCC) in sensitized Type 304 stainless steel.
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INTRODUCTION

lntergranular stress corrosion cracking (IGSCC) of Type 304 stainless steel has been a costly and ubiquitous
problem. Past research has shown that IGSCC can be induced by many seemingly harmless environments, and it is often
difficult to control all of the contributing variables. Mitigation efforts have long focused on accelerated tests that address
only a fraction of the material/environment combinations. For this reason, it is then desirable to improve the predictive
nature of long term stress corrosion models to enable a reasonable prediction of a component lifetime. One key to
predicting long term stress corrosion behavior lies in understanding stage I behavior in the materials that exhibit this
phenomenon.

Many materials exhibit a characteristic stress corrosion crack velocity versus stress intensity curve that can be

divided into three separate regions, as shown in Figure 1 [ 1]. Stage I is characterized by a rapid change in crack velocity
with an incremental change in stress intensity. Stage I has an upper bound characterized by a region in which the crack
velocity is essentially constant for changes in the stress intensity, stage II, and a lower bound that is generally
considered to approximate the threshold stress intensity for which stress corrosion will be observed. This threshold value,
K1scc, is limited by the accuracy of modeling the stage I curve and the time limitations of the researcher, so an
improvement in the stage I model will imply a better threshold value. Attempts to model stage I behavior have been
limited by the difficulty and uncertainty in the measurements of a large increase in the crack velocity with only
incremental changes in the stress intensity. In order to minimize this inherent problem, tapered double cantilever beam
specimens prepared according the Mostovoy design were used for this study. Because of their tapered design, these

constant K specimens exhibit a constant stress intensity for a constant applied load.

Previous modeling efforts for the stage I region have been based on a Paris law relationship between the crack
velocity and the stress intensity (da/dt=AKm). The Vermilyea model, a modified form of the Paris law relationship,
suggests that small changes in the crack tip chemistry could have large effects on the value of m, hence on the
relationship between crack velocity and stress intensity described in terms of the production of a species such as protons
by hydrolysis. In contrast to the proton concentration gradient, a critical concentration and concentration gradient of an
anion species such as $2032 may alter the value of m. A critical anion species such as $2032 may be considered to
promote passive film breakdown and salt film dissolution by changing the chemical characteristics of the film and
allowing increased transport through the film.

The objective of this study was to more accurately characterize the stage I behavior of the stress corrosion curve,
and to determine the influence of a critical anion species on the curve characteristics. Jones and Simonen [1 ] suggest
that if the Vermilyea film dissolution model [2] is utilized, the concentration of a critical species at the crack tip will
change the value of the exponent m in a Paris law relationship relating the stress intensity with the crack velocity,
(da/dt=AKr"). Previous research summarized by Jones and Simonen suggests such a trend [3 - 7].

STAGE I BEHAVIOR

Stage I data is typically presented in the form of one of the two tbllowing equations:

da/dt = AK" (1)

or

log da/dt = log D + BK (2)

There is considerable uncertainty as to which equation more accurately describes most stage I data due to

experimental scatter, and often the data can be represented as well by both equations. Measurement of crack velocity for
a specified stress intensity in stage I has many inherent difficulties. The crack velocity changes rapidly with an
incremental change in stress intensity, which favors the use of a special specimen that produces a constant K for a
constant applied load. This specimen (Figure 2) is considered indifferent to "W-a" or essentially independent of crack
size, where "W" refers to the specimen width and "a" refers to the crack length. Data used to model stage I behavior

near K1scc will cons: _tof slow crack velocities and short, crack extensions. The crack will extend through a smaller range
of microstructure, adding to the variability of the data collected. The loading method (increasing or decreasing loading
compared with a constant crack opening displacement method) can lead to different slopes for the stage I curve, implying



that comparisons of stage I data be according to the loading method in the absence of a correlation factor between the
methods.

