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Abstract,

7 Thermal activation analyses of stress corrosion cracking (SCC) data are shown to provide
i_ important information concerning the influence of environment, stress and materials on the SCC
¢ crack growth rate (SCC-CGR) of NiCrFe alloys in high temperature deaerated water. A
I: phenomenological SCC-CGR model is developed based on an apriori assumption that the SCC-CGR
i is controlled by low temperature creep (LTC). This mode of low temperature 1 time dependent

deformation occurs at stress levels above the athermal flow stress by a dislocation glide
r mechanism that is thermally activated and that may be environmentally assisted. The SCC-CGR
r model equations developed here contain thermal activation parameters that are descriptive of the
( dislocation creep mechanism. Thermal activation parameters are obtained by fitting the CGR
r model to SCC-CGR data obtained on NiCrFe alloys, Alloy 600 and AlloyX-750. These SCC-CGR

activation parameters are compared to LTC activation parameters obtained from stress relaxation
1 tests. When the high concentration of hydrogen that is expected to be present at the tip of an

SCC crack is considered, the SCC-CGR activation energies and rate sensitivities are shown to be
( quantitatively consistent with reports in the literature where hydrogen is shown to reduce the

activation energy and increase the strain rate sensitivity in LTC stress relaxation tests.
I Furthermore, the stress dependence of the SCC-CGR activation energy is shown to be consistent

with that found for the LTC activation energy. Finally, comparisons between the temperature
t dependence of the SCC-CGR stress sensitivity and the temperature dependence of the LTC stress
1 sensitivity provide a basis for spgculation on the effects of hydrogen and solute carbon on SCC

crack growth rates.

t Comparisons of SCC-CGR activation parameters with LTC activation parameters support the
assumption that environmentally assisted LTC deformation controls the SCC-CGR. However, to
obtain fully satisfactory comparisons, there is a need to carry out additional SCC-CGR tests and
LTC experiments. The latter must be carried out in the corrosive environment and in a way that
1), will allow measurement of activation parameters, and 2), will simulate the local strain and
environmentally affected condition of the crack tip plastic zone.

1Low temperature refers here to temperatures less than about one-third the melting point
temperature.

1



Introduction

Recently discovered stress corrosion cracking of Alloy 600 components in the primary water
circuits of commercial nuclear power reactors (1) has renewed interest in obtaining a more
fundamental understanding of the stress corrosion cra;king of NiCrFe alloys. An improved
understanding of SCC and the availability of a physically based quantitative SCC crack growth
rate (SCC-CGR) model could potentially prevent significant economic losses for electric power
utilities that operate nuclear reactors. Unfortunately, a thorough scientific understanding of stress
corrosion mechanisms does not exist today and cannot reasonably be expected to exist for some
time to come.

However, reliable models having engineering utility can often be developed for complex physical
processes using phenomenological modelling methods. A phenomenological model of
environmentally assisted crack growth must be functionally descriptive of the physical processes
that are considered to be controlling the crack growth rate. Mechanistic models and results of
controlled laboratory experiments provide insight to selection of the appropriate mathematical
relationships. In developing thephenomenological model, all model variables and parameters are
chosen so as to be relatable to engineering parameters. The model parameters are obtained by
fitting the model to the available experimental data. The range of each paramete.r may have to
be statistically broadened to obtain satisfactory comparisons between predictions of the model
and field experience. To gain acceptance for use, the model must describe all features of the data
considered important and no assumption or prediction of the model can be in contradiction with
other known experimental or theoretical facts. When successfully applied, this phenomenological
approach results in engineering methods of component failure prevention that are logical,
internally consistent and are less reliant on engineering judgement than are empirical models.

Model Development

Assumptions and Methods

The operative modelling assumption is that the SCC-CGR is controlled by the physical and
mechanical processes that control the crack tip strain rate 2. Although electrochemical corrosion
processes are recognized here as being important and necessary to the crack growth process,
they are assumgd to influence the crack growth rate indirectly through their effects on the
physical properties of the crack tip plastic zone. In particular, it is assumed that, for
environmentally assisted cracking of NiCrFe alloys in deaerated hot water, the significant
contribution of the environment to stress corrosion cracking is hydrogen, which is a by product
of the corrosion process. Absorption and concentration of nascent hydrogen in the creep zone
is assumed to result quickly in a steady state hydrogen concentration that is dependent upon the
balance between the rates of production and absorption of hydrogen with the rate of hydrogen
diffusion from the creep zone. The rate of hydrogen loss is controlled by the hydrogen diffusion
rate, which is expected to be influenced by microstructural and strain induced trapping of

2In all but a perfectly brittle material plastic strain occurs at the crack tip and, for a crack
growing at a constant velocity, occurs at a rate that is related to the crack velocity. There is
increasing recognition of the importance of micro-plastic deformation in environmentally-assisted
cracking (2). However, little attention has been given to the possibility that the crack tip strain
rate is controlling the crack growth rate.
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h hydrogen within the plastic zone 3.

A A quantitative SCC-CGR model is developed here and applied to Alloy X-750 and Alloy 600 SCC-
C CGR data that are available in the literature (4). The modelling methods are phenomenological,
s simple and relatively straight forward. The modelling task is to adapt an existing creep crack
g growth rate (CCGR) model (5) to the assumed environmentally assisted low temperature creep
(I (LTC) cracking application. First, mathematical similarities between the existing CCGR equation
a and the power law creep equation from which it was derived are noted. Second, an "exponential
14 law" creep rate equation is developed for the assumed tnermally activated LTC mechanism.
E Details of this development are found in the Appendix. Third, a CCGR equation appropriate to the
L LTC exponential law creep equation is established by carrying over to this application the formal
s similarities that are established for the existing power law CCGR model. Finally, the LTC-CCGR
n model equation is fitted to stress corrosion crack growth rate (SCC-CGR) data obtained by Shen
a and Shewmon (4) on Alloy X-750 and Alloy 600. The thermal activation parameters obtained
fl from fitting the model to the Shen-Shewmon SCC-CGR data are compared to independent
n measures of LTC activation parameters obtained from the literature and stress relaxation data
(; obtained at the Bettis Laboratory. The significance of these comparisons to improved
u understanding of SCC mechanisms is discussed.

