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ABSTRACT

‘The stress-time-temperature history experienced by header, turbine casings, turbine rotors and pipes
in conventional power-plants necessitate the consideration of creep deformation and damage in design
and remaining life prediction. In this paper, some of the recent developments in predicting crack
growth behavior under creep-fatigue conditions using the concepts of time-dependent fracture
mechanics are reviewed. While substantial progress has been made in this field, several gaps in the
technology still exist. The paper concludes with a description of the limitations of this approach and
where future research must be focussed.
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INTRODUCTION AND BACKGROUND

Extending the life of power-plant and chemical reactor pressure vessels by 20 to 40 years beyond
their original design life of 30 to 40 years is multibillion dollar consideration. High temperature
components are subjected to degradation as a result of prolonged exposure to stress and temperature.
Linear and nonlinear fracture mechanics approaches are central to the management of risk of
operating such components beyond their original design life. As an example, Fig. 1a shows cracks
that were found in the interior of a steam header during an inspection after approximately 25 years
of operation, at a maximum service temperature of 538°C. Figure 1b shows the results of a 3-d
elastic finite element analysis model of a header similar to the one in Fig. 1a through a complete
operating cycle which includes a cold-start, steady-state operation and a shut-down. The stress-time
behavior of the various critical points in the interior of the header where service cracks have been
found are shown schematically. It is obvious from these stress histories as well as from the cracks
seen in Fig. 1a that creep-fatigue crack growth is a major concern in these components.
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Fig. 1a - Picture of the interior
surface of a steam header after
service for 25 years at about 538°C.,
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Tuble 1 - List of power-plant components, their typical service temperatures and the materials
used in their construction.

Components Materials Used Service Temperature
°C
Steam Turbine Rotors 1 Cr - 1Mo - 0.25V Steel 538
Turbine Casings 2.25Cr - 1Mo Steel, Cast 538 - 565
repair weldments
Steam Headers 2.25Cr - 1Mo Steel 538 - 565
1.25Cr - 0.5Mo Steel
weldments
Valves and Nozzles 2.25Cr-1Mo Steel 538 - 565
304, 316 SS
Steam Pipes 2.25Cr - Mo Steel 538 - 565
1.25Cr - 0.5Mo Steel
weldments

Table 2 lists the considerations in predicting the long-term high temperature performance of elevated
temperature components. If we critically examine the service environment and the materials used
in fabricating the header, all factors listed in Table 2 can be considered relevant. However, only a
subset of the factors listed dominate the cracking behavior in the component, making the analysis

tractable.

In this paper, recent advances in the concepts of time-dependent fracture mechanics (TDFM) and
materials test method developments for characterizing fatigue crack growth rate (FCGR) at elevated
temperature and for predicting design and remaining life are briefly reviewed and several areas that
need further research are also highlighted.

TDEM CONCEPTS FOR CHARACTERIZING FCGR AT ELEVATED TEMPERATURES

There are several questions about the validity of a linear-elastic parameter such as AK for
characterizing fatigue crack growth rate in the presence of significant creep deformation (Saxena,
1988 and Kuwabara et.al. 1988). This is due to the presence of time-dependent creep strains which
become more significant at lower test frequencies and also due to lower yield strength at elevated
temperature promoting significant plasticity. This is particularly the case for the creep-ductile
materials such as Cr-Mo, Cr-Mo-V and austenitic stainless steels widely used in the power-plant
components. Creep-ductile materials are formally defined as ones which the time-dependent crack
growth at elevated temperature is accompanied by substantial creep deformation. In these materials,
creep effects dominate the crack growth behavior with the contribution of the environment is only

secondary (Saxena, 1991).
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where, (da/dt),,, is the average time rate of crack growth during the hold time. In the next step,
(da/dt),,, is related to the average value of the C, parameter (Saxena, 1986), (C),,, as follows:
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where, b and q are regression constants which can be obtained from fatigue crack growth data

obtained from tests conducted with hold time.

It is necessary to point out that even though the load is constant during the hold period and the crack
size does not change appreciably during each cycle, the value of C, is very dependent on time
% because the stresses in the crack tip region relax and are redistributed due to creep deformation. As
= mentioned in earlier references (Saxena, 1991, 1993), C, is able to accommodate this variation and

- that is the reason why it is necessary to represent the value of C, by its average value during the hold

time. An alternate approach can also be to assume that the instantaneous value of da/dt is related
to the instantaneous value of C, such as in the case of creep crack growth (Saxena, 1986, 1991).
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theal substitution in the relationship between (da/dt),,, and (C)ap an equation which is
i wlly the sume as equation (5) is derived (Yoon et.al, 1993). Thus, either approach leads to
fh sanw rosult. This approach has the further advantage of asymptotically reducing to the approach
fur creep crack growth for long hold times. Also, for small values of the hold time, the time-
dependent component becomes negligible in equation (6), as one would intuitively expect.

