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ABSTRACT

During high temperature service, engineering components are subjected to complex loading history including creep and
creep-fatigue conditions. Fracture mechanics concepts are widely used in defect assessment procedures like Al6 guide in
France or RS rule in Great Britain. In order to describe crack growth, these methods apply correlations between the creep
crack growth rate da/dt against the fracture mechanics load parameter C*. Some procedures are proposed to yield this master
curve C* versus da/dt on laboratory tests especially with CT specimens.

The creep crack growth rate is obtained experimentally by the potential drop technique. C* is calculated from the load-

line displacement rate dd.,/dt = & ... This latter value is recorded during experimental tests but it involves :
- a part due to the creep behavior : & . (subscript C stands for Creep behavior)
- a part due to the structure response related to the crack growth : & g (subscript S denotes Structural term)

In the literature various approaches suggest to calculate C* with & ¢ =& oxp ~ 5 s. But the & 5 (non time-dependent
component) evaluation differs from one approach to another.

The paper aims at applying the methodologies reported in the literature to CT experimental data. A discussion about the
relevance of each methodology is proposed. Furthermore, some recommendations are suggested concerning the construction
of the da/dt versus C* master curve on CT specimens. Finally, the use of the master curve for other specimens subjected to
creep-fatigue loading is commented.

INTRODUCTION

Engineers use increasingly the Fracture Mechanics for Creeping Solids (FMCS) concepts in order to design
components. Predicting the residual life of an engineering structure is a task which involves particularly this research domain.
For components subjected to thermo-mechanical loading, creep and creep-fatigue phenomena are addressed. This concept is
the main motivation of this paper.

316L(N) stainless steels have been widely studied for nuclear components design. For pure creep loading, it has been
reported [1, 2] that the incubation time takes a major part (60%) of the lifetime of a specimen made of 316L(N). Therefore, it
was [1] suggested to design these components by calculating the initiation time. When fatigue loading is added in order to
obtain creep-fatigue conditions which are probably the more realistic loading for engineering structures, it turns out that no
incubation time is observed. Nevertheless, the crack surface morphology looks like for pure creep specimen. Both of these
aspects led the authors to conclude that the crack growth under creep-fatigue loading is mainly driven by pure creep like
mechanisms (intergranular damage), but as no incubation time occurs, the crack growth rate has to be addressed also. In the
literature, numerous papers refer to a master curve displaying the creep-crack growth versus the C* parameter. The
determination of this master curve is ruled by the ASTM E1457-98 standard [3].

The first part of the paper gives the main concepts of the ASTM E1457-98 procedure, detailing its limits. The database
is then presented, consisting of 24 CT specimens made of both 1Cr-1Mo-0.25V ferritic steel and 316L(N) austenitic stainless
steel. Since the C* parameter is calculated with the constitutive part of the load-line displacement rate, the relevance of both
methodologies aiming at eliminating the structural part of the load-line displacement is discussed. Then, both lower and
upper limits are suggested before applying the appropriate procedure allowing to produce the da/dt versus C* curve. For each

prescribed material, the A and q coefficients (a = AC*9 correlation) are given. Finally, the use of the master curve for creep-
fatigue loading conditions is briefly addressed.

THE ASTM E 145798 PROCEDURE

The scope of the ASTM 1457-98 procedure is summarized as follows : "this test method covers the determination of
creep crack growth rates in metals at elevated temperature using compact type specimens subjected to static loading



conditions. The time rate of crack growth, a(t) or da/dt is expressed in terms of the magnitude of a crack tip parameter,
C*(t)". The C* parameter is calculated by using the following formula :

C*= 2+0.522(1——3—J ny _ Foc Q)
W/)|n, +1 B, 4 (W-a)

where :
- athe crack depth
- W is the width of the specimen
- myis the creep exponent in the relationship between minimum creep rate and applied stress

¢ =B,c™ )
- Fis the applied load
- Byt is the net thickness for side grooved specimens

- SC is the creep rate of the load line displacement deduced from experimental measurement

Eq. 1 clearly shows that the constitutive term 3¢ (subscript C stands for Constitutive or Creep) is a key variable for the
calculation of C*,

Determination Of 5
What is measured experimentally is &

(SC) and structural (SS ) terms :

exp » the total load-line displacement rate which incorporates both constitutive
8exp = 8C +8S 3)

Starting with Eq.3, there are two methods allowing to determine SC . The first one is what the standard ASTM E 1457-

98 suggests. This procedure, referred to as "ASTM method", deduces the constitutive term SC by subtracting the calculated
SS to the experimental load-line displacement rate. The second one, called "/, method" throughout the paper, directly

estimates the constitutive term SC by using the reference length (/) concept.

