LUND UNIVERSITY

Mechanical Conditions At a Crack Tip and their Effect on Initiation and Growth of
Environmentally Assisted Cracking.

Stahle, P.; Nilsson, Fred; Ljungberg, L. G.

Published in:
Corrosion 88

1988

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Stahle, P., Nilsson, F., & Ljungberg, L. G. (1988). Mechanical Conditions At a Crack Tip and their Effect on
Initiation and Growth of Environmentally Assisted Cracking. In Corrosion 88: proceedings of the 43rd NACE
annual conference NACE.

Total number of authors:

Creative Commons License:
Unspecified

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY
PO Box 117

221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/16f792d4-21cd-4ddb-82bc-2e06ffaca5ca

PAPER NUMBER

281

March 21-25, 1988
Cervantes Convention Center / St. Louis, Missouri

MECHANICAL CONDITIONS AT A CRACK TIP AND THEIR EFFECT ON INITIATION AND
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ABSTRACT

Elasto plastic analysis was performed to determine the conditions at the root
of a notch in a CERT specimen and the conditions at a crack growing 1in a CERT
specimen. Furthermore, analysis of growth under small scale yielding was performed
in order to facilitate analysis of compact tension specimens. By experiments it was
shown how the stress strain conditions affect initiation of intergranular cracking
from an air generated transgranular precrack in simulated BWR environments with
controlled additions of impurities. The experiments were made on annealed and

sensiti1zed Type 304 stainless steel.

INTRODUCTION

Intergranular stress corrosion cracking (IGSCC) of sensitized stainless steel
1s one of the major operational disturbances to boiling water reactors (BWRs).
Traditionally, it has been regarded as a corrosion problem, and at first the major
approach to 1ts resolution was by go/no go tests like the constant elongation rate
tensile (CERT) technique. However, after the fundamentals of the problem got known

1t was realized that quantitative data on crack propagation rates were also needed,
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and quantitative tests under both constant nominal load and fatigue conditions were
started. An early observation was that the crack propagation rates could be
correlated to a mechanical variable, the stress intensity factor Kl. and that tests
can be performed in such a way that these data are possible to obtain. However,
there are situations when the straightforward Kl description fails. It bhas, for
example, been observed that when abrupt changes of the KI value are made, transient
effects on the crack growth rates occur. Another case when the KI description does
not work is when extensive plastic deformation takes place, as, for example, during
crack growth in CERT testing.

It is the object of the present paper to attempt analyses of these situations
in order to increase the understanding of how mechanical conditions affact crack
growth rates. In addition a stress-strain analysis of an uncracked but notched
CERT specimen is performed with the object to clarify the mechanical state at crack
growth initiation.

All tests described in this paper were run using material from the same heat
of Type 304 stainless steel, sensitized by heat treatment 680°C for 1 hour, and
subsequently at SOOOC for 24 hours. In the calculations the material was assumed to
be isotropically elasto-plastic with a linear strain hardening derived from tensile

testing.

EXPERIMENTAL PROCEDURE AND TYPICAL RESULTS

In the ASEA-ATOM laboratory, and in test loops in various Swedish boiling
water reactors (BWRs), experiments were conducted using constant elongation rate

tensile (CERT) tests, corrosion fatigue (CF) tests, and constant load (COL) tests.

Constant Elongation Rate

CERT tests give qualitative results. We wuse round bar specimens with a
mid-gage <circumferential V-notch as shown by Figure 1. Before start of a test the
specimen is prestressed to betweeen 80 to 90 per cent of the yield stress (at the

0
temperature 288 C) as <calculated for the <cross section at the bottom of the

V-notch, with no regard to notch effects from the V-shape. Subsequently the

-8
specimen 1is strained in the test environment at a nominal rate of 5+10 s as

calculated on the 25 mm gage length. After 168 hrs the test is interrupted, the
specimens pulled to fracture in air, and the fracture surface inspected for
environmentally assisted cracking. The maximum penetration of environmental
cracking on the fracture surface 1s divided by the test time, and the resulting

average crack propagation rate for the time of the test is used as a measure of
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susceptibility to environmental cracking.