The above method of relating (da/dt),,, to (C)ay, during the hold time is an evolutionary product of
several other earlier attempts. The first available evidence of this approach was in the work of Jaske
and Begley (1978) and that of Taira et. al (1979), Saxena et. al (1981). Others such as Nishida and
Webster (1990) have also proposed a similar approach. The other approaches, with the exception
of Saxena et. al (1981) which used the C(t) integral of Bassani et.al. (1981), used C’-integral (called
J" in the Japanese literature) to characterize the crack growth rate during the hold time. Strictly, the
C'-integral does not account for crack tip stress redistribution which occurs immediately following
the load application. However, if the value of C* is calculated from measured deflection rate, the
effects of stress-redistribution are included as explained in the earlier papers (Saxena, 1993). On
the other hand, the C(t) integral does characterize stress redistribution but cannot be measured at the
loading pins. The problem with C* is realized when it is calculated in components when the effects
of ignoring the contribution of stress redistribution is very important. The (C)..; approach remedies
this problem and also with C(v) integral as described in the subsequent discussion.

Methods of Determining (C,),,

Methods of determining (C)ayg include (i) those that are more suitable for test specimens in which
both load and load-line deflection behavior with time are measured and (ii) those that are more
suitable for cracked components in which the deflection rates must be analytically predicted. for test

specimens in small-scale creep, (C),, can be approximately obtained from the following equation
(Yoon et.al., 1992):

& AP AVC F’
(€ ave TWth b @) }

where AP = applied load range, AV, = change in deflection during the hold time due to creep, B
= specimen thickness, W = width, F = K - calibration factor = (K/P)BW" F’ = dF/d(a/w).
If small-scale creep conditions cannot be assured, appropriate correction in the methods for
estimating (C),,, can be made as described in earlier references (Yoon et.al. 1992, 1993, Saxena
1993). Note that if the deflection range AV, is measured, no other creep constants are needed to

estimate (C,),,,. The information about the creep behavior is embedded in this measurement.

Methods for estimating (C)ay, in components rely on the creep constants for estimating the value of
AV.. Equations have been developed to account for the influence of elastic behavior, instantaneous
cyclic plasticity and secondary creep (Yoon et.al. 1992) in the estimation of (C)ayg for small-scale
creep. Adefris et.al. (1994) have modified the expressions to also include the contribution of

primary creep. For details of this estimation method, the readers are referred to an earlier review
(Saxena, 1993).

(Grover, 1993).
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and creep crack growth rate data

kilo in-1b/in2 - h

10° 10 10° 10? 10"
10" prrwr—r—rrrrr— S .
E 2.25Cr-1.0Mo steel
[ 594°C (1100°F) 10"
I QO CFCG data, 0.5/100.5 (s) fe)
10° O CFCG data, 0.5/200.5 o
[0 CFCG deta, 0.5500.5
CG dsta
b AT 10—2
| o O
10"} S ﬁ
E : @DV N 3 &
F -
= V‘%VV 7 10 g
a5 [
% 107} g 54 ©
© E Vo y
[ § v 10
-3
LT ng‘”
F 10°
[
5
10104 107 10" 10° 10' 10?
Ct, Ki/m2 -h

57

= P- = -U. d S.
r-1Mo-0.25V steel at 538°C for various hold time:

Fig 4 Creep-Fatigue Crack growth data for 1C

4 gu

(daldtyo [mm/hr]

° o
. H
& o
10° o
% S.Pg o
Ehoi & & 5
=0 . 8 & o BlI-100s
g S © ‘LE & RIO-100s
= < [ .“* ® RO8-100s
3 10? S 0% ggd ° ms.usn:: :
\Smia '
% 4 " .j’ 2 Bl (@ (C) ., estimated assuming
° 12-8hrs. .
10° - : 2 w:M 10° full reinstatement of crack tip
3 2 0 10° - ?
i 815 ‘Cl-)m (ER ) fields following unloading and
* ] 102
1 5
G -
[ =
°
% 410°
107 A
4107
lod L
—Regression ] . .
] ——95%Confidence Bands (b) assuming no reinstatement
: 5 Jo* of crack tip fields after
Woe S e unloading (Adefris 1993).