P Rate Equation for Low Temperature Creep

"T The physical foundations of our SCC-CGR eq_Jation are found in the literature on thermally
a activated mechanisms of the deformation of metals. The physical concepts are treated in
s significant detail in the treatise by Kocks, Ashby and Argon (6).. Because of the low temperatures
c of reactor operation (temperatures less than about one third of the melting temperature) and the
I_ high stresses within the crack tip plastic zone (stresses greater than the yield stress), the crack
t tip strain rate mechanism is expected to be thermally activated glide of dislocations. Figure 1
il illustrates schematically the stress and temperature conditions for thermally activated
¢ deformation. As the temperature increases above absolute zero, increased thermal vibration of
I_ lattice atoms reduces the mechanical energy needed to overcome short range obstacles to
c dislocation glide, thus reducing the flow stress 4. Above the athermal temperature, T o, thermal

activation is sufficient to overcome short range obstacles but is insufficient to overcome the long
r range obstacles. Consequently the flow stress is independent of temperature and is said to be

athermal. With a further increase in temperature, diffusion assisted deformation mechanisms
c overcome the long range obstacles and the flow stress again becomes temperature dependent.

Note that the rate equations developed here do not include contributions from diffusion assisted
f flow mechanisms and are thus limited to temperatures equal or less than T o.

1 The athermal stress, o_, acts as a threshold stress for low temperature creep (LTC) as time
( dependent transient deformation occurs for temperatures less than T o and stresses greater than

3Our assumptions tend to be supported by the work of Sofronis and McMeeking (3), who have
( carried out numerical analyses for hydrogen transport at 300 K in pure iron near a blunted crack
1 tip. They found that hydrogen concentrations can apl_roach 80 times the normal equilibrium
( concentration due to trapping by dislocations within the crack tip' plastic zone. A steady crack
1 tip concentration is attained within a couple of minutes exposure. These calculations need to be
( conducted for nick_ alloys at reactor temperatures.

4Flow stress is defined as the stress required to maintain plastic deformation at a given strain
I rate. The flow stress generally increases with increasing strain. At a given strain, the flow stress
I may either increase or decrease with increasing strain rate.
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a/j. The mechanical threshold stress, a s, which is a structure parameter and a constant structure
concept, is proportional to the square root of the current dislocation density. According toKocks
et al (6), as is the maximum internal shear stress generated in overcoming the obstacles to
dislocation glide without the aid of thermal activation, that is, it is the flow stress at zero
temperature. In the absence of strain hardening, dislocations can find no equilibrium positions for
stresses above the mechanical threshold stress. In the absence of strain hardening, large scale
slip, followed by a rapid approach to mechanical instability, will occur at the mechanical threshold
stress level.

The definition that is adopted here for the mechanical threshold stress recognizes increases in the
flow stress occur due to strain hardening. The saturation stress is defined as the stress at which
the strain hardening coefficient goes to zero, that is, it is the stress beyond which no additional
hardening occurs (7). This an inherently unstable mechanical situation.

Development of an LTC rate ee.uation begins with a general thermally activated creep rate
equation, which relates creep strain rate, t, to temperature, T, and the applied stress, _:

= _seX p- AG(a) (I)kT '

where AG isthe activationenthalpy(Gibbsfreeenergy)and k isthe universalgas constant. The

pre-exponential factor, _s, is an intrinsic strain rate that is proportional to the density of mobile
dislocations and the thermal activation frequency. We assume that ts is independent of
temperature. This is for our purposes a reasonable assumption as the thermal activation
frequency, the only temperature dependent factor, owes its temperature dependence to the shear
modulus, which is weakly dependent on temperature.

As shown in the Appendix, Eq.(1) can be specialized to represent creep due to the thermal
component of the flow stress only. This creep component is assumed to be environmentally
assisted and, in our model, is the component of the inelastic deformation that is associated with
SCC-CGR.

The low temperature thermally activated component of the flow stress is commonly called the
"effective" stress (not to be confused with the von Mises or Tresca "equivalent" stress).
The normaJized effective stress is given by

(j' _ O -Op • (2)
(7; (Ts-Op

As shown in the Appendix, the deformation rate equation can be expressed in terms of the



et effective stress and energy parameters:

AH2 I- (3)

= _sexp - kT" kas)

T The asterisk indicates effective parameters as defined in the Appendix. The effective
t( temperature, T', is given by

1 1 l
- - (4)

T* T TO

a and p is a stress exponent having a value less than one and greater zero. The effective activation
=

e enthalpy, AH o , is the activation energy associated with the short range obstacles only. Note that
when the applied stress approaches the mechanical threshold stress, o s, the strain rate

a approaches the intrinsic strain rate, ts.