The way of applying the CERT technique 1n these tests differs from the way it
1s normally done. Traditionally unnotched specimens are used which are strained in
the test environment until fracture1 . The strain rate applied when testing
stainless steel in high temperature water usually is in the range from 10'7 to

-6 -1
above 10 S .

There were several objectives for applying a different CERT test technique:
When testing with a notch, cracking will only occur at the notch, while testing
with a smooth specimen will generate several cracks along the length of the test
specimen. In the former case, the crack penetration may be taken as a relative
measure of the susceptibility to cracking. This is not possible in the case of a
smooth specimen, as the crack propagation rate for each crack will depend on the
number of cracks and their relative sizes.

The notch will stimulate <crack initiation. The purpose of the tests was to
ident1fy water chemistries which were innocuous with regard to environmentally
assisted cracking. Thus 1t was found to be a sound philosophy to search for those
chemistries which were not able to sustain crack propagation, rather than those in
which crack initiation was difficult although propagation could occur.

According to the authors’ experience, crack initiation when testing with the notch
occurs at approximately one per cent of bulk deformation in the specimen gage
length. In a smooth specimen several per cent of deformation is required for crack
Jnit1atjon2. With the present way of testing the total bulk deformation will be
three per cent, while when testing in the conventional way the material will
recelve several tens of per cent of bulk deformation before fracture.

In studies on the effect of water impurities on environmental cracking the
stress strain conditions at the notch also seem to affect the outcome of the test.
Nitrate 1n normal BWR water chemistry seems to have a beneficial effecta. However,
laboratories using conventional CERT testing techniques find the opposite result,
references”’ s. It 1s believed that the difference in results reflects that
nitrate enhances crack 1nitiation, but after a <crack environment has been
established nitrate will be reduced to ammonium before reaching the crack tip which
will alleviate crack propagation‘. This view-point 1s supported by the present
results 1n hydrogen water chemistry, which when clean does not promote cracking,
while in nitrate bearing environment one to two austenite grains deep cracks form.

With other water impurities similar discrepancies between CERT tests with
notched and unnotched specimens are also seen. Another example 1is the effect of

carbon dioxide in normal BWR water chemistry, which we think enhances initiation

7
but does not affect propagation
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Corrosion Fatigue and Constant Load Tests

CF and C(COL tests are run to produce quantitative data which may be used to
estimate crack propagation rates in reactor applications. For both types of tests,
one~-inch compact tension (CT) specimens according to ASTM E399, Annex A4, are used,
In the CF tests, crack propagation 1s monitored by crack opening displacement (C0D)
technique, in the (OL tests by potential drop technique (PDT).

The COL tests wsere run at a wide range of loads given by Kl values from 25 MPa

/2
m / and upwards. In contrast to the CF tests only intergranular cracking occurred.

In very clean environment (with 200 ppb 0 ) cracking only occurred at very high K ,
2

1/2

above 40 MPa m In unclean environment, cracking occurred in the whole range of

loads tested, generally at decreasing rate with decreasing loads. Howaver, there
was always an initiation time of a few days to several weeks during which the crack

propagation rate gradually increased from zero to a steady state.

FEM ANALYSIS OF AN UNCRACKED CERT SPECIMEN

In order to obtain a better understanding of the CERT test, the stress and

strains were determined by FEM analysis. The first analysis was done on an
uncracked specimen and is thus relevant only as long as crack growth 1nitiation has
not occurred. For the analysis the program system ABAOUSa was used and large defor-
mation behavior was assumed. The finite element mesh 1s depicted 1n Figure 1.
The material was assumed to be elastic-plastic with linear strain hardening
according to the Mises yield criterion and the associated flow rule. From tensile
tests at ZBBOC the vyield stress was found to be oy=160 MPa, and the tangent

modulus 0.01 E which equals 1.96 -103 MPa. Poisson’'s ratio equals 0.3. These
material properties are assumed in all calculations reported below.