Numerous models have been developed to predict stress corrosion behavior utilizing stress intensity as a variable,
though none was specifically developed to model stage I behavior. Often stage I behavior is poorly described in models
utilizing K that seek to explain stage II or K_sccphenomena. The stress dependence of the crack velocity is generally

expressed in the form of a Paris law equation: daJdt = AKm [equation (1)]. The Paris law exponent, m, describes the
slope of the stage I regime, and is found in the experimental literature to vary from 7 to 24 for Type 304 SS.
Experimental results shown in Table 1 [3 - 7] indicate that m is typically less than 10 for tests in pure water, 8-14 in

Na_,SO4, 11-17 in N_S:O3. and 24 in 22% NaCI. These results suggest that the increase in m could be explained by an
increase in the effectiveness and concentration of a critical species. This approach is the foundation of Vermilyea's model
[2], which describes the relationship between crack velocity and stress intensity in terms of the production of a species
such as protons by hydrolysis. The relationship proposed by Vermilyea can be expressed as da/dt=k'CK p/'_, where k' is
a constant and C refers to the concentration of some species in the crack tip solution. He assumed that rl was related
to a concentration gradient between the crack tip and mouth that was dependent on crack velocity.

Jones and Simonen [1] proposed that small changes in the crack tip chemistry could substantially alter the K
dependence of the crack velocity and could explain the increasing value of m (m=p/rl) with the increasing concentration
of an anion species in the experimental results cited. A critical anion species such as $203: may be considered to

promote passive film breakdown at the crack tip, thereby accelerating crack growth. The anion concentration dependence
of the crack velocity as a function of stress intensity relationship for the stage I regime has been the focus of preliminary
study to experimentally verify the apparent trend noted in the literature.

EXPERIMENTAL APPROACH

The experimental methodology currently used to measure stage I crack velocities is briefly described in this section.
A constant K test method was chosen to reduce the uncertainties in measuring crack velocities in comparison to constant

load or displacement tests, where small changes in crack lengths result in large increases or decreases in crack velocity.
A tapered double cantilever beam design ( Mostovoy design [9] ) was chosen for specimen preparation, as shown in
Figure 2. Stress intensity is directly proportional to the applied load for a pre-determined range of crack length for the
specimen according to the following expression [9]:

K2 _ 4m'p2 (3)
bnbE

where m' is an experimentally determined constant for the specimen, P is the applied load,, bo is the ligament thickness,

b is the specimen thickness, and E is Young's modulus. The experimentally determined constant, m', is determined from
the following relationship [9]:

where the expression dC/da measures the change of compliance with the change in crack length. A calibration curve
formed by measuring the change in compliance with the mechanical advance of the crack simulated by saw cuts is
necessary to determine the usable range of the specimen for crack growth measurements. The constant stress intensity
region (dC/da = constant) for this specimen ranges from a= 16 mm to a= 39 mm (Figure 3). Specimens were prepared
from Type 304 stainless steel ( 0.06 wt% C ). The material was subjected to a furnace sensitization heat treatment



consisting of solution annealing at I I00°C and sensitization for 24 hours at 625°C. Side grooves were machined to
maintain the crack direction in the crack plane. The side grooves were prepared with sand paper up to 600 grit SiC
wet/dry paper to measure the crack length optically after pre-cracking the specimen and after completion of the test. The

crack opening displacement (COD), and therefore crack velocity, was measured by the compliance method. Stainless ,.
steel extension arms were tack welded to the specimen to enable measurements with a COD gauge outside of the solution
bath. To facilitate crack initiation beyond a = 16 mm, a starter crack was electrical discharge machine (EDM) cut to a
depth of a = 18.8 mm. The specimens were fatigue pre-cracked in an aerated solution at a temperature of 50°C at AK
= 12 MPaa/m. Tests were conducted on a servo-hydraulic mechanical testing machine using a stainless steel container
to hold the test solution surrounding the specimen and grips (schematically shown in Figure 4). The aerated solutions

were heated by an immersible coil and were held constant to +I°C. The potential was controlled by a potentiostat using
a 45.5 cm2 platinum mesh counter electrode and a saturated calomel reference electrode (SCE), later changed to a
silver/silver chloride (Ag/AgCI) reference electrode, with a salt bridge probe tip approximately 3 rnm from one specimen
groove. A supersaturated Na2S:O3 solution was used in the salt bridge due to the low conductivity of the solution. The
specimen was held at a potential of +350 mV relative to SCE. Control of the servo-hydraulic testing machine and data
collection were performed by a commercial software package. The specimen was subjected to a constant load and the
displacement was measured at the end of the extension arms with a COD gauge. The crack advance was estimated by
monitoring the change in compliance for the period the load was held constant. After crack velocity had been measured
for a certain stress intensity, the load was stepped to a different level to enable a stage I curve to be measured from a
single specimen. Due to the changes in compliance from one specimen to another, a single specimen was used to develop
each stage I curve. Fracture surfaces were examined by scanning electron microscope (SEM) after completion of the test
to measure final crack length and to observe the fracture mode.