._ .Activatic:n Parameters for LOw Temperat;ure Creep

Activation parameters can be obta)ned from SCC-CGR data using data analysis methods that are
s similar to those used to obtain activation parameters from creep and stress relaxation data. Two
a activation parameters of interest are the activation energy, Q, and the rate sensitivity, m. The
c operational definition of the activation energy for creep is given by

alni_ = A H_ I- (5)

Q - a(-I/kT') . as)

"1 The strain rate sensitivity 5, is given by

m* -- Oln_ = p_ _ (6)

alno' T',srzucruze kr" [ o's

"1 This equation defines the strain rate sensitivity for the thermal component of the flow stress. A
r more commonly quoted strain rate sensitivity, which is related to the total flow stress, thermal
I: plus athermal components, is given by

= P 7.-U'_T --_ . (7 )
On Os

"I There is another activationparameter, the activationarea, (6) that is often obtained from

ST_ese definitionsof the strainratesensitivity,m' and m, followthe conventions of Kocks

etal(6). As defined here, m' and m are measures of the sensitivity of the total plastic strain rate
1 to changes in the thermal component of the flow stress and the total flow stress, respectively.

A more common usage of the term strain rate sensitivity means sensitivity of the flow stress to
( changes in the plastic strain rate and has a magnitude 1/m' for the thermal component and 1/m
t for the total flow stress.
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deformation rate experiments. The activation area is simply related to m:

mkT (8 )Aa - ba '

where b is the Burgers vector.

Rate Equation and Activation Parameters for Stress Corrosion Crack Growth

Hui and Reidel ([)) have derived a crack growth rate equation for the growth of cracks due to
diffusion assisted high temperature creepS:

, 2rc'°[Kln

- . (9)

/'/-2 I_c V/'_'_r c go

The creep deformation is described by a power law equation:

= _o(a/ao)n, (i0)

where n is a stress exponent, o o is a reference flow stress and t o is the strain rate corresponding
to Oo.

We can utilize Hui and Reidel's result, Eq. (9), to obtain a rate equation and activation'parameters
for stress corrosion crack growth. First, note the mathematical similarity between the crack
growth rate and strain rate equations, Eq.(9) and Eq.(lO), respectively. This can be emphasized
by writing Eq.(9) as

= cl° (K/Ko)n, (11)

where _o and Ko are definedby comparison to Eq.(9).

Note also that the sensitivity of the crack growth rate to the applied stress intensity factor, K,
is

aln_i
- n, (12)

ma -= alnK

which is identical to m, a measure of the creep rate sensitivity to the applied stress, o,

m -- aln_ _ n. (13)
alna

Finally, note that the temperature dependence of the crack growth rate is that of the creep rate,
as the temperature dependent reference strain rate, t o, is found in both the crack growth and

6According to Hui and Reidel (5), a critical strain, Ec, must be attained at a characteristic
distance, rc, ahead of a moving crack tip in order to sustain crack growth. This requirement
accounts for the presence of these parameters in their crack growth rate equation.
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strain rate equations. The following correspondences and equivalencies then exist:

K.*(/
. (14)

Q_=Q

ma =m

' Therefore, we have established, for creep crack growth tn a material governed by a simple power
law equation, that there is a formal similarity between the crack growth rate and creep strain rate
equations and that the associated crack growth rate and creep rate activation parameters are
identical.

We now extend this similarity to obtain a crack growth rate equation appropriate to the more
complicated LTC rate equation, Eq.(3). We simply apply the correspondences and equalities of
Eq. (14) to Eq. (3) to obtain

_ /._ = _sexp &Ho' I- (15)
kT"

The crack growth rate activation parameters become

Q_ _ (91n_ = AH o I- , (16)
@(-I/kT') K

and

_H0'(K')p-1
K

m,= oi Klalnal,:_uc:u.= p-_[ K; k2.,_n..,T, -- . ( 1 8 )

We define the normalized effective stress intensity factor used in the above equations as

' K" K-K_
-- = (19)

' K; %-f.'

where K is the applied stress intensity factor, Kp is a subcritical threshold stress intensity factor
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corresponding to the LTC threshold stress, a#, and Ks is a mechanical threshold stress intensity
factor corresponding to the mechanical threshold stress, as:

K. = _o,,
(20)

K_ i &Ttr c gs'

We note for future reference that Kp has the effect of the threshold stress intensity factor often
reported for stress corrosion crack propagation, Kth. Note also that, consistent with our
discussion above of as, Ks can be interpreted as a critical stress intensity factor for unstable crack
propagation, Kc.

A characteristic distance, rc, is introduced in Eqs.(20) as a delimiter for the crack tip stress fields

associated with K_ and Ks. Hui and Reidel used critical strain at a characteristic distance as a
crack growth criterion in development of their creep crack growth rate equation, Eq.(9). Hall et
al (8) used a similar strain energy density at-a-distance criterion for the onset of subcritical crack
growth in Alloy X-750 due to hydrogen embrittlement.

Now, provided that stress corrosion crack growth is due to an environmentally assisted low
temperature creep crack growth mechanism, Equations (15) through (1 8) ought to model features
of the SCC-CGR data. Moreover, provided the mechanical and environmentally affected condition
of the SCC crack tip can be simulated in an LTC deformation rate test specimen, the LTC
activation parameters obtained using these specimens ou'ght to be equal to SCC-CGR activation
parameters obtained from the SCC-CGR data.