The boundary conditions were taken as those used in the experimental pro-
cedure, i.e., a momentary deformation to 90 percent of the yield stress oY , and
thereafter a constant elongation rate is imposed. In Figure 2 some results for
stresses and strains are shown as functions of time. The X:s show the maximum
axial stress at the notch surface. This occurs somewhat (0.004 mm) above the
symmetry plane. No particular significance should be given to this fact since the
maximum is rather flat and the precise location of the stress maximum depends on
the FEM discretization. As seen from the figure the stresses are very high,
about a factor of 8 larger than the 1nitial yield stress. The hoop stress (open
circles) 1s also shown. It is noted that it is almost as high as the axial stress
and thus a nearly cylindrical stress prevails. This 1s an important difference
between the unnotched and the notched CERT specimens and can be of significance for

initiation of cracking.
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In Filgure 2 the maximum axial strain is plotted. There 1s a tendency for
decreasing strain rate with time. The vertical broken line shows the estimated
time for crack growth 1nitiation as discussed above. The axial strain at that point

of time is about 7 percent.

CRACK GROWTH UNDER TRANSIENT SMALL-SCALE YIELDING CONDITIONS

In the constant load (COL) tests there were various types of observations on
crack propagation behavior as a result of load transients which may indicate the
stress strain conditions at the crack tip.

A frequent observation, which may be seen in Figures 3 and &, was that crack
propagation rates seemed to decelerate some time after steady state propagation
conditions were achieved. It was found that if such a specimen is unloaded once, an
immediate increase in crack length was measured. Examples of this may be seen 1in
Figure 3 (at 700 hrs) and in Figure &4 (at 495 hrs and 530 hrs). It was also
observed that the temporary increase in measured crack length was dependent on the
time (or growth) that had passed since the last such transient. There are two
alternative attempts to explain this observation. One possibility is that there are
bridges of metal between separate cracks (as may be observed on broken-up cracks)
which become broken by the mechanical transient. The other possibility 1is that
electrical connections become separated and oxidized by the transient, in which

case the sudden crack increase measured is an artifact of the PDT technique.

Another observation of 1interest is that a small decrease in KI will lead to
nearly complete crack arrest. Figure 5 is from a laboratory test, where Kl was

decreased {from 54& to 40 MPa m"z. The crack stopped completely, but after a few

hundred hours there was a tendency that the crack started to propagate again. This
effect 1s helieved to be due to stress and strain redistribution when changing the
loading conditions, and it is one of the main objectives of this article to perform
a mechanical analysis of these situations.

An analysis considering the full geometry including the details of the
vicinity of the crack tip can, however, not be done in one single computation, not
even with very effective computers, at least not at a reasonable computer cost.

Since a detailed analysis is needed to clarify the mechanical behavior of the
near tip region a fFEM technique which takes advantage of the self similarity of the
steady state problem is 1invoked. Here a code for a moving mesh technique is used to
compute the steady state. The entire mesh is moving with the <crack tip, and the
stress strain distribution 1is constant when referred to the element mesh. The

solution 1s thus a steady state solution and it can be obtained in one single step.
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. . . . 9
The full details of the algorithm are described in reference and modifications due

. 10
to the present problem in reference
A plane body is assumed to have a straight through-crack, which has extended

under steady-state plane strain conditions in the crack tip surrounding. The
remotely applied load is a uniaxial stress field directed normal to the crack plane
The influence of inertia 1s neglected. A coordinate system is introduced with x=0
and y=0 at the right crack tip. The crack occupies the region -2a<x<0, y=0. Due to
symmetry of the problem, and by invoking the assumptions of small scale yielding,
the only a surrounding of the crack tip at x=0, y=0, say -C<x<C, 0<y<C, need to be
considered.

Polar coordinates (r,8) are introduced with r=0 at the crack tip (see Figure

6). The boundary condition for the case of small scale yielding

K
I

0ij = s fiJ(e) for r 4+ o (1)

where fij(e) are known functions.
In order to develop an asymptotic approach solution within the Jimitations of the
method applied, loads could not be greater than KI= 1.250YC . since at larger
loads small scale yielding could not be maintained.