The ASTM method assumes that the structural term SS is uniquely due to the crack advance (elastic-plastic term, not time-
dependent) and may be estimated, for instance in the EPRI [4] , the R6 rule [5] and the French A16 guide [6] because this
load-line displacement is directly related to J-integral. It is then straightforward to deduce the constitutive term SC as follows

.. aB| 2K ?
8¢ =8exp —?{T+(n+l)lp} @)

where :
a =crack growth rate, da/dt
Jp = fully plastic component of the J-integral
n = stress exponent in the Ramberg-Osgood stress versus strain relationship (¢ = Byo™)
E = elastic modulus
The /.; method consists in calculating directly the constitutive component SC by using the reference length /s concept

[1I7118]

6exp =1 ref ©ref 3
where £.¢ is the strain corresponding to the reference stress c.¢ by using the constitutive equation. For CT specimens
F
S e — ©)
BWm(a/ W)
a)? a
m(a/ W) =1.155 2.702+4.599[Wj —(1+1.702Wj in plane strain @)
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m(a/W)=—(l+1.155—%—J+ (1+1.155){1+1.155(%} }inplanestress (8)

It has been shown that [ 1] :

lref =y7(W-a) )]
It is worth noting that both the R6 rule [5] and the A16 guide [6] suggest the following expression :
E
6exp =0¢) —Eref (10)
G ref
where d,, is the elastic opening displacement. From Eq.5 and 10, /,.r may be identified as 3 E / oy .
. 0d, 13
. . _ Xp exXp .
Since : Doxp = P +Ta (11
The constitutive term is identified as 5 = =P 12)
In primary creep, Eref = Blc?elf th where By, ny, p; are the primary creep cocfficients (13)
. : P1
Then : 60 =TBGXP (14)
In secondary creep, Eq 2 leads to [8]:
B¢ =Bexp when t > t,, 15)

where t,,; is the transition time between primary and secondary creep regimes. Note that Eq.14 is the expression which is
often used. Moreover, Eq. 14 and 15 directly utilizes the experimental measure of the load-line displacement, provided that
for Eq.15 t,, is defined. Note that in Eq.14-15 are obtained regardless of the /.. definition.

The structural term SS , according to Eq.9, is given below :
Ss _ _aBexp 1 4 n om(a/ W)
(W-a) ma/W) Oa

(16)

Validity Of The ASTM E 1457-98 Procedure
The standard suggests, on the one hand, not to select crack growth data prior to the first 0.5mm crack extension. On the
other hand, a time lower limit is defined by the following transition time tr:

= K2a-v?)
T E(m+D)C*(t7)
The upper limit is bounded by the inequality SC /3 exp >0.5. A discussion about these limits will be considered

further.

Moreover, side-grooved specimens (up to 25% of the original thickness) are necessary to meet crack front straightness
requirements and the net thickness (B,..) is considered for the C* parameter calculation.

Generally, the problem encountered for side-grooved specimens is the difficulty to define a realistic hypothesis between
plane strain and plane stress states. Our experience on 316L(N) CT specimens [9] indicates that it is necessary to run a finite
element analysis to define which hypothesis is relevant. But, for side-grooved specimens, either 2D simulation is carried out
which raises the problem of which thickness to be accounted for : the gross (Bi), the net (B,) or an effective (Ber)
thicknesses, or 3D computation is conducted but it is quite time consuming. In addition, in 3D one gets C* value all along the
crack front. In fact, despite the side-grooves the crack front is not so straight as expected. May be, axisymmetrically cracked
specimens as proposed in [1] would be appropriate, but it is noted that getting a regular axisymmetrical crack is very hard.
Anyway, in this paper, the test data are brought with their authors assumptions about the thickness and the stress state.

