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Crack tip analysis of a few Ltransient loading situations at crack

growth in stainless steel
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It is here reported on a partk of a larger finite element [FEM)
investigation of fracture mechanical CERT-testing for corrosion fatigue

under IGSCC conditions.

The rate of crack agrowth has in experiments been observed to drop
significantly after an instantaneous but small decrease in remote load
intarrupting a steady state crack growth [1] (see Fig. 1), As the load
later is recovered the rate of crack growth does not seem to be a
unique function of remote load. After some amount of crack growth, of
the order of the linear extension of the plastic zone the growth ratse
has assumed the level as observed at steady state, corresponding to the

changed value of the loading.

Here the crack +tip field is analvsed as regards stresses and strains
for a few different transient lovads. AL a FEM analysis a straight crack
subjected to opening loads (mode I) is considered. The deformation is
assumed to be plane. The 1linearly hardening material behaviour 1is
governed by von Mises yield criterion and plastic flow is assumed to be

associated to the yield criterion.

Applied load is the small scale yielding stress (ield given by

1
nij i g fijtai as r 4+ = (1)

where fijlai are known functions.

The steady state problem 1is solved by employing a moving mesh

technique. The solution obtained is valid also for tha arrested crack.
From this situation the load is a) decreased to 0.6 of full load, b)

removed completely and then restored to 0,6 of full load, c¢) resmoved



completely and then fully restored . a), b) and e) are followed by
crack growth simulated by a node relaxation technique. Far reference,
crack growth is simulated by node relaxation also immediately following
the moving mesh solution without any interrupting changes in external

load.

Steady state crack growth

Generally the transient crack growth, when starting from a virgin crack
is rather small e.g9. about two or three times the extension of the
plastic zone., The initial transient crack growth is followed by a

ateady state crack growth that was reported on earlier [2].

Shortly after [2) was finished & solution [3] for the asymptotic near
tip field for steady state crack growth in linearly hardening materials
was teported., The analysis [3] follows the earlier attempt [4) to solve
a similar crack growth problem hut in [3] the analysis is improved
while the possibility of a secondary plastic zone is considered. The
result of [3] should therefore be more realistic since the presence of
such a plastic zone is clearly indicated in numerical work (e.g. [2]).
The final differential equations are solved by means of a Taylor's
expansion in [4) whereas [3) formulates an eigen-value problem which is

solved numerically by a Runge-Kutta technique,

The stress 4fields of the twn investigations are essentially equal, at
least in the regions shove and ahead of the crack tip. As expected the
deviation 1s large close to the crack surface because of the effects of
reversed plasticity. Still deviations exposed when the results din [2]
and [4] were compared, remain when the results of [2] now is compared
with those of [3) (see Fig. 2). A much better coincidence is still

achieved when [2) is compared with ([5) in which analyses the near tip



field for a perfectly plastic material are made. This awakes Lhe
question of the range of validity for the solution [3] and [4] at the

havdening rate considered,

The radial dependence of stresses was shown to be of rs-typa and the
exponent s was calculated numerically inm [3] and [4]. For a hardening
rate w=0.01 s was found ta be 0.9113 but a best fit by application of
the least square method acting on the FEM result [2) suggested a value
5=0.89. In the latter case the crack surface displacements in the
crack tip neighbourhood was wutilized from a FEM solution for the
complete small scale yielding problem (as opposed to the asymptotic
analysis [4]). It was thus assumed that the numerical results [+) for s
was erroneous possibly dues to the neglected secondary plastic zone
adjacent to the crack surface. Now as the result [3] which does include
the secondary plastic zone in the apalysis, is available showing that
s=0.9267 for o=0.01 which is not very far from the result of [4], it

seams as if an explanation must be sought elsewhero.

The surprising similarities between the result [2] and the result for a
perfectly plastic material [5] suggested an investigation from a new
view point of an example provided by [3). It can be shown for Lhe
anti-plane strain (mode [TII) case that two solutions exist for small
values of o namely rfu and r-fh. By chosing a model boundary value
problem with reasonable boundary conditions remote from the crack tip
in [3]1 it is shown that a two term solution approachaes the result Tfor
a perfectly plastic material as the hardening rate a approaches zero.
It is however rewarding to compare the two term solution for the

displacement rate with the dominating-term approximation and secondly

with the result for the perfectly plastic material. Thus

T
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is first compared with
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Here w is the out-of-plane displacement, a dot denotes time
differentiation, 6 is the modulus of elasticity in shear, tY 18 the
shear vield stress, R is a length parameter of the order of the linsar
extension of the plastic zone and a is ¢the crack growth rate. For

$=0.1 the result is that wtt {here assumed to be the exact solution)

is approximated within 107 by w . for
]

F e 190 R (
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Thus the approximation w is applicable in an extremely small region

st
surrounding the crack tip. Unfortunately this region is as regards the

investigated material surely much smaller than the fracture process
region which at least is of the order of a grain in size. Note that a
necessary condition when employing the asymptotic field in the analysis

is that the field completely embeds the process region.