RESULTS
i

Tests were performed in 100 and 1000 ppm Na2.S203 aerated solutions at 50°C and resulted in typically shaped
curves of the crack velocity against stress intensity (Figure 5). These curves exhibit a sharp rise characteristic of stage
I with a distinct change in slope (for the 1000 ppm curve) that characterizes the onset of stage II. The value of the Paris

law exponent was calculated from equation (1). The resulting values were m = 6.9 for the 100 ppm solution and m =
17.2 for the 1000 ppm solution. There was little scatter in the data measured for the stage I regions. This led to an R2=
0.995 for the linear regression value m = 17.2 and R2 = 0.991 for the linear regression value m = 6.9 determined from

the stage I data. These values are consistent with the expected range of values of m for N_S203 (see Table I), although
the 100 ppm value may be somewhat low. The interruption of data between 43 MPa_/m and 47 MPa_/m for the 1000
ppm curve was due to the deterioration of the calomel electrode caused by a reaction of the supersaturated Na2S203
solution with the electrode characterized by a visible brown material precipitating in the electrode. The saturated calomel
electrode was replaced by a Ag/AgCI electrode that was referenced to the same potential as the +350 mV SCE. No
further problems with the electrode were observed.

The initial bulk pH values of the sodium thiosulfate solutions were 6.12 and 5.92 for the 100 ppm and I000 ppm
solutions, respectively. After the tests were complete, the bulk pH concentrations had risen to 7.76 and 7.46 for the 100
ppm and 1000 plzm solutions, respectively. The fracture appearance for both concentrations was consistent with IGSCC,
which is the expected fracture mode for this environment/material combination. Well-defined intergranular facets can

be observed in the (SEM) photomicrograph of the fracture surface for the 100 ppm test shown in Figure 6.

K_scc values were estimated by assuming a limiting crack velocity (1 x 10s mm/s) and calculating the resulting K
value :tom the equation fit for each crack velocity versus K curve. The resulting values were K_scc = 8.5 MPa_/m for
the I00 ppm solution and K_scc = 31.2 MPa_/m for the I000 ppm solution. These values were compared to previously
published data of m plotted against log (K_scc)2 for Type 304 stainless steel in aqueous solutions (Figure 7). The values
from the current tests are consistent with the general trend found for previously published data.

DISCUSSION

Use of the tapered double cantilever beam design for constant load testing yielded results for the SCC exponent,
m, in the range consistent with measured values available in the literature [1,5,7]. Preliminary tests conducted at two
different N_S_O3 concentrations with all other experimental variables held constant suggested that the value of m

increased with increasing anion concentration. The test conducted in the dilute solution (100 ppm) resulted in



unexpectedly high crack velocities when compared with tile results from the higher concentration (1000 ppm) test. High
crack velocities in dilute sodium thiosulfate solutions are well documented by Newman et al. [5], and the potential range
for maximum cracking velocity appears to have a concentration dependence (ohmic drop effect was the suggested

explanation). This also may be due to local effects of pH in the crack, as it was noted that the bulk pH value rose as
the test progressed for both concentrations. The decomposition of the thiosulfate anion leads to a buffering action on
the bulk solution, but the effects on the local crack tip are less apparent. A systematic study of the potentiodynamic

polarization behavior of Type 304 stainless steel as a function of sodium thiosulfate concentration will help to resolve
issues concerning the IR drop effects and shit, s in open circuit potential for changes in solution concentration.