17)

PRESENTATION OF THE DATABASE

A total of 24 creep crack growth tests on CT specimens is examined in this paper. The materials of interest consist of

base metals selected from a more comprehensive database :
() a 1Cr-1Mo-0.25V ferritic steel issued from the casing of a 125MW thermal power station (Molinié [8]).
This material was investigated at 550°C, both in unaged condition (Cold part sample) that will be referred



to as CrMoV-C material, and in-service exposed condition (Hot part sample), noted CtMoV-H from now
on . 5 CT specimens are issued from CtMoV-C steels (CT 8_10, 8 11, 8 13, 8 14, 8 16) whereas 8 CT
specimens come from the CrMoV-H material (CT 1_31, 1_62, 1 64, 1_65,2 42,2 54,2 63, 2 64). The
specimens are side-grooved, with B, = 20mm, B, = 16mm and W = 40mm. Plane strain condition with
B,.: thickness are assumed.

(ii) a 316 austenitic stainless steel (Piques [1]). This material will be referred to as 316L(N)-RP. 4 CT
specimens were tested at 600°C : CT40, 52, 60, 62. The characteristic dimensions of the specimens are :
Biot = 10mm, W = 40mm. Piques [1] assumes plane stress conditions for these specimens that are not side-
grooved.

(iii) a 316L(N) austenitic stainless steel issued from (Laiarinandrasana [9]) called 316L(N)-LL material, dealing
with the creep crack initiation study at 650°C. 5 CT specimens were tested (CT 22, 23, 33, 52, 53). There is
no side groove for 316L(N)-LL specimens, B, = 25mm, W = 50mm. Note that except for CT 52 and 53,
the specimens were not fatigue precracked but notched by machining with a notch radius of about 50pm.
Plane stress condition is assumed.

@iv) The same material as for 316L(N)-LL but issued from (Polvora [10]), consisting of 2 CT specimens (CT
86, 87), side-grooved. B,,; = 25mm, B, = 20mm, B = 16.7mm and W = 50mm. Plane strain condition
and B.g are assumed for the calculation. This material will be noted 316L(N)-JPP.

THE CREEP 5. CALCULATION

CrMoV Steel
The example shown in fig.1a deals with CT 8_11 specimen, for which F = 9293N, initial (resp. final) crack depth a, =
21.1mm, ap = 27.8mm. The test lasted about 800h and the conventional transition time regarding the load-line displacement

model is about 21h [8]. The formulae in Eq.14 and 15 are applied in order to calculate SC for the /s methodology whereas
for ASTM, Eq 4 was considered. Fig.1 shows the the ratio 80 /8 exp history.
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Figure 1 : CtMoV steel comparison between ASTM and /.., methods

The ASTM method predict a ratio close to unity in the beginning of the test, it decreases beyond 750h. This is the
expected trend meaning that the constitutive term is dominant in the early stage of crack growth. Then, as the crack depth

evolves, SC becomes more and more negligible and Sexp increase is due essentially to the structural term (crack advance).

With the /.., method, the inital value of SC / Sexp is less than unity, because the primary creep model (Eq.14) does not

match very well the first part. The first point where the ratio is exactly 1 corresponds to the transition time t,; (about 21h).
This point represents the first time when Eq.15 is applied. Between 20h and 600h, the ratio value is greater than but close to
unity. The scatter comes from the derivative operation applied on experimental (hence scattered) values. These values can be
considered to be equal to unity.

Beyond 600h, the two curves are different in the sense that /., method always underestimates the time corresponding to

3¢ /Sexp equals 0.5. The difference for all the CtMoV—-C tested CT specimens is valued at about 100h to 300h.

Fig.1b shows the same plot as in fig.1a but for the Hot part material [8], CT 2-42 : F = 9305N, ap = 21.4mm, ar =
25.1mm. The test duration is about 250h and the conventional transition time is about 40h [8]. For this test, on the contrary to



the /.. method, the limit of 0.5 for 8 / Sexp ratio is never reached for the ASTM procedure. Probably because the crack
growth is limited (about 3.7mm for which a/W=0.6), compared to 6.7mm (a/W=0.7) for CT 8-11.