A_vlications and Discussion

Activation Parameters Obtained From SCC Growth Rate and Low Temperature Creep Rate Dat_3

As a measure of the validity of the SCC-CGR model, we compare thermal activation parameters
obtained from SCC-CGR data with independent measurements of LTC activation parameters
obtained from stress relaxation (SR) data. Ideally, the SR data would be obtained under
conditions that simulate the strain, strain rate, and environmentally affected condition of a stress
corrosion crack tip. Such data do not currently exist, However, there are reported in the
literature measurements of thermal activation parameters for Alloy 600 and Alloy X-750 (9,10),
Furthermore, at the Bettis Laboratory, Symons has obtained SR data for Alloy X-750 specimens
with and without added hydrogen. The SRtests were conducted in an air environment at room
temperature, Tensile data have been obtained at room temperature and 391 K, with and without
added hydrogen. Results of analyses of these data to obtain thermal activation parameters are
reported here. Finally, measurements of the effects of hydrogen and carbon on activation
parameters for nickel (11) and reports on the effects of carbon and a deaerated hot water
environment on the creep of Alloy 600 (1 2) provide additional information for comparison to the
activation parameters derived from the Alloy X-750 and Alloy 600 data. Note, however, that all
of the above comparisons are limited as none of the deformation rate experiments involved
hydrogen concentrations specifically chosen to be representative of stress corrosion crack tip
plastic zones,

Stress Corrosion Crack Growth Data

Y, Shen and P, G. Shewmon (4) have reported on intergranular stress corrosion crack growth in
Alloy 600 and Alloy X-750 for tests conducted in deaerated, superheated steam between the
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temperatures of 533 Kand 693 K. Their SCC growth rate results are replotted here in Figure 2.
These data have two features that are ¢,onsistent with predictions of the SCC-CGR model,
Eq.(15). First, as was discussed by Shenand Shewmon, there is the effect of the applied stress
intensity factor on the apparent activation energy (whose magnitude is proportional to the slope
of the curve in Figure 2.). According to Eq.(15) theactivati.on energy decreases with increasing
applied stress intensity factor, which is consistent with the SCC-CGR data in Figure 2. Secqnd,
we note that the crack growth rate curves for both alloys intersect at a temperature of _bout 682
K(409C). Intersection of the SCC-CGR curves is consistent with the model prediction that these
curves should intersect when the reciprocal effective temperature, 1/T ', is zero. This implies that
the athermal temperature for stress corrosion of the Alloy 600 and Alloy X-750 heats of materials
used in the Shen-Shewmon work is 682 K,

These features of the Shen-Shewmon data provide an interesting test of the model's predictive
capabilities. Furthermore, there are sufficient Alloy X-750 data to obtain all the model parameters
needed to develop an SCC-CGR equation for this heat and heat treatment of Alloy X-750.
However, our analysis of the Alloy 600 material is limited and no SCC-CGR equation is developed
as the available Alloy 600 data are insufficient to obtain unique values for the model parameters.

We begin the data analysis by obtaining the rate constants, =_, as well as the athermal
temperature, T o, and the activation energies, Q, from the SCC-CGR curves in Figure 2. This
leaves three parameters to be obtained by fitting the activation energies to Eq. (14). This step

of the data analysis establishes the stress exponent, p, the threshold stress intensity factor, K_
(designated Kth in the figures that follow), and the mechanical stress intensity factor, K s
(designated Kc in the figures).

All the model parameters can be determined uniquely for Alloy X-750 as there are three X-750
SCC-CGR data sets, one model equation relating three variables and one dimensionless grouping
of two parameters with the stress variable, K. A useful model requirement used in the data fitting
is that the activation energy must approach zero for all temperatures as the applied stress

intensity factor approaches Ks. Since there are only two Alloy 600 data sets available, we find
that the model parameters cannot be uniquely determined.

Results of the data fits for Alloy X-750 are summarized in the following SCC-CGR equation:

,(res) = 4"326xlO_exp{-440'O00(l-1 )[i-(8"314682 442-14K-14'9.91°'°9611(21)'

=

The activation onthalpy, AH o , inferred from the data was found to have a value of 440 kJ/mol,
which is reasonable for thermally activated deformation 7 This is more fully discussed below in
the context of independent measures of the activation parameters taken from deformation rate
experiments. The threshold stress intensity factor inferred from fitting the model to the data was

7The activation enthalpy for thermally activated glide lies between about 38.7 kJ/mol, for
small obstacles such as solute atoms and the Peierls stress, and 775 kJ/mol, for large obstacles
such as strong precipitates (13),
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four found to be 14.9 MPaV'm, Thisis11 reasonable value for theSCC.CGR threshold _tressintenstty
facl ;_actor as it is 1) less than the smallest residual stress intensity factor found by Shen and
She Shewmon following completion of SCC CGR tests of wedge-opening-loaded (WOL) test specimens
and and 2) is consistent within a few percent of residual stress intensity values obtained after 6000
ho_ hours at a temperature of 633 K in WOL SCC-CGR tests reported by Wilson and Mager (14).
Thl_ The inferred mechanical threshold stress intensity factor was found to have a value of 442

MP MParv/m, This value is about 55% larger than the largest fracture toughness values, K j, obtained
frol from J-integral tests of Alloy X-750 at a temperature of 4 K (15), However, thereoorted value

for for Kj may' not be the most appropriate choice to represent the mechanical tt_r_l.thold stress
int_ intensity factor, J-integral values larger than that chosen for determination of a Kj value are
art attained in J-integral tests, The maximum J-integral value found in the test more clo,,;_ly matches
th( the mechanical threshold concept, assuming that crack extension does not occur prior to attaining
th( the maximum value, This point requires additional consideration.