On the other hand wttis approximated (within 10%) by the solution for

the perfectly plastic material wp within the range
p
-4
4.3 10 R < xr 2 R (6)

which covers the essential part of the plastic zone. The region
-4

r<k.3 10 R where the approximation cannot describe the displacements

is generally insignificant when compared of the extension of Lhe

process region.

One may write the solution for modus I and a perfectly plastic



material [5] on the Form:

VaE eR
T const. 1n g (7

and then by using simple curve fitting one obtains

i
IREORT O« R oy e | (8)
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and
R = 0.122 (K. Jo_)2 (9)
= 1'%

Figure 3 shows that the approximation is good within the

ragion

2 2
0.005 {KIIHYI LA I | 5 IKIIUY] {10)

The node closest to the crack tip is excluded. The difficulties in
obtaining a consistant result here can be explained by the relative
coarseness of the mesh at this point. The amplitude 3.11 can be
compared with the value 2.76 for the perfectly plastic material which
was determined for the case of small scale vielding through an

examination of the velocities in the Prandtl slip line field [5].

It should be emphasized that the disturbing field generated by the
process region itself cannot be considered due to the assumption that
this region is a singular point. Thus it is in fact assumed both that
the logarithmic field embeds the process region and that the region in
which the stress and strain field is significantly affected by thes
praesence of a true, non point shaped, process region is sufficiently

small.

The steady state solution as regards stresses and strains is depending
neither on the crack growth rate nor on any higher time derivatives of

the crack length. Therefore a characteristic of the steady state



solution is that there is a direct proportionality between the crack
growth rate and the stress and strain rates. The solution is valid for
small crack growth rates including the arrested crack. Due to the self
similarity of the asymptotic solution one may describe the situation in
the erack tip neilghbourhood by the parameter R or equivalently by the
displacement, the stress, etec. at a certain distance from the crack
tip. Similarly the strain rate at a certain distance from the crack tip
might be chosen for a one parameter describing the near tip situation
lcf. [6)) but this specific choice does not provide any further
information what so ever as compared with any other among the variety

of equivalent choices.

The analysis reported here start at the steady state situation that was
obtained by means of a moving mesh technique. The obtained stress and
strain field was used at the heginning of a FEM analysis at which the

remolte load (1) was removed in several small steps.

Unloading - reloading with overlapping crack surfaces

In a first attempt restrictions were not imposed as regards crack
surface displacement. The result is 1in error in that it implies
overlapping of Lthe crack surfaces (see Fig. &) but this is not
unexpected as was indicated by a 1linear estimation in [2]. The
result shows that the region of overlapping crack surfaces increases

rapidly starting at remote load about 0.2 of full load Kln' It is also

obvious at inspection of the Llarge displacement gradients near the
crack tip that strains are localized in a process similar to crack tip

blunting, but here as the load i1s decreased. One also note that the
displacements are almnst constant over the crack surface in the crack
tip neighbourhood when the remote load is completely removed. I[nitially
during unloading the complete plate is elastic. It is not wuntil the

external load drops below about 0.7 af the full load that the first



plastic integration puint is obtained (see Fig. §).

Figure 5 also shows the crack surface during reloading. For comparison
dotted lines show the displacement at corresponding external load
during unloading. As a curiosity one observes that (although
significant differences arise during reloading=-unloading) when full
load is restored the result i1s very similar to the steady state result
at least as ragards the crack surface displacements. The plastic zone
at full load shown in Fig. 6 is also observed to be rather similar Lo

the plastic zone at steady state,

This solution is of fear for a significant influence of the sxtensive

overlapping, only used as a reference for further work.