Austenitic Stainless Steel 316L(N)

As opposed to the CtMoV steel, the 316L(N) stainless steel displays important plasticity and primary crecp stages. It is
considered [1, 9, 10] that the most interesting phenomena occur during the primary creep stage. For this reason, the byr
method utilizes always Eq.14 to estimate the constitutive term of the load-line displacement rate.

Fig.2a is related to the CT86 coming from [10] : F = 14250N, a, = 26.6mm, az = 36.3mm. The test duration is about
1100h and the author notes that the conventional initiation time is about 27h. Whereas fig.2b corresponds to the CT87 [10] :
F = 13250N, ag = 30.1mm, ar = 31.4mm. The test lasted about 4000h and the conventional initiation time is about 200h.

1, method always underestimates the SC / Sexp ratio. Accordingly, this latter reaches the 0.5 limit very early in fig.2a :

t = 500h whereas for ASTM method t = 900h ! In fig.2b we can see again that the ratio predicted by the ASTM method never
reaches 0.5, whereas /., method estimates this occuring at about 2000h. This may be due to the crack extension of only
1.4mm.
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Figure 2 : 316L(N) steel comparison between ASTM and /.., methods

The Reference Length Modeling
We have already mentionned that the primary creep model underestimated the value of SC . Piques [1] and Molinié [8]
note that the simulation of load-line displacement can be achieved either by a derivative or by a displacement approaches :

-The derivative approach consists of utilizing the deformation rate (suitable for creep constitutive) and integrating it
in order to obtain the load-line displacement. We will consider the "time hardening" approach

t
d8 =1, Bypyo s tPdt, hence 3(t) = [1,orBypyomthdt
0

-The displacement approach directly takes the intantaneous value of 3 : 3(t) =/ refBlc?éftpl

It turns out [1,8] that always : Sgerivaive < Odisplacement & Dexp. The explanation is rather simple : the reference length
coefficient v was fitted with the displacement approach. In fact, as it will be noticed further, a fit based on the derivative
approach leads to a greater value of y. The fig. 1-2 comparisons are made in terms of derivative approach. In our opinion, this
is the main reason why the /., method always underestimates the rate of the load-line displacement.

Moreover, in the beginning of the test, the load-line displacement is due to the constitutive term. Typically, for 316L(N)
stainless steel during the incubation time there is no crack growth. Accordingly, the load-line displacement increase is

uniquely due to creep deformation (hence constitutive term). But in the fig.1-2, the fisrt value of 3¢/ Sexp ratio is always

about 0.5 for the /., method. The ASTM method does not meet this problem by construction : when Aa = 0, J, = K = 0, hence
the structural term is null. We think that for the /,.; method, some "asymptotic" conditions are lacking :

(i) During the incubation time (no crack extension) the following equality has to be verified : 80 = 8exp .

(ii) When the crack grows the structural term of the /,,; method has to match the elastic-plastic evolution of the load-line
displacement (term with no time dependence).



The key point is the modeling of the reference length. According to Piques [1] /. is supposed to represent a fraction of
the remaining ligament (see Eq. 5 and 9). The determination of y consists in plotting the time history of y :

3
1V = —— (18)
W —a)Blcre‘ftpl
Many authors {1, 8, 9, 10] note that this term is not so constant as it is supposed to be. Furthermore, SC being the key
variable in the C* calculation , the more suitable way to fit the /., model is by the derivative approach. That is :

3
v(t) = r— (19)
(W - a)Blplcrelftpl
Fig.3 illustrates some aspects of the previous comments. We have taken as an example the already characterized CT86
specimen (fig.2a). The "constant" y evolves as time progresses. For short time, the y value is not the same as for long time.
Additionnally, the y value corresponding to the derivative approach is greater than for displacement approach.
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Figure 3 : /.., method : displacement and derivative approaches

For the long time determination (during crack growth), the /.. method suggests that the structural term is obtained by
derivating the load-line displacement model with respect to the crack depth (Eq.16). If this term is considered to be the non
time dependent one (hence elastic-plastic term issued from Eqs. 4 and 16), the following condition should be verified :