Fit Figure 3 shows the activation energies derived from the SCC-CGR data for Alloy 600 and Alloy
X- X-750as a function of the normalized effectlvestrussintensityfactor. This figure also provides
a_ a comparison to predictions of the model The curve representing the Alloy X.750SCC-CGRdata
in in Figure 6 appears to be in conflict with Eq,(21) as the largest SCC.CGR activation energy, which
is is plotted very near the origin in the figure, is 212 kJ/tool and is much smaller than the value of

0

4_ 440 kJ/tool found in Eq,(21) for the activation enthalpy, &Ho The two are consistent, however,
a_ as this curve actually passes through the 440 kJ/tool value at the origin, but falls very quickly to
tl_ the 212 kJ/mol value for the 15,4 MPav/m specimen (the threshold being at 14.9 MPav/m). This
al apparent difficulty arises due to the fitting procedure, the sharp curvature at this point and the
Ill limited data used to establish "the curves in Figure 6, For practical purposes, the true activation
el enthalpy, AH o , is judged to be very near the 212 kJ/tool value,

W We noted above that there are insufficient data to obtain a unique model fit for the Alloy 600
I

d data. The Alloy 600 curve in Figure 3 was drawn assuming AH o and Kth values equal to those
fl found for Alloy X-750. With these assumptions made, a value of 97,5 MPaV'm is found for K s,

=" _ Since no low temperature toughness values could be found for comparison and given the need
t to assume values for other model parameters, any rate equation derived from the Alloy 600 SCC-
(: CGR data would be of questionable reliability so none is provided. Figure 4 shows for Alloy X-750
,1 a comparison of the Shen-Shewmon data with predictions of the model obtained from these data,

Stress Re!ax_l;io,n Data

I Figure 5 provides an example of the limited stress relaxation test data that have been obtained
' thus far on Alloy X-750 by D, M. Symons at the Bettis Laboratory, A full discussion of the

Symons' data and the methods used for data reduction are beyond the scope of the current
discussion. However, the experimental and analytical methods that were useL_are similar to those
reported by SiroisandBirnbaum (11). Symons' data were fitted to Eq.(3) to obtain the following
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strain rate equations for Alloy X-750:

Wi ChouC added hydrogen

I(toexp _-4

j=(S-t) _. 212,4exp(-15,36 e),
(22)

and wi ¢h 5,7w_pm added hydrogen

t,(S "t) = 24.6exp(-12,77 z) ,

Independent Of the hydrogen level, the athermal stress, Gp, is given by

o_(MPa) = 1222,3 z°'°724 for ¢ _ 0.04;
(23)

op(MPA) = 1838,6 _:o2oo7 for ¢ > 0.04.

Since Symon's stress relaxation data are limited to low temperatures, higher temperature data
reported by Mulford (9) were used to establish the athermal temperature, T o, for the case without
added hydrogen. Adjustments were then made to account for Symon's data on specimens having
added hydrogen, Further details are discussed below.

In these equations, c is the initial strain. From Eq.(22) and Eq.(23) we see that the athermal
ttres|, o_, increases and the intrinsic strain rate, _s, decreases with increasing initial stress,
reflecting the effects of strain hardening. As no evaluations of the tensile data to obtain the
saturation stress were available at the time that the stress relaxation data were analyzed, the
room temperature true fracture stress was used as an approximation of the saturation stress, Gs.
Analyses since that time indicate that the value of the saturation stress used in Eq.(22) may be
about 10% to 15% low.

Hydrogen apparently also decreases tho intrinsic,strain rate at low effective stress levels. As the
intrinsic strain rate is proportional to the density of mobile dislocations, it appears that increases
in the hydrogen concentration reduces the density of mobile dislocationss, which implies that
hydrogen additions should reduce the creep rate. However, these equations also show thatii

hydrogen decreases the activation enthalpy, AH o , thereby increasing the mobility of the mobile
dislocations so that the over all effect of hydrogen is to increase the creep rate. This is
consistent with our observation (see Figure 5, for an example) that hydrogen increases the rate
of relaxation in a stress relaxation test.

liThe reader is referred to Kocks et al (6), Mulford and Kocks (10), and Sirois, Sofronis and
Birnbaum (11) for discussions of the mechanisms of dislocation glide and the effects of solutes,
hydrogen and carbon, on glide.
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Activation Enerav

Figure 6 provides a comparison of the thermal activation energy, Q, for Alloy X-750 obtained from
SCC-CGR data with the activation energy for Alloy X-750 obtained from LTC stress relaxation
data. The stress relaxation tests were conducted using specimens with (5.7 wppm) and without
added hydrogen. The curves in this figure represent data fits to the model equations, Eq.(5) and
Eq.(16).

From Figure 6 we see that at low stress levels hydrogen reduces the LTC activation energy and,
for a given stress ratio, the LTC activation energy is much higher than the SCC-CGR activation
energy. The apparent effect of 5.7 wppm hydrogen on the SR activation energy is a reduction
of about 50 to 70 kJ/mol. At low stress ratios the difference between the SR activation energy
for no added hydrogen and the SCC-CGR activation energy is about 180 kJ/mol.

These results can be compared to the those of Sirois and Birnbaum (11) who measured a decrease
m

in the activation enthalpy, AH o , of about 87 kJ/mol due to the addition of about 11 wppm
hydrogen to a Ni-C alloy. At this rate, the addition of 5.7 wppm would reduce the Alloy X-750
activation enthalpyby about 45 kJ/mol. This is in reasonable agreement with the 50-70 kJ/mol
decrease in Q due to addition of 5.7 wppm hydrogen to the stress relaxation specimens.

m

The apparent decrease in AH o for the stress corrosion data, of about 180 kJ/mol, if due to
hydrogen trapped within the SCC crack tip plastic zone, would correspond toa hydrogen content
of about 23 wppm. This represents a concentration enhancement factor of about 41 based on
Bettis laboratory data, which shows an equilibrium concentration of about 0.6 wppm hydrogen
in Alloy X-750 at 560 K in pressurized water having a hydrogen conc¢._ttration of 60 cc/kg of
water. A concentration factor of 41 at 560 K due to hydrogen trapping within the crack tip
plastic zone requires an effective binding energy of about 0.18 ev. This seems plausible as this
trapping energy lies about midway between the 0.1 ev estimate by Sirois and Birnbaum for
trapping by dislocations and the approximately 0.3 ev measured by Turnbull et al (16) for
hydrogen trapping by grain boundary gamma prime phase in Alloy X-750. We conclude from
these comparisons that the somewhat lower SCC-CGR activation energies are consistent with the
measured LTC activation energies when the potential effect of hydrogen on the activation
energies is considered.