The shape of the plastic zone extended to about 1/4 of the linear extension of
the mesh C. Size and shape are in accordance with the result9 for a perfectly

9
plastic material (see Figure 7). Very similar shapes and sizes are also reported

for materials with about the same hardening rate as the material used in the
present study.

The largest extension of the plastic zone in the y-direction is found to
be 0.158 (Klloy)z. The largest extension in the x-direction is 0.119(K[/0Y)2 and
the extension straight ahead of the crack tip is 0.063(KI/0Y)2. Thus the plastic

Zone is comparatively thin in the plane y=0.
A secondary plastic zone was developed in the wake adjacent to the crack

surface. This zone 1s observed to increase in width and assumes its full width
2 2 . R
O.OOSB(KI/oY) at a distance about 0.030(Kl/oY) behind the crack tip. The full

width is covered by &4 elements.
Obviously an asymptotic solution should be found within the field where

the regions of different material behavior divide the near tip field in angular
sectors. In the present study three distinctly different kinds of sectors are
discovered {see Figure 6), e.g., active plastic (P), linearly elastic wake (W),
and secondary plastic (S) sectors. The boundary between the sectors (P) and

(W) is found at 9p=1270, and Dbetween the the sectors (W) and (S) is found at
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e =1730. This should be compared with 8 =123o and Gs=150o found for the perfectly
p;astic material". A much larger valu: for the boundary between (P) and (W)
sectors, 8p=154°. is reported'2 for the linearly hardening material. The angle 8 is
estimated to 179.90. The stress distribution corresponds well to the results for
the near tip field for a perfectly plastic material". To our surprise the
deviation from the result for the near tip field for a linearly hardening material

is substantial.

. . . 11
The crack surface displacement v is shown in Figure 8. It has been shown

that the asymptotic radial dependence for the displacements for a linearly
s .
hardening material can be written r , where s is a material property. Thus a
s ) ) . 2
solution of the form v = kr approximating v in the region r<0.017(K /o ) -
covering 12 nodes - was sought by means of the least squares method. The result

0.69 . .
suggested that v « r which is far from what was found for the asymptotic field

. . .12 0.9203
for the linearly hardening material , namely v « r .

The surprising similarities between the present result and asymptotic field

N B | C .
for a perfectly plastic material and the significant deviation from the

asymptotic field for a linearly hardening material suggested an investigation from

a new viewpoint of an example provided by reference

It can be shown for the anti-plane strain (mode III) case that two solutions
-Ja

. Ja
exist for small values of the ratio a = E /E , namely r and r . By choosing a

model boundary value problem with reasonable boundary conditions remote from
the crack tip, it is shown‘z, that a two-term solution approaches the result
for a perfectly plastic material as the hardening rate a approaches zero. It is
rewarding however, to compare the two-term solution for a finite hardening rate
with the dominating term approximation, and secondly with the result for the

perfectly plastic material. Thus the displacement rates are chosen for inspection

where:
B'Y
. . -8 s
wtt = a 256 [{r/R) - {r/R)1 (2)
1s first compared with
EtY s
wst = & 256G {r/R) (3}
and secondly with
T
. . BY
w = a = 1n (R/r) ¢
op s {4)
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Here w is the out-of-plane displacement, P 1s nondimensional and equals
0,3373, dots denote time differentiation, 6 is the shear modulus, TY is the shear

yield stress, R is a length parameter of the order of the linear extension of

the plastic zone, and a 1is the crack length. For s:=0.1 the result is that
wtt(assumed to be the exact solution) is approximated within 10! by w ¢ for
s
-5 .
r < 190 R (5)

Thus the approximation wst is applicable only in an extremely small region
surrounding the crack tip. Unfortunately the size of this region is certainly
much smaller than the si1ze of the fracture process region. Note that a necessary
condition when employing the asymptotic field in the analysis is that the f1ield
completely embeds the process region.