B|2K? _ 1 n;  om(a/W)
F{THMDJP} BEXP[(W—a)-Fm(a/W) o } @0

Let us consider the following ratio 5 (/ ref) /84 (ASTM) , where subscript S denotes the structural term :

) _5 1 n nl 0m(a/W)
bsrg) P (W-a) m@/W) & on
B (ASTM) BI 2K neny
F| E P

Fig.3b shows the evolution of this ratio with respect to the current time. It clearly indicates that the
SS Urer)! SS (ASTM) ratio is not constant and that the structural term obtained by the /., method is always overestimated.

We have to point out that the condition described in Eq.20 has not been applied in [1]{8]. Since v is the only adjustable
parameter that might satisfy Eq.19 and 20, we think that there are too many requirements imposed to a single parameter. It

would be more appropriate to change the /.., model : /., = fla/W, F) where fis a function that has to be defined.
The conclusion of this part is that ASTM method is appropriate for the structural term of the load-line displacement rate

determination. It allows to validate the calculation of C* when 3 /5 exp ~0.5 (dominant constitutive term).

Creep Regime Identification
At this stage, we can assume that SC reflects the constitutive part of the load-line displacement rate. Before going

further, let us detail the trend of this behavior with respect to the current time. For this purpose, we should remind that the
creep behavior modeling under steady load is decomposed into three stages : primary creep (decreasing deformation rate),



secondary creep (stationary deformation rate) and tertiary creep (increasing deformation rate). The tertiary creep is generally
skipped out because either damage or ageing effects occur in this stage. Additionnally, since C* is supposed to be the load
parameter corresponding to stationary creep regime, only the experimental data related to the minimum strain rate are valid.

In the following fig.4-5, we plotted the ratio 8¢ /3, where 8 min is the minimum load line displacement rate, with

respect to t/tz where tr is the final time of the test. If, indeed, SC reflects the creep behavior (reference length concept), then

this minimum value is likely due to the secondary (stationary) creep regime. In the fig.4 corresponding to the CrMoV steel
(Hot and Cold parts of the turbine), the three creep stages can clearly be distinguished. The situation is different for the
316L(N) steel (fig 5). The secondary creep is very limited whereas the primary creep has a wide domain. As a proof, we
plotted (fig.5b) the same curve for 316L(N)-LL material [9]. This work aimed at analyzing the creep crack intitiation,
interesting only a 50pum crack progress. The test durations were about 200 hours and the crack growth measurements indicate
about 200 to 300pum crack advance. It was shown that only primary creep was concerned with these tests. Actually, in fig.5b,
all of the tests were stopped during the load-line displacement deceleration.
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Figure 4 : Crecp behavior reflected by the load-line displacement rate of the CrMoV
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Figure 5 : Creep behavior reflected by the load-line displacement rate of the 316L(N)

PLOTTING THE MASTER CURVE

¢ Influence On The Master Curve

In the view of the 8 trends, let us consider the evolution of C* (the driving parameter of which is 8¢ ) regardless of
the a trend.
Primary creep regime : C* will decrease in accordance with 3¢ curve. This first transient domain is the origin of the tail

effects observed when plotting the master curve. A backward evolution of C* parameter may be seen.

Stationary creep regime : C* is stationary which means that in the master curve diagram, this stage may either reduce to one
point if the crack growth rate is stationary too, or be represented by a straight line perpendicular to C* axis, if the crack
growth rate evolves. In this domain, the C* load parameter is supposed to be fully justified.




Fipal transient regime : According to SC evolution, C* will continuously increase. Since the structural term has been already
eliminated, this increase may be caused by two effects :

(i) stress increment due to the crack growth, so that the stationary strain rate increases with respect to the power law of
the reference stress ;

(ii) development of the tertiary creep inside the specimen.

The available master curves met in the literature were based upon the final transient regime because this is the part
where one can fit a slope corresponding to the exponent of the correlation. However, the tertiary creep regime is seldom
modeled in the behavior due to other complex phenomena that may occur : ageing or damageing of the material.