Rate Sensitivity

Figure 7 shows SCC-CGR and LTC rate sensitivities as a function of the temperature. The SCC-
CGR rate sensitivities are inferred for Alloy X-750 from the Shen-Shewmon SCC-CGR data. The
LTC strain rate sensitivity data are obtained from tests in noncorrosive environments and are from
three different sources. There are LTC strain rate sensitivities obtained from 1) stress relaxation
and strain rate-change tests of Alloy X-750 and Alloy 600 by Mulford (9) 9, 2) stress relaxation
tests of Alloy X-750 at the Bettis Laboratory by Symons, and 3) constant load creep tests of an
ultrahigh purity (UHP) Ni-16Cr-9Fe alloy by Was et al (12). The UHP alloy, which is an
experimental version of Alloy 600, was reported by Was et al to have 1 wppm carbon while the
commercial purity Alloy X-750 and Alloy 600 have carbon concentrations in the 400 wppm to
800 wppm range. The LTC data trend for the combined Alloy X-750and Alloy 600 behavior is
shown by the long dashed curve. Predictions of the models developed here(Eq.(21), Eq.(22) and

9Reference is made here and below to strain rate sensitivity data available in the literature.
In many cases the authors have actually reported activation areas as functions of the applied
stress. These activation areas have been used to obtain strain rate sensitivities using Eq.(8).
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E Eq.(23)) are also shown for comparison. Data and model predictions are for low initial stresses
(_ (SR) and stress intensity factors (SCC).

B Before considering the model predictions, consider the data obtained from the LTC tests. The
rr most notable feature of the LTC stress relaxation and strain rate-change data is that for both the
c comrnercial purity alloys, Alloy X-750 and Alloy 600, there is an intermediate temperature range
o of locally reduced LTC strain rate sensitivity. The paper by Mulford and Kocks (10) shows that
tl the LTC strain rate sensitivity can even go negative from about 400 K to 750 K, the width of this
tl temperature interval depending on the initial strain and the strain rate of the test. On the other
h hand, the strain rate sensitivity obtained at 633 K _or the UHP alloy is quite large by comparison.
T This comparison implies that carbon has a large effect in reducing the strain rate sensitivity of the
c commercial purity alloys in this temperature range. In their testing of experimental alloys having
a a range of solute carbon concentrations, Was et al showed that solute carbon concentration has
s significant effects on other LTC behaviors. They showed that increased carbon solute
c concentration decreases the creep strain rate and increases the strain to failure in both argon
a atmosphere and pressurized water constant load Tensile (CLT) creep tests.

I_ Now consider the SCC-CGR rate sensitivity inferred from the SCC-CGR data. It also is large in
tl the temperature range where LTC strain rate sensitivity otherwise has low to negative values
v when obtained from the stress relaxation experiments conducted on the commercial purity alloys.
It If we assume that the SCC-CGR is controlled by the crack tip strain rate, this result indicates a

very large apparent effect of the environment in increasing the LTC strain rate sensitivity of the
¢ commercial purity alloys in this temperature ra_Jge. Note that the SCC-CGR rate sensitivity is in
t; good agreement with the LTC strain rate sensitivity found for the UHP alloy in a noncorrosive
e environment. Note also that Symon's stress relaxation data shows 5.7 wppm hydrogen increases
t the LTC strain rate sensitivity by about 35% at 300 K.

1 Taken together, these results imply that the environment reverses the effect that carbon
apparently has in reducing the strain rate sensitivity. Sirois and Birnbaum have shown, in fact,

t that in high purity Ni-C alloys, 200 wppm carbon significantly decreases the LTC strain rate
sensitivity and that, in Ni-C-H alloys, 11 wppm hydrogen can completely eliminate the carbon
effect. Then 23 wppm hydrogen in the plastic zone of a stress corrosion crack could eliminate

t the effects of carbon of the concentrations usually found in Alloy X-750 and Alloy 600.
[ Deformation rate tests need to be conducted on commercial purity Alloy X-750 and Alloy 600 to
t test this possibility. Furthermore, LTC deformation rate testing of these alloys is needed to obtain
i independent measurements of activation parameters in the corrosive environment and in a way
t that simulates the strain and strain rate of an SCC crack tip.

A mechanistic explanation for these apparent effects of carbon and hydrogen may potentially be
f given in terms of dynamic strain aging concepts. The physical basis for dynamic strain aging

effects, first proposed by Cottrell (17), involves in some way the interaction of mobile solute
atoms, such as carbon, with dislocations. Solute "atmospheres" are thought to "drag" or "pin"

r mobile dislocations at an intermediate temperature and strain rate bounded at low temperatures
I (high strain rates) where the solute atoms are too slow to keep up and at high temperatures (low

strain rates) where the solute atoms move too rapidly to drag or pin mobile dislocations. Then
i if we accept dislocation pinning as an explanation of the intermediate temperature behavior of

Alloy X-750 and Alloy 600, a logical conclusion is that the effect of the environment in an SCC
1 test of these alloys is to unpin dislocations thereby increasing their mobility, lowering the

activation energy and increasing the rate sensitivity of dislocation glide.