(Q),,, (MPam/hr)



Saxena

¢ partinl reversal of creep strains by cyclic plasticity occurred during unloading.
fen, the crack Uip stress fields are not reinstated during each cycle. Therefore, the

OISR S apeesions for estimating (Cay; (Yoon et.al. 1992, 1993) which assume that the creep strains
e sasentially reversed due to complete reinstatement of the crack tip field during each unloading
& B securate for these materials. If one assumes that no Creep strain reversal occurg at the crack
tip during unloading in the estimation of (C)ayg, the data of Fig. 4a is transformed to opne shown in
Fig. 4b. The trends for different hold times in this figure appear to collapse better than in Fig. 4a,
but the consolidation is not as good as seen in Figs. 2 and 3 for other materials. There also seem
to be significant differences between the creep crack growth (CCG) behavior and the Creep-fatigue
crack growth behavior, The reasons for this difference are no clear.

behavior of accompanying inelastic deformation during Creep-fatigue loading. For €xample, the role
of crack closure has not been examined at all in this context. Only after such studies, more accurate
expressions for estimating (Cl)avg can be developed. Never—the-less, if AV, is measured and
substituted into equation (7), accurate estimates of (Cl)a,,,g can be obtained in test specimens.

Current Limitations and Recommendations for Future Work

One of the important limitations of the AJ and (C),,,, the two crack tip parameters which are centra]
to the creep-fatigue crack growth mode] presented in this paper, js that they are strictly valid for
conditions in which the deformation Properties are uniform throughout the cracked body. Since the
cyclic plasticity and the Creep properties are dependent on the temperature, the validity of these
parameters for predicting crack growth in components with significant transient and steady-state

temperature gradients js an open question. Research is needed in establishing the practical limits of

In homogeneous deformation Properties are often g consideration even in isothermal bodies
containing weldments. Frequently, creep-fatigue and creep cracks emanate from welded joints. It
is well documented that property gradients occur at these joints because of not only dissimilar
deformation Properties between the base meta] and the weld metal, but also due microstructural
gradients along the heat affected zone. Therefore, new approaches are needed to address Cracking
in weldments in high temperature components.
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m Tor Characterizing Creep-Fatigue Crack Growth

 Two mettusts have been used to obtain creep-fatigue crack growth rate data. The first is a traditional

fracture mechanics method based on testing compact type specimens which are first heated to the test
temperature and subjected to cyclic loading under load-control conditions. The loading waveform,
frequency and the load ratio are pre-selected and specified for the test. The load-line displacement

method (Yoon et.al. 1992, 1993). This method yields satisfactory results provided linear-elastic
conditions can be maintained in the specimens. Incremental creep and plastic deformation can
accumulate during each cycle and eventually the dominance of linear-elastic conditions cannot be
assured. In a variation of this test method which circumvents the above problem, the specimen is
subjected to controlled load-line displacement or the crack-mouth displacement condition, while the
load is measured as the response variable (Saxena et.al. 1981). Since the displacement is forced to
the specified minimum value at the end of each cycle, no residual deformation accumulates, avoiding
failure due to ratcheting deformation. However, during this test, the specimen undergoes significant

compressive loads. Therefore, the design of loading grips and fixtures is quite different from the
set-up for load-controlled testing.

The second method used for generating creep-fatigue crack growth data has been largely through the
efforts of Japanese researchers (Ohtani et.al. 1988, Kuwabara et.al. 1988, Ohji, 1986). In this
method, hollow cylindrical specimens of 10 to 13 mm external diameter containing cracks are axially
loaded under displacement or stress controlled conditions. Crack size is monitored using electric
potential technique. Due to their small sizes, the data from these specimens must mostly be in the
extensive creep regime. The crack growth rate per cycle, da/dN is correlated with the AJ, parameter
which is identical (C)ayg for extensive creep conditions [Saxena, 1993].

Trends in Creep-Fatigue Crack Growth Data

Figure 2a shows the creep-fatigue crack growth rate data for 1.25Cr - 0.5Mo steel (Yoon et.al. 1993)
with hold times of 98 sec, 600 sec and also including the creep crack growth rate data. In all these
creep-fatigue experiments, the displacement range during each cycle was measured and equation (7)
was used to estimate (Cavg- In the creep crack growth experiments, the deflection was continuously
monitored also. All crack growth rate data appear to fall into a common trend indicating that (C,

additional data for hold times of 10 sec, 900 sec, and 24 hours is also included. In these
experiments, (Clayg is calculated using the primary and secondary creep constants of the material
because load-line deflection rates were not available. These data also nicely collapse into the same
trend. Similar trends were also observed for 2.25Cr - 1Mo steel in experiments performed by
Grover et. al. (1995) as shown in Fig. 3.

Adefris et.al. (1993) performed Creep-fatigue experiments on 1Cr - 1Mo - 0.25V steel at 538°C
under hold times of 100 sec, 15 minutes and 8 hr; the results from these experiments are shown in
Fig 4a. In these experiments, reliable load-line displacements were not available due to experimental
difficulties, therefore, the (C).yg had to be calculated. The nice and unique trends obtained in the
results of Figs. 2 and 3 were not observed for this material, It was shown be finite element analysis,
that in these experiments, the creep zone during each hold time extended beyond the cyclic plastic
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