Lower Limit :

The ASTM standard recommends not to select crack growth data prior to the first 0.5mm crack extension, considering
them to be transient creep crack growth data. In our opinion, the crack extension for which the transient creep operates
depends on the creep behavior of the material. As we mentionned for the 1Cr1MoV steel, the transient creep exhausted
before the incubation time is reached. Therefore, we think that a constant value (0.5mm) is not appropriate for checking the
validity of a test.

Concerning the transition time tr (Eq.17), Curtit [11] notes that it is always underestimated for the 316L(N) steel. In
fact, this local transition time was calculated by equaling the asymptotic equivalent stress in the vicinity of the crack tip. But
it does not reflect [12] the global transition time handled in the creep crack growth test procedure (dealing with the load-line
displacement evolution).

At this stage, we can suggest some practical operating procedures : as far as C* parameter is concerned, a "stable
secondary crecp stage” is considered. Therefore, the data must be selected during the time interval for which the load-line
displacement rate is minimum. However, we have seen that this limit may be represented by a vertical line due to a evolution
(case of the CrMoV steel). So the last point of the tail (or the starting point of the last transient stage) will be assumed to be
the lower limit of the a versus C* curve. For the 316L(N) steel, this point corresponds to the C* minimum value.

Upper Limit

For the ASTM standard, the upper limit is characterized by SC /8exp <0.5. In fact, this indication is useful if
experimental data are directly utilized, by ensuring that the structural term is not accounted for. But, the limit does not
operate on the constitutive term SC . Since, the final transient part incorporates both the transient loading under secondary
creep and the tertiary creep regimes. The upper limit should discriminate the tertiary creep stage. To do this, we need to

remind the reference length concept SC =y(W - a)Bchgf . Assuming that the crack extension is fully accounted for by this
fomula, the secondary creep regime is established as long as SC is proportionnal to (W — a)Bchgf .
3
— € = Constant 22)
(W-a)B,o 2
K. 12
Note that following Eq.10 or reference [13] where /,,r = p[ I } , Eq.22 respectively becomes :
ref
SC 8C
—= Constant or, 3 —= Constant, 23)
(SCIE/Cref)BZCT;f (KI /Cref) B20're2f

where the important notice is that besides o, the denominator incorporates other terms depending on the crack length. In
this paper, we used Eq. 22 for the upper limit concern. The use of Eq.23-24 probably leads to the same conclusions as below.

a Versus C* Correlation

To start with, let us consider a versus C* plots for the CrMoV-C steel (Fig.6). Note that there is no point representing
the incubation phase since ais null. The first point in fig.6 corresponds to the stationary value of SC .That is why C* is
stationary in the first part of the curve (vertical lines). This illustrates the tail effects for this kind of material. When C*
increases again, the corresponding SC curve is in the last transient regime. The selected points according to the lower limit

are surrounded by open circles, whereas the upper limit points are symbolized by open square. The CT 8_16 test (fig.6) is an
exception in the sense that the selected data reduces to one point due to the high value of the load for this test.
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Figure 7 : a versus C* curve for CtMoV-H (sclection of data)

The same diagram is presented in fig 7 for the CrMoV-H material. Limit symbols were not reported in order to avoid
the figure overloading (8 tests).
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Figure 8 : 4 versus C* curve for 316L(N)-RP (selection of data)

For the 316 L(N) steel, first, let us focus on fig.8 dealing with CT specimens tests issued from [1]. The tails present
"sharp" curvature, due to the limited time interval related to the secondary creep regime.



In the following, we display the results related to atl the tests in accordance with the abovementionned procedure,
especially by using both upper and lower limits. All of the experimental points included between the limit symbols are

utilized in order to fit a power law a = AC*1 resulting in obtaining the A and q coefficients.
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Figure 9 : a versus C* correlation for CtMoV-C

Fig.9 shows the selected points initially coming from fig.6 for the CrMoV-C material. In addition, the correlation line is
provided with the coefficient values (A = 0.018, q = 0.78). The same procedure as for Cold Part material has been applied for
its Hot counterpart (fig.10). The coefficient values are (A = 0.021, q = 0.71). A larger scatterband is observed compared with

the Hot Part material. Note that these cocfficients were not determined by Molini¢[8]. This author argues that the Sexp
utilized by the /.., method incorporates a dominant structural part, so that the correlation is a self evident one.
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Figure 10 : a versus C* correlation for CrtMoV-H