On the other hand wtt is approximated {(within 1071) by the solution for the

perfectly plastic material wpp within the range

-4
4.3-10 R <r <R (6)

which covers the essential part of the plastic zone (see Figure 6). The region

-4 .
r<4.3°10 R, where the approximation cannot describe the displacements, 1is

generally 1nsignificant when compared with the extension of the process region.

Returning to the mode I case it is, in view of the present FEM result, assumed

1 . . .
that the perfectly plastic solution for mode I is the proper approximation of the

mechanical behavior in the near tip region, in analogy with what was found for the

12 .
mode III case. It is also assumed that the asymptotic solution for the 1linearly

hardening material resides in an extremely close vicinity of the crack tip. The

. 10 . . . . .
amplitude for the solution 1s determined by simple curve fitting. Thus

o
v = 3.11 X r 1n eR (1)
a E r
and
R = 0.122 (K, /o_)? (8)
| N ¢

was obtained.

The node closest to the <crack tip has been excluded. The difficulties in
obtaining a consistent result near the tip may be explained by the relative
coarseness of the mesh at this point. The amplitude 3.11 should be compared to the
value 2.76 for the perfectly plastic material11 which was determined for the case
of small scale vyielding through an examination of the velocities in the Prandtl

slip line field.
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At a FEM investigation continued from the steady state situation the load is
(a) decreased to 0.6 of full load, (b) removed completely and then fully restored.
{a) and (b) are followed by crack growth simulated by a node relaxation technique.
For a reference case, crack growth is also simulated by node relaxation immediately
following the moving mesh solution without any interrupting changes in external

load.

tUnloading - reloading

During unloading contact forces must be introduced to prohibit overlapping.
The extension of the contact region is rather small for loads larger than about

0.1.KI . At the end of the analysis when the remote load is completely removed,
o

Immediately as the 1load is decreased from the steady state situation the

complete plate becomes elastic, and it is not until below O.H(I that the material
o

behavior becomes plastic at one integration point. The secondary plastic zone

present at steady state remains elastic throughout the unloading process.

In the following analysis the initial load is restored. Ouring this part, as
in the first phase of the analysis, the crack is assumed not to grow. The reloading
induces large changes in plastic strain distribution. Evidently the process is not
reversible. A study of Figure 8 reveals large deviations in the crack surface

displacement during reloading compared with unloading at corresponding loads.

Fxcessive blunting of the crack tip 1s observed. This is manifested by a

2 .
displacement 0'30KI/E°Y of the node <closest to the <crack tip, which can be
compared with the result13 0.33K§/EOY for a static virgin crack.

Continued crack growth at unchanged load. KI= KIo
Continued crack growth 1s studied by means of a nodal relaxation technique. In
order to eliminate errors due to the change of FEM technique, node relaxation is
first used to simulate crack growth immediately following the moving mesh
analysis, hence leaving out the removal and restorage of remote load.
The crack surface displacement is slightly larger when the node relaxation
technique 1is used than with the moving mesh technique (see Figure 10). The best

approximation to the least squares method is given by:

o
Y eR
a .85 £ r 1n r (9)

<
"
~N

wlth

2
= 0.1
R 0.166 (KIIOY, {10)
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The solution (9) with
e 2
R = 0.166 (KI/oY) (11)

e . . . .
where KI 1s an equivalent stress intensity factor, is below replacing the radial

s ; . . .
dependence r~ (cf. eqn. (3)) in the approximation for the displacements. Thus KT=K1

at continued steady state crack growth although K: can also be calculated at each

step of the continued crack growth, e.g. when 2, 4, 6 and 10 nodes were relaxed.

Figure 11 shows that K? is rather constant (only slightly lower than KI when anly

two nodes were relaxed).

Continued crack growth at KI=0.6KIO.