Unloading - reloading with crack surfaces in contact

The result during unloading when contacl forces is introduced to
prohibit overlapping i¢ displayed in Fig. 1. The deviations in
displacemant due to crack surface contact are, when compared with Fig.
t, observed to be small outside the contact region. It is alsu ubserved
that the extension of the contact region Ls rather small for loads
largar then about U.txrn. At the end of the analysis when the remote

load is completely removed crack surfaces are in contact along the

crack as far &s is covered by the element mesh,

Immediately as the load is decreased from the steady state situation

the complete plate becomes elastic and it is not until below 0,4K or.hat

I
the material behaviour becomes plastic at the first integration point.

0.4K_ , 0.2K and when the

Fig., 0 shows the plastic zones at U.EKIO. ¥a fia



remote load is completely removed. The secondary plastic zZone present

at steady state remains elastic throughout the unloading process.

At the following analysis the initial load is rastored. During this
part, as in the first phase of the analyses, the crack 1is assumed not
to grow, The reloading induced large changes 1in plasbic strain
distribution. The load had to be applied in 75 increments in order to
keep the «changes in strains at a reasonably low level during each

increment.

Evidently the process is not reversible. A study of Fig, 10 reveals
large deviations in the crack surface displacement during reloading
compared with unlcading at corresponding loads. Excessive blunting of
the crack tip is observed. This is manifested by a displacement of the
node closest to the crack tip u=n.30K?!Eu which can be compared with

Y

the result for a static virgin crack v:u.&SHfIEoY fef. [T1). At a

larger distance from the crack tip the deviation from the steady state

result decrease very slowly, e.g. from Av=ﬂ.ﬂlk§!EuY at r=ﬂ-n&(KIIuY]2

to ﬂu:u.uﬁx?!EuY at r=U.|3IK1}aV}2. When studying the extension of the

plastic zones one 1s struck by the early appearance of the secondary
plastic zone (see Fig. 10). This zone that is absent during the entire
unloading phase now increases continuously during the reloading to
assume about the same height at full load as previously at the steady
state. The primary plastic zone, surrounding the crack tip, appear
first at 0.6 of full load and increases rapidly during the remaining
part of the relcading part to finally assume aboul the same extension

ahout as that found at steady state.

Continued crack growth at unchanged load. Klw KIo

o - - -

Continued c¢rack growth is studied by means of a nodal relaxation
technique. In order to eliminate errors due to the «change of FEM

technique, nnde relaxation 1s first wsed to simulate crack growth

(1]



immediately following the moving mesh analysis [Z), hence leaving oul

the removal and restorage of remote load.

The displacement is slightly larger here when the node relaxation
technigue is used then at the moving mesh technique (see Fig., 11), @8y

2 s
plotting vEIoY versus Ln{ek nfra ) lcf. Fig. 12) une discovers that

I Y
result is essentially identical if the node closest to the crack tip is

excluded. The solution (8) and (9) represented by a straight line is
included an the figure. The best approximation in the least square

sence Ls gliven by:

o
_ Y ek
LA 2.08 T r 1In u (11)
with
2
R = D.166 {KIIUYI 112}

This solution is hereafter replacing the rs depending solution for the
displacements. The shape of the plastic zone remains almost constant
(see Fig., 13). Only a slight deviation appear at the end of the
analysis, In all 10 nodes were relaxed covering a distance

U.ﬂ?Slﬂtqul.

Continued crack growth at KI=Q.$K10.

S S O ————

A crack that experience steady state crack growth, then the load

instantaneocusly decreased to 0.G6K followed by continued crack growth

To
by relaxation of nodes is studied. Fig. 14 shows the displacements
during the continued crack growth, The result before crack growth is
included for comparison. As the first two nodes are relaxed the

displacement for these decrease, i.e. the crack surfaces overlap. This

15 of course an unrealistic situation. The implications are not fully



understood and we are submitted to speculations. It might fer 1nstance
be that a micro crack occurs first 1s formed ahead of the crack tip
that later coalesce with the main crack or the main crack might even

circumfere Lhe region ahead of the crack tip.

Assuming that (11) definaes tha npear tip field at crack growth alsn
shortly after a lead transient, the parameter R is easily obtained in
Fig. 15. Through (12) the egquivalent stress intensity factor performing
the identical displacement field is obtained as well. The equivalent
stress intensity factors are observed to change significantly,
increasing from a very small value to a value very close to the value

expected at steady state crack growth.