Fig.11 displays the results for the 316L(N) - RP tests. The fitted cocfficients (A = 0.016, q = 0.71) are very close to that
Piques [1] gives earlier (A = 0.0166, q = 0.73). This is due to the C* formula used by the 7, method. In fact, 8, is utilized

instead of 3, as long as 8¢ /84 <0.5. As this time interval is underestimated by the /., method, the relation 3., ~ 8¢

is fully justified.

For fig.12, we did not apply the procedure due to the scatter especially for the CT87 test and to the unsufficiently tested
specimens for this material. The arrows indicate how the points evolve. It has been explained [12] that the CT87 evolution
characterizes creep tests with low load, whereas high load generally results in CT86 like trend. The primary creep regime
covers the incubation time and a large part of the crack growth stage. The seccondary creep regime is very short.

In [10][11], the authors added 316L(N)-LL tests in order to yield the a versus C* correlation. Since these tests were

interrupted while SC was still decreasing (Fig 5b), only the tails are represented in the a versus C* diagram. Therefore, for
the 316L(N)-JPP steel, further creep crack growth tests are necessary to determine correctly the A and q cocfficients. We
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should mention that with both CT86-87 tests, the obtained exponent is q = 1.0. But the greatest care must be taken in
considering this value regarding the lack of database.
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Figure 11 : a versus C* correlation for 316L(N)-RP Figure 12 : a versus C* for 316L.(N)-JPP

FROM CREEP TO CREEP-FATIGUE LOADING

The commonly used model for creep-fatigue crack growth assumes an additive split of the crack growth rates :

(da/ dN)creep-fatigue = (da/dN)fatigue + (da/dN)creep (24)

The creep component (da/dN)c..., is supposed to follow the aforementionned correlation, whereas the fatigue component
(da/dN)gyigue s governed by the Paris' law. In our knowledge, this approach has not been applied neither to the 1Cr-1Mo-
0.25V ferritic steel, in spite of 7 available tests on CT specimens under creep-fatigue conditions ; nor to the 316L(N)-RP
material for which 4 creep-fatigue tests on CT specimens were carried out.

Polvora [10] successfully utilized the a versus C* correlation (A = 7.107, q = 0.73) to predict the crack growth of CT
specimens made of 316L(N)-JPP material and subjected to creep-fatigue loading. Furthermore, Curtit [11] applied the same
approach to predict the crack propagation under creep-fatigue loading of semi-elliptical defects incorporated into plates made
of both 316L(N) base metal (A= 1.2 103, q=0.67) and welded joints (A =10.5, q=1.13).

CONCLUSION

The ASTM E 1459-98 standard covers the determination of creep crack growth rates in metals at elevated temperature
using CT specimens. This results in the correlation of the crack growth rate a with respect to C* load parameter obtained
under pure creep (steady load) condition. The constitutive term of the load-line displacement rate (SC ) is a key variable for
the determination of the C* parameter. The calculation of this variable is related in detail : the reference length model directly
determines this constitutive term, but due to a lack of asymptotic conditions, it is always underestimated, whereas, the ASTM
procedure consisting in subtracting the known structural term to the experimental data turns out to be relevant.

Some recommendations about both lower and upper limits of the ASTM procedure are suggested. In order to apply
these recommendations, two specific materials have been addressed : a 1Cr-1Mo-0.25V ferritic steel and a 316L(N)
austenitic stainless steel. Creep crack growth on 24 CT specimens are analyzed. For each test, the selected data according to
the aforementionned recommendations are utilized in order to establish the a versus C* correlation. Then, for both prescribed
materials the fitted A and q coefficients according to 4 = AC*9 are given.

Furthermore, some predictive extensions to creep-fatigue conditions applied on both CT specimens and plates
containing semi-elliptical defect are quoted.
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NOMENCLATURE

A = master curve coefficient

a, a, ap = crack length, initial