A comparison of the relationship ofm with log K21scc values extrapolated from the crack velocity curves generated
in this study and values available from previous research summarized by Jones and Simonen [1] shows the same general
trend in Figure 7. Jones and Simonen also present data suggesting the same trend for iron and nickel. This suggests that

higher values of m correlate with higher values of K_scc. This correlation implies that m may be a function of K such
that m is dependent on the crack tip opening displacement (CTOD), K2/OyE. Although the same general trend can be
found for the current data, there is considerable experimental scatter when compared to the values cited previously in the

literature. Further study into this phenomenon requires additional data produced for other concentrations of N_S203 and
tests conducted for other material/environment systems.

INDUSTRIAL APPLICATION S

Plant and component aging concerns have prompted a resurgence of interest in component lifetime predictive
models. Fundamentally based models of early stages of crack propagation can provide a more general approach to

component lifetime predictions compared to the exhaustive experimentation necessary to test individual environments of
concern. Accurate predictions of crack behavior can provide the opportunity for timely effective remedial action.
Improved modeling of stage I behavior implies a more accurate threshold value fbr IGSCC, substituting for the
inherently conservative approach dictated by the time limitations of the researcher. Accurate stage I and threshold
modeling will lead to improved lifetime predictive ability for components that must operate for extended periods. A
greater understanding of the influence of anion concentration for the material environment can dictate more optimal
operating conditions for many components.

SUMMARY

(1) Improved stage I modeling is a necessary precursor to enhanced component lifetime predictions.

(2) Constant K testing methods can reduce some common difficulties inherent in experimental work in stage I.

(3) There is an apparent anion concentration trend in the published SCC crack velocity - stress intensity data that
was reproduced for Type 304 stainless steel tested in two different concentrations of N_S_O 3.
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TABLE 1. Surmnary of experimental stage I crack growth parameter, m, in Type 304 Stainless Steel

Material Test Condition m Ref.

304 SS Sensitized 7 3
97oC, 1.5 ppm O,.

304 SS Sensitized. 8 6
250oC. 1 x 10-zM Na.,SO4

304 SS Sensitized 14 3
289oC, 1 x 10-2M NaaSO_

304 SS Sensitized 11 5
25oC.6 x 10-4 M Na,_S,.O3

304 SS Sensitized 17 7
90oC. 15 ppm Na.,S203

304 SS Sensitized 24 4
99oC. 22% NaC1
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FIGURE 3 - This calibration curve (for the tapered double cantilever beam specimen) showing the compliance

plotted against the crack length was performed in air. The experimental value of m' for equation (4) in the text can

be calculated from the dC/da (change in compliance with change in crack length) value from the linear poction shown
on this curve.
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FIGURE 5 - Crack velocity versus stress intensity curves generated from tests of sensitized Type 304 stainless steel
in 100 ppm and 1000 ppm sodium thiosulfate solutions at 50°C at an applied potential of +350 mV SCE.

FIGURE 6 - SEM photomicrograph of the fracture surface taken from the 100 ppm sodium thiosulfate test (130X
magnification).
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TABLE 1 Summary of experimental stage I crack
growth parameter, m, in Type 304
stainless steel

FIGURE - 1 A typical SCC crack propagation rate
versus stress intensity curve for a material
such as Type 304 stainless steel.

FIGURE - 2 Tapered double cantilever beam
design (from Mostovoy).

FIGURE - 3 This calibration curve (for the tapered
DCB specimen) showing the compliance
plotted against the crack length was
performed in air. The experimental value
of m' for equation 4 in the text can
be calculated from the dC/da (change in

compliance with change in crack length)
value from the linear portion shown on
this curve.

FIGURE - 4 Schematic of the testing apparatus
inside the stainless steel container.

FIGURE - 5 Crack velocity versus stress intensity
curves generated from tests of sensitized

Type 304 stainless st¢.el in 100 ppm and
1000 ppm sodium thiosulfate solutions at
50°C at an applied potential of +350
mV SCE.

FIGURE - 6 SEM photomicrograph of the fracture
surface taken from the 100 ppm sodium

thiosulfate test (130X magnification).

FIGURE - 7 Relationship between experimental
values of m and K_scc for previous data [1]
and current data on Type 304 stainless
steel.