First plasticity occurs only at the former secondary plastic zone
adjacent to the crack surface. Plasticity occurs in the crack ¢tip
neighbourhood when the next two nodes are relaxed and it is also at
this moment that the displacements begins to Lncrease. Fig, 16 shows
the result for 2, 4, 6, 8 and 10 relaxed nodes. Finally whan 10 nodes
are relaxed the heiaght of ths plastic zone is n.uislxlguvlzwhich agquals

u.13{KIfuT}2. This can be compared with the height n.14tulﬂqu]2 at

steady state,

Continued crack growth at KI= n.EKIn after an intermediate

L

Figure 17 shows the displacements for 0, 2, 4, 6, 8 and 10 nodes
relaxed. Compared with the result without unloading-reloading the
displacements are now larger and the crack surfaces did not overlap at
any stage of the continued crack growth, In a uE!ru*vsrsus 1ntel§°r:o:l
diagram (Fig. 18) R is found and the equivalent stress intensity factor

is obtained. The crack surface displacements correspond to a small

scale yielding casa KI= n.aaxtnas the two first nodes are ralaxed and



finally KI: D.?3Kloa$ 10 nodes are relaxed. Thus Klis about 207 larger

than expected {KTn= n.EKIa]. This cannot vet be explained. Lt cannot
be explained by the increase in K' due to the inecreased crack length

considering the finite geomelry covered by the element mesh. This would
only account for on increase of about 1.2). A further analysis is
needed to reveal if the result for crack growth before and after an

intermadiate unloading-reloading converges as the amount of crack

growth increases.

The plastic =zones is surrounding an elastic region in the crack tip
vicinity after relaxation of the first two nodes (see Fig. 19). During
the relaxation of the next 8 nodes the elastic region, alt the site of
the crack tip during the unloading-reloading proucess, remains slastic.
When 10 nodes are 7relaxed +the shape of the primary plastic zane is
rather similar to the plastic zone in Fig., 16, i.ae, without

intermediate unloading-reloading.

Continued crack growth at K = Klo after an intermediate unloading-

It is interestiing Lo cumpare the last case with the reference case for
which the moving mesh technigque was instantaneously replaced with the
node relaxation technique for steady state solutions since
unloading-reloading has been recommended [1] as a method for breaking
conductive bridges at the crack surface, It is assumed that these are
resposible for an appearant, but not true decrease in crack length as
measured by the potential drop method. As an accompanyling effect the
crack appears to be slightly larger after the unloading-reloading cycle

{see Fig. 20]).

The excessive blunting observed at the reloading process results after

some amount of crack growth in an indentation of the width 0.018



2 2
{Kliuvl and the depth about D.SEKIIEBY at & relaxed nodes and the width

z ?
ﬂ.UZBIKI!uYi and the depth about lJ.Z&I-:i.o'F.cl,f at 10 relaxed nodes (sae

Fig. 21). 7The crack surface displacements are larger than st steady

state on the ¢trailing side of the indentalion and the difference is
almost constant for x>-u.15{KIIO?}2. Thus the difference is 0.09K§IE0Y
at u--n.nttx[;quz and U.OTKfIEuT at n=-u.1utxlruflz before continued
crack growth and a.wxf;e-:r,r at x-u-u.nmmtm,rlz and cr.tmm::'nza:-T at

2
x:-ﬂ.TﬂIKIqul after 10 relaxed nodes.

z. 2
In a vE!qu versus ln{eKllrch diagram (Fig.22) the resulting displace-

ments at the advancing side of the indentation are fairly collected and

seems to be very little different from the result at steady state.

The plastic zone (see Fig. 23) is, as was vhbserved at continued crack

growth for the lower load 0.86K_ , avoiding the region in the immsdiate

Io
surrounding of the position of the crack tip at the unloading-reluvading

process, i.e. x = 0, Finally as 10 nodes are relaxed the shape of the

plastic zone resembles the one found at steady state.

Result and discussion

It has been possible to apply the approximation (8) for the
displacements of the new crack surface created at crack growth after a
few different transient loads. The approximation coincides well with
the obtained FEM results accept may be for the result as the first two
nodes are relaxed and generally when the node nearest the crack tip is
excluded. The near tip field described by (B) is related to the near
tip field at steady state through the estimation of R which for small

2
scale yielding steady state equals O.ISIKIIoT} . These values for the

equivalent small scale yielding KI is plotted versus crack length and

compared with the stress intensity factor for the surrounding elastie



field, in Fig. 2¢ a - d.