I Now consider the model predictions. Predictions of the LTC strain rate sensitivity of stress
f relaxation are based on the low temperature SR test data of Symons with the athermal
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temperature, T o, adjusted to fit the high temperature Alloy X-750 and Alloy 600 data of Mulford.
Note that dynamic strain aging is not a part of the model so that monotonically increasing LTC
strain rate sensitivity with increasing temperature is predicted. The model rate equations are
therefor applicable to predicting strain rates for conditions where dynamic strain aging does not
occur; LTC of low carbon alloys in noncorrosive environments and SCC crack growth for higher
carbon alloys in the corrosive environment of deaerated hot water. Modifications of the model
are being considered to accommodate other carbon and environmental conditions where dynamic
strain aging may occur.

Predictions of the SCC-CGR rate sensitivity are based on fitting the model to the SCC-CGR data
in the intermediate temperature range. Extrapolation to lower temperatures out of the dynamic
strain aging temperature range gives predictions consistent with the measured LTC strain rate
sensitivities. Comparisons in the high temperature range suggest that there is an environmental
effect in reducing the athermaltemperature. Again, we speculate that this environmental effect
also is due to the influence of hydrogen. If hydrogen does in fact increase the mobility of
dislocations, hydrogen would be expected to reduce the temperature at which the short range
obstacles to dislocation glide, such as carbon atmospheres, can be overcome by thermal
activation.

Critical Strain

A final observation is that absorbed hydrogen is expected to reduce the criticbl strain required for
sustaining continued crack growth, Eq.(9). Data obtained by Symons shows the true strain to
fracture in Alloy X-750 can be reduced in a tensile test by over a factor of 5 by bulk hydrogen
level in the range 20-35 wppm. Further reductions in the strain to failure are expected due to the

=_. plane strain plastic constraints at a crack tip. Then this is another way in which hydrogen can
act to increase susceptibility to SCC and to increase the crack growth rate.

Conclusions and Significance

1. A stress corrosion crack growth rate model has been developed based on an assumption
that the SCC growth rate is controlled by the kinetics and thermodynamics of a thermally
activated low temperature creep mechanism.

Interesting and phenomenologically important features of stress corrosion crack growth
rate data can be modelled quantitatively using this model.

2. The thermal activation parameters that are obtained by analysis of NiCrFe Alloy X-750
SCC growth rate data are consistent with independent measures of these parameters
when the potential effects of the corrosive environment on the SCC crack tip plastic zone
are considered.

The temperature and stress dependency of the SCC activation energy and the temperature
dependence of the SCC crack growth rate can be rationalized in the context of the
retarding effects of carbon and the accelerating effects of absorbed hydrogen on
dislocation mobility.

3. Crack growth rate equations of the type developed here have application to engineering
concerns for reactor power plant component performance.

Application of the model allows interpolation and extrapolation of the available data with
increased confidence and provides direction for additional testing.
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Appen.dix

Strain Rate Equation For Thermally Activated Glide
With Two Stage Obstacles

-r The high stress, low temperature conditions of environmentally assisted cracking in nuclear power
rJ reactor components suggests thermally activated glide of dislocations as the crack tip deformation
n mechanism. Details of the thermodynamics and kinetics of dislocation glide are discussed in the
FI References (6,18,1 9).

"r The following development is illustrated in Figures A.a through A.c. We consider thermally
a activated glide in the presence of both short and long range obstacles. Examples of long range
G obstacles ir .ude dislocations on parallel slip planes and large precipitate particles. Examples of
s short range obstacles include dislocations threading the glide plane ("forest" dislocations) and the
F Peierls-Nabarro stress. See Conrad (18) for a discussion of obstacles to dislocation glide.

We choose a reference state defined (Fig. A.a) by a reference temperature, To. Above T o the
s short range obstacles to dislocation glide are overcome by thermal fluctuations without the need

f for an applied stress greater than ap, the "athermal" stress. Below T O thermal fluctuations are
r no longer sufficient acting alone to overcome short range obstacles. An additional "effective"

stress, a , is required. The effective stress is defined by

at* -= a-at.. (A.I)

F For temperatures below T o the strain rate is given by

= _sexp -AG(_) (A.2)kT "

1 The preexponential factor, ts, is a materials parameter that is proportional to the density of mobile
¢ dislocations and the thermal activation frequency. The activation enthalpy, AG, is given by

AG(a) = [a*bAaSo. (A.3)
Jo

I In this equation, bAa is an "activation volume" where b is the Burgers vector and Aa is the
activation area (6).

The mechanical threshold stress, as, which is a structure parameter and a constant structure
( concept, is proportional to the square root of the current dislocation density. According to Kocks
q et al (6), as is the maximum internal shear stress generated in overcoming the obstacles to
c dislocation glide without the aid of thermal activation, that is, it is the flow stress at zero
1 temperature.
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In In terms of the effective stress, Eq.(A.3) becomes

AG(o') = [""bAa" 6a', (A.4)
JO'

wP where

O; = Os-Ol,,
(A.5)

O* = (7-(Jl,,

Uti Utilizing a phenomenological glide resistance profile described by Kocks et al for short range
ob obstacles, Eq.(A.4) can be integrated to obtain

u

wt where Fo (Fig. A.b) is the free energy necessary to overcome the short range obstacles without
thl the aid of an _xternal stress. In terms of the activation free enthalpy (Gibbs free energy), AG,

Fo - AG(a" = 0) = "bAa 6o'. (A.7)

Nc Now

AH - AG + TAS, (A.8)

wl where AH is the activation enthalpy and AS is the activation entropy. If we assume (Fig. A.c)

thl that both AH and AS are independent of temperature, and if we choose their values at To, we
ha have for all temperatures, AH = AH o and AS = AS o . Then

_o - _G = AHo- T_So. (A. 9)

Ar And since

&So- &Ho, (A. 10)To

aFo = aSo(_- T/To). (A. 11)

TP Then
wl where

__1=l-! • (A.13)
T' T TO

T_ Then Eq. (A.2) becomes
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kT kT (I-T/T o) I- --7 '(Js
(A,12)

- 1-
kT" _ a,

In the analysis of the Shen-Shewmon SCC crack growth data and the Symons stress relaxation
data we find satisfactory fits to the data if we assume that q, which can have values from 0 to
1 (6), has a value of 1.