A crack that experiences steady state crack growth, then instantaneously
decreased load to O.GKIo followed by continued crack growth by relaxation of nodes,
is studied. As the first two nodes are relaxed the displacement for these nodes
decreases, i.e. the crack surfaces overlap. This 1is of course an unrealistic
situation. The implications are not fully understood, and we are submitted to
speculation on why continued crack growth is observed in experiments. On possibi-
lity might be that microcracks or voids that later coalesce with the main crack,
region ahead of the crack tip. Assuming that (9) and (11) define the crack surface
displacements in the crack tip neighbourhood also shortly after a load transient,
K? can easlly be obtained. Figure 11 shows that K? changes significantly during

continued crack growth, increasing from a rather small value to a value very close
to the value expected at steady state crack growth at 0.077(KIOIOY)2.

. 2
When ten nodes are relaxed the height of the plastic zone 1s 0.068(K10/nY)

at

which equals 0.13(K[/0Y)2. This should be compared with the height 0.16(K o/o

1 Y)

steady state.
Continued crack growth at K[: K[o after an intermediate unloading-reloading process
It 1s of interest to compare this last case with the reference case for which

the moving mesh technique was instantaneously replaced with the node relaxation
technique for steady state solutions, since wunloading-reloading has been
recommended as a method for breaking conductive bridges at the crack surface.

The excessive blunting observed at the reloading process results after some

amount of crack growth as an indentation of the width O'O'B(KIOIOY)Z and the depth

about 0.32 Kio/EOY at four relaxed nodes, and the width O.OZZ(KIOIOY)2 and the
depth about 0.29K§0/EOY at ten relaxed nodes (see Figure 10). Yhe crack surface

displacements are 1larger than at steady state on the trailing side of the

indentation and the difference 1s almost constant for x>-0.15(K o/oY)z. Thus the

I
. 2 2 2 ) 2
difference is O.OQKIOIEOY at x--O.O&(KIoloY), and 0'07Klo/E°Y at x= O.IO(KIOIOY)
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2
before continued crack growth, and 0.10K§°/Eo at x=-0.04(Kl°/oY). and 0.08K§°/Eoyat
x=-0.|0(Kl°/oY)2 after ten relaxed nodes. Even though the strain field is consi-

derably redistributed, K? is comparatively constant at continued crack growth, only

slightly lower when only two nodes are relaxed.
SIMULATION OF CRACK GROWTH IN CERT SPECIMENS

Frequently average crack growth rates from CERT tests are reported, and it may
be asked whether these values are of any interest for prediction purposes. It 1is
easily recognized that the situation in a CERY specimen is well beyond small-scale
yielding and thus cannot be directly compared to results from testing of CT
specimens. In order to explore the possibilities to use crack growth data from CERT
testing for quantitative purposes, a finite element simulation was performed. Since
in a CERT test no measurements of the crack growth are made, the assumption was
made that growth initiation occured after 60 hours, and then the growth was
constant and equal to 2.6 10_9 m/s corresponding to a total growth rate of 1.0 mm
during a test. This is a value typical of tests when IGSCC occurs in clean BWR
environment with 200 ppb 02. The simulation was performed by ABAQUS, and the
axisymmetric finite element model is shown in Figure 1. The mesh contains 302
elements and 1086 nodes. The growth is simulated by gradual nodal releise as
described previously. Since a comparison with the small-scale vielding analyses
was desired, the calculation was performed under small deformation assumptions,
unlike the calculations on the uncracked CERT specimen reported above. In Figure 12
the «crack surface displacements for some different crack lengths are shown. A
tendency for fluctations as compared with a smooth curve is observed, the midside
nodes of the elements giving relatively smaller displacements than the corner
nodes. The same tendency, although less marked, was observed in the small scale
yielding analysis and is believed to be due to the relaxation procedure. In this
the nodal forces at both midside and corner nodes are relaxed proportionally,

whereas a more rapid release of the corner nodal force would be more appropriate.