Estimation of the crack growth after a sudden change of the remote load
can be made through the knowledge of the crack growth at small scals
vielding. The computed crack 1length should however be handled with
caution for cases where the displacements are very small or even
negative al the initiation of cantinued cyack growth (e.g. where
r>R). Thus it is emphasized that the initiation after a decrease in
remote load (e.g. to ﬂ.BKIuI could not be explained while the 1result
actually implied that the crack should remain arrested. This is in
contradiction with experimental results showing continued crack growth
after some delay. If the delay at initiation is excluded or esttimated
by other means, it is believed that the following crack growth can be
estimated by an examination of the near tip displacement field. The
amount of crack growth that should be excluded does of coursa depend on
the character of the transient load. For the situation in Fig. 24 b)
could be of a s1ze say u.nusKtKl!uYiz. For a KI-Jng.s UY i.a. at the
ASTM 1limit for linear fracture mechanics this is 0.51 of the crack
length for an edge c¢rack. It is here reminded that if the grain size or
what might be considered as the size of the process region is large
than u‘uua:ulfuvlz that amount of crack growth should be excluded

instead because of the weak foundation for the analysis at the length

scale of the process region.
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Fig. 2 Components of stress ny, na and T 9 found at the FEM
T

analysis [2], for the asympltotic solution [3] and for the
pexfectly plastic malterial [5].
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Fig. 3 Ratio v/r versus 1"“‘10”01’: at steady state. The

approximation (8) is represented by a straight line.
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Fig. $ Shape of the plastic zone during unloading. Overlapping
is not prohibited.
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Fig. & Shape of the plastic zone during reloading. Overlapping

15 nol prohibited.
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Fig. T Oisplacements during unloading. The first node is in ... :

contact with the lower crack surface at Kl: n.iKIo. The

entire crack is closed at KI= o.
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Fig. 8 Shape of the plastic zone during unloading. The entire

plate romains elastic until KI= n.?KIO.
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Fig.

Displacements during reloading. The contact between Lhe

upper and lower crack surfaces disappears immediately as
the load is increased.
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Fig. 10 Shape of the plastic zone during reloading. The first
integration points that become plastic appear in the

Former secondary plastic zane.

L a®/”

L
f
i
= 0.0%

—

X (0 /Ks)"

S UG/,
0.05
=3
4]

¥{G, /Ky)

s

- Ol 0

X (Ol g™



AN =1 ) mmy

) i

Fig.

"

Displacemenls durinyg node relaxation immediately ——
following the steady state solution obtained by the .

moving mesh technique.
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Fig. 12 \.vE.*'s.‘i.:«.,r VErsus 1r|luK:°a'ru$] for the situations in Fig. 11.
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Fig., 13 Shape of the plastic zone for the saituations in Fig. 11.
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during node relaxation after unloading to

Fig. 14 Displacements
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YJ for the situations in Fi

15 vEfro_ versus ln!eKiofru
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Fig. 16 Shape of the plastic zone for the situations in Fig. 14.
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Fig.

K1

= 0 and reloading to K

= 0.6K

1 Ie”

17 Displacements during node relaxation after unloading to !
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2 .
Fig. 18 '.rE.frnT versus ln{eKi’nfrUT] for Lhe situations in Fig. 17.
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F
1g. 19 Shape of the plastic zone for the situations an Fig. 17
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PDT Voltage over Crack in Constant Load Test XV (Environment [, 0.1 ppm H,504)

There was no crack growth during the first 125 hrs of the test
The data acquistion system failed during 2 periods of time
Bars in top of graph show periods of time when load was cycled to initiate cracking
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Fig. 20 Crack propagation in a constant load specimen tested in normal BWR

water with 25 ppb H_S0 at 288°C. Initially the specimen was loaded

1/2 2 /2
to K1°= 54 MPam . By 170 hours load was decreased to KI = 40 Hpa$ %
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Fig. 21

KI=

0 and reloading to KI= | e

I

Displacements during node relaxation after unloading to E
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Fig. 22 vE."ro.‘, Versus 1{1191(?“![05} for the situations in Fig. 21,
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Fig. 23 Shape of the plastic zone for

the situations in Fig. 21. 0
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Fig. 24 Remote load KI versus crack length and remote Load KE for
the steady state case performing the identical near tip
field versus crack length for a) unloading to KI= D.!Klo.

| b) unloading tao K,= 0 and reloading to Kl! U.BKTO.

Kﬁ;“i | ¢) unloading tu K;= 0 and reloading to K= Ky, and

Io
a") i d) no unloding and I:I= r:mduring continued crack growth,
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