Referen(;e_

1. "U.S. Regulators Focus on Generic Threat From Inconei-600 Cracking," Nucleonics WeeK,
30, 39, September 28, 1989.

2. R.N. Parkins, "Mechanistic Aspects of Stress Corrosion Cracking", Proceedings of the
Parkins Symposium on Fundamental Aspects of Stress Corrosion Cracking, TMS, pp. 3-
40, 1992.

3. P. Sofronis and R. M. McMeeking, "Numerical Analysis of Hydrogen Transport Near a
Blunting Crack Tip", .i. Mech. Phys. Solids, 37, 3, pp. 31 7-350, 1989.

4. Y. Shen and P. G. Shewmon, "IGSCC Crack Growth of Alloy 600 and X-750 in Steam",
Corrosion, 47, 9, pp. 712-718, 1991.

5. C.Y. Hui and H. Reidel, "The Asymptotic Stress and Strain Field Near the Tip of a
Growing Crack Under Creep Conditions", Int. Journ. of Fracture, 17, 4, pp. 409-425,
1981.

6. U.F. Kocks, A. S. Argon and M. F. Ashby, Prog. mater. Sci. 19, 1975.
7. E. Voce, J. Inst. Met., 74, p. 537, 1948.
8. M.M. Hall, D. M. Symons and J. J. Kearns, "Strain Energy - Distance Criterion for the

Initiation of Hydrogen-Induced. Cracking of Alloy X-750", Proceedings of the Parkins
Symposium on Fundamental Aspects of Stress Corrosion Cracking, TMS, pp. 231-244,
1992.

9. R. A, Mulford, "Analysis of Strengthening Mechanisms in Alloys by Means of Thermal-
Activation Theory", Acta Metallurgica, 27, pp. 1115-1124, 1979.

10. R.A. Mulford and U. F. Kocks, "New Observatinns on the Mechanisms of Dynamic Strain
Aging and Jerky Flow", Acta Metallurgica, 27, pp. 1125-1134, 1979.

11. E. Sirois and H. K. Birnbaum, "Effects of Hydrogen and Carbon on Thermally Activated
Deformation in Nickel", Acta Metallurgica, 40, 6, pp. 1377-1385, 1992; by the same title
with P. Sofronis, Proceedings of the Parkins Symposium on Fundamental Aspects of Stress
Corrosion Cracking, TMS, pp. 173-190, 1992.

12. G.S. Was, J. K. Sung and T. M. Angeliu, "Effects of Grain Boundary Chemistry on the
Intergranular Cracking Behavior of Ni-16Cr-9Fe Alloys in High-Temperature Water", Met.
Trans. A, 23A, pp. 3343-3359, December, 1992.

13. D. Hull and D. J. Bacon, Introducl;10n tO Dislocations, Third Ed., Pergamon Press, Oxford,

17



1984, p. 214.
14. I.L.W. Wilson and T. R, Mager, "Stress Corrosion of Age-Hardenable NiCrFe Alloys",

Corrosion 42, 6, pp. 352-361, 1986.
15. J.M. Wells, W. A. Logsdon, R. Kossowsky, M. R. Daniel, "Structural Materials for

Cryogenic Applications", Research Report 75-9D4-CRYMT-R2, NBS Contract No, CST-
8304, October, 1975; and as summarized by E. F. Bradley, Superalloys; A Technical
Guide, ASM International, 1988, pp.75-88.

16. A. Turnbull, R. G. Ballinger, I. S. Hwang and R. M. Gates, "The Influence of Microstructure
on Hydrogen Transport in Nickel-Base Alloys", Proceedings of the Fourth Internationnl
Conference on the Effect of Hydrogen on the Behavior of Materials, TMS, pp. 121 -132,
1992.

17. A.H. Cottrell, Dislocations and Plastic Flow in Crystals, Clarendon Press, Oxford, 1953.
18, H. Conrad, "Thermally Activated Deformation of Metals", J. Metals, pp, 582-588, July,

1964.
19. A.G. Evans and R. D. Rawlings, "The Thermally Activated Deformation of Crystalline

Materials", Phys. Star. Sol., 34, 9, pp. 9-31, 1969.

18



Figure 1: Thermally Activated Glide of
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Figure 2: Temperature and Stress Intensity
Factor Dependence of Stress Corrosion Cracking
for NiCrFe Alloys A600 and X-750
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Figure 3: Comparison of Alloy 600 and X750 SCC CGR
Activation Energies with Predictions of the
Low-Temperature Creep (LTC) Model of SCC.
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Figure 4: Comparison of X-750 SCC-CGR Data with
Predictions of the LTC Model for SCC,
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Figure 5: Low-Temperature Creep Relaxation

of NiCrFe Alloy X750, Constant Strain Tensile

Specimens Tested at Room Temperature.
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Figure 6: Comparison of SCC-CGR and LTC Stress
Relaxation Activation Energies for Alloy X-750
with Predictions of the LTC Model of SCC.
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Figure 7: Comparison of Measured SCC-CGR and
LTC Rate Sensitivities With Predictions of the

Environmentally-Assisted LTC Model of SCC.
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Figure A: Illustrating the Thermodynamics

of Low Temperature Creep Due To The

Thermally Activated Glide of Dislocations.
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