As a basis for comparison with the small scale yielding situation the crack
surface displacement is used. Thus a curve of the form (9) is fitted to the dis-
placements from the FEM calculations. Since considerable hardening occurs, the
comparison could not be performed on basis of the virgin yield stress. The tangent
modulus, however, is 1low so the variation of the current flow stress along the
crack surface is small. Thus a fitting based on eqn. {9) with an updated value of

e

the yield stress should be reasonable. Both oY and KI were varied in the fitting

process using a non-linear least squares procedure from the NAG library1‘. The
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fitted curves are shown in Figure 12.

. . e . Cu .
In Figure 13 the effective value KI as determined from the fitting is shown
as function of the crack length. The values increase rapidly with crack length and

reach very high values. Thus it is unlikely that the assumption of constant crack

growth rate is correct. Furthermore it is observed that, except for very short

lengths, the K? values are unrealistically high. Thus a comparison with small scale
yielding results appears meaningless. The main conclusion to be drawn from this
qualitative analysis is that the conditions at a tip of a growing crack in a CERT
test are very far from what can reasonably be achieved under practical situations,
and that the growth rates observed in CERT tests are of little or no value for

prediction purposes.

DISCUSSION

One prominent feature of the numerical analysis of the uncracked CERT spaecimen
is the very high stress and the high degree of triaxiality at the bottom of the
notch. Such high values can never be achieved in an unnotched specimen. On the
other hand, the calculated strain at the estimated time of crack initiation (7

. . 15 .
percent) is roughly comparable to results for unnotched specimens . This suggests

that strain is more important than stress for initiation of stress corrosion

. . . ) ) 16
cracks, which is consistent with the current theoretical models

The analysis of crack propagation in CERT tests showed that there is no basis

for comparison with CT testing. The effective values of the stress intensity

factors K? are far beyond what can reasonably be encountered in a practical
situation. Furthermore as can be seen from Figure 12 the crack tip opening angles
are quite large (of the order of 10 degrees) which may counteract the formation of
crevice conditions. The situation is thus so different in CERT tests, as compared
to CT tests, that even the use of the CERT test for ranking purposes could be
considered as open to discussion. However, practical experience from many years of
testing and field behavior seems to show that CERT is useful for ranking purposes.

A severe decrease in stress intensity was observed at the analysis of a
growing crack subjected to a sudden decrease in remote load. The equivalent stress
intensity factor Ke shows a gradual recovery during continued crack growth and at
a point O.OB(KIo/aY)z, K? has reached about the same level as for steady state at
the same remote 1load.

These changes 1in K? are likely to produce a similar behavior in the crack

growth rates, which 1is consistent with the experimental observations. The

initiation immediately after the decrease in remote load cannot, however, be
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explained by the idealized model chosen for analysis since compressive stress is
present ahead of the crack tip. After a forced crack growth of about 0. OI(K /oY)
the compressive stress is replaced with a tensile stress.

After an unloading-reloading cycle the crack tip becomes considerably blunted,
almost as much as when loading a static virgin crack. This might support the
suggestion made earlier in this paper that either mechanical or electrical
connections are developed between the crack surfaces during steady state crack
growth. The explanation should then be that these connections are broken as the

crack surface displacement is much larger after the unloading-reloading cycle.

CONCLUSIONS
The stress state in the notched CERT test is quite different from that of the

unnotched specimen. However, crack initiation seems to occur at roughly the same
strain levels in both cases.

The <crack propagation process in the CERT test cannot be related to CT tests, and
average growth rates should not be used for prediction purposes.

At a partial wunloading in a CT test the analysis predicts a considerably lower
growth rate than that corresponding to the new steady state level. After a recovery
period of the order of the plastic zone size the steady state level is reached
again.

A significant separation of the crack surfaces results after the load is removed

and applied again. The crack tip is severely blunted. Even though there are

. . . . . . . e
significant changes in strain distribution the equivalent K appears to be rather

I
unaffected.

FEM calculations seem to be a useful tool for analysis of stress corrosion

processes.
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FIGURE 3 - Crack propagation in COL specimen tested in normal BWR water with HZSO‘.
The H_SO concentration initially was 25 ppb. At 400 hours it was increased to

100 ppb. At 700 hours the specimen was unloaded and reloaded once.
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2
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