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PREDICTION OF TRANSIENT EFFECTS DURING EARLY STAGES OF
CREEP CRACK GROWTH

F. Djavanroodi ™ H. Kaguchif, K. NikbinT and G.A. Webster

More scatter is usually observed in experimental creep crack
growth data in the early stages of a test than later on. This
scatter can be attributed to a combination of several factors. In
this paper the influences of stress redistribution from the initial
elastic state to the steady state creep condition and build-up of
damage at a crack tip by creep are each considered. A new
definition is proposed for the time needed for the stress
distribution to relax from its initial elastic state to some fraction
of its steady state creep condition. Also a creep crack growth
model, which is based on ductility exhaustion, is examined to
account for build-up of damage at a crack tip during the early
stages of cracking. It is shown that this build-up of damage is
the most likely cause of the increased scatter observed initially in
creep crack growth studies on low alloy steels.

INTRODUCTION
Typically more scatter is observed in creep crack growth data during the
early stages of an experiment than later on. This often results in a ‘tail’ when
crack growth rate a is plotted against the creep fracture mechanics parameter c*
as shown in Figure 1 for two low alloy steels (1, 2). Previously (3) this behaviour
has been attributed to stress redistribution from the initial elastic state, primary
creep and the development of damage at a crack tip.

In this paper, the relative effects of stress redistribution and build-up of
damage at a crack tip are examined. Bounds on the transition time for stress
redistribution are calculated. An expression for the dependence of crack growth
rate on the build-up of damage ata crack tip is presented. Finally comparisons
are made with the experimental data shown in Figure 1.

STRESS REDISTRIBUTION TIME

The elastic stress distribution ahead of a crack tip is described in terms of
the stress intensity factor K by;
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where o is the stress at distance r ahead of the crack tip. For a material which
deforms in secondary creep according to the expression;
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where & is secondary creep rate, and B and n are material constants, the steady
state creep stress distribution is;
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In this expression, I, is a non-dimensional function of n and state of stress.

On initial loading, in the absence of plasticity, the stress distribution will be
elastic and will gradually redistribute to its steady state creep condition with time
t as illustrated in Figure 2. At a distance r* from the crack tip, a stress o™ can be
defined where the stress remains approximately constant and the elastic and creep
stresses have the same magnitude.

The value of r* can be calculated from equations (1) and (3) as;
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Equation (4) identifies the region r < r* in which stress relaxation takes place at
the crack tip because of creep. Substituting typical values of crack length a =25
mm and W = 50 mm for tests on standard compact tension specimens gives r* =3
mm. Since the size of the creep process zone r shown in Figure 3 in which creep
damage accumulates is nominally of the order of a material’s grain size, this
implies that creep damage develops well within the region where stress relaxation
takes place during the redistribution period.

An estimation of the time 7, of this redistribution period can be determined
as the time taken for the creep strain €€ to equal the elastic strain £ at r = r* such
that;
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For plane stress conditions, solution of equations (1) to (5) gives the transition
time ¢, as;
2
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This expression can be compared with the characteristic time #; proposed by
Riedel and Rice (4) for the time to achieve steady state creep conditions;

K2
B e e e s SRR SRS RSN S s e e e st e vasens 7
' (n+1)EC M
The relationship between #,, and 71 is obtained from equations (6) and (7) as;
/1 = (A DI 270 e ®

The value of I, is relatively insensitive to n and is around 3 for plane stress
and n is in the range of 3 and 10. Therefore, in general, #,, is between about 2
and 5 times larger than ;. It therefore provides a more conservative estimate of
the time to reach a steady state condition.

286



ECF 10 - STRUCTURAL INTEGRITY : EXPERIMENTS, MODELS AND APPLICATIONS

STRESS REDISTRIBUTION MODEL

The redistribution behaviour is analysed in more detail in this section. The
stress at r = r* is constant during the redistribution so that the strain rate & at
distance r* is also constant because there is N0 elastic strain change. If the strain
rate at a distance r is O times larger than ¢, the following relation can be
obtained.

Q" = BF BT s )
where the £° and £° are respectively the elastic strain rate and creep strain rate at
distance r. When equation (2) is employed, equation (9) becomes;

oBo*" =— LA Ve R (10)
E dt

The factor o will in general be a function of time as well as distance r. When
elastic conditions apply, its elastic value e from equation (1) is given by;

o, = gfE = (r'/r)l/2 for t=0 (11)

and when creep conditions predominate, its creep value O¢ from equations (2) and
(3) becomes;

a, =¢€ = (r'/r)ﬁ FOL £ =3 00 wurvmremsmrsseasesmssesossess (12)

Equation (10) has been solved numerically using these values. The results
are shown in Figure 4 for different n values for r/r* = 0.01. In this figure O is
the iaitial elastic stress and o, the steady state creep stress. It is evident that little
difference is obtained between using Ote Of O¢ except near the steady state creep
condition. At long times, creep strain is dominant so that equation (12) is
expected to give a closer approximation to the actual o. Taking &= CGc also
predicts a longer time for stress redistribution and will therefore give a more
conservative estimation. The rate of stress redistribution is dependent on the
creep exponent 7 and is faster with increase in n. However, even for the slowest
case (n = 3), the stress redistribution at r/ r* =0.01 is within 10% of its steady
state value in less than 10% of the transition time fy-

Figure 5 shows the stress redistribution behaviour for several values of r/r*
forn = 5. Itis clear that redistribution occurs more quickly as the crack tip is
approached. For a typical creep process zone size (r¢ /r* = 0.1), the stress
redistribution is within 10% of being complete in less than 10% of .

Table 1 lists the material creep properties and the transition times fy for the
1CrMoV and 21/4CtMo steels shown in Figure 1. In most cases ty, is less than
10 hours and in view of the above discussion it is expected that stress
redistribution will be almost complete at ty /10. As the region of extensive scatter
in Figure 1 extended over a much longer period than this, its cause cannot be
attributed predominantly to stress redistribution.

TRANSIENT CRACK GROWTH

A prediction of steady state creep crack growth has been proposed by
Nikbin, Smith and Webster (5) in terms of ductility exhaustion in the process
zone at a crack tip. It gives the steady state creep crack growth rate d as;
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where €'f is creep ductility appropriate to the state of stress at the crack tip. The
model has also been extended to the prediction of the transient period of crack
growth at the beginning of a test (6, 3). In the transient model, creep damage
ahead of a stationary crack is accumulated from the damage free state, and the
effect of stress redistribution is ignored. This gives the transient crack growth
rate as;

*
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where g%, is the ductility already used up in a ligament dr ahead of the crack

prior to arrival of the crack at the ligament as shown in Figure 3.

The predictions of equations (13) and (14) for the 1CrMoV and 21/4CrMo
steel data presented in Figure 1 are shown in Figure 6. For both steels, the
transient behaviour of each test is well characterised by the transient crack growth
model. Therefore, it is argued that this type of scatter in the early stages of a
creep crack growth test is mainly caused by the build-up of damage ahead of a
crack tip well after the generation of the steady state creep stress distribution.

CONCLUSIONS

Transient effects during the early stages of crack propagation have been
examined and attributed to stress redistribution and the build-up of damage at a
crack tip. A transition time #, has been defined for characterising the time for
stress redistribution, and it has been shown for low alloy steels that stress
redistribution in these materials is too rapid to be the main cause of the transient
crack growth behaviour which is observed. A model for the build-up of damage
at a crack tip during the early stages of cracking has been applied to two low alloy
steels and been found to give a satisfactory prediction of the transient crack
growth behaviour observed.

REFERENCES

(1) Hollstein, T., et al., Proceedings of “Failure Analysis - Theory and
Practice”, Edited by E. Czoboly, Budapest, 1988, pp.656-668.

(2) Djavanroodi, F. and Webster, G. A., “High Temperature Materials for
Power Engineering - Part I, Edited by E. Bachelet, et al., Luwer Academic
Publishers, 1990, pp.705-714.

(3) Webster, G. A., Int. J. Pres. Ves. & Piping, Vol.50, 1992, pp-133-145.

(4) Riedel, H. and Rice, J. R., “Fracture Mechanics”, STP 700, Edited by P. C.
Paris, ASTM, 1980, pp.112-130.

(5) Nikbin, K. M., et al., Proc. of Royal Society, London, Vol.A396, 1984,
pp-183-197.

(6) Riedel, H., “Fracture at High Temperature”, Springer-Verlag, Berlin, 1986

288



ECF 10 - STRUCTURAL INTEGRITY : EXPERIMENTS, MODELS AND APPLICATIONS

1CrtMoV

steel

217,CtMo | 1.19x107"
steel

Note: Creep constant B is defined to give creep strain rate in
in MPa.

109 e 100
a) 1CrMoV steel

da/dt (mm/hr)

10! 102 103z 104 10°
c* (Jlm2 hr) c* (J/m* hr)

Figure 1. Creep crack growth rate versus C* of a) 1 CrMoV and
b) 21/4 CtMo steel at 550°C
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Figure 2. Elastic and steady state creep Figure 3. Creep cracking process
stress distributions ahead of a crack tip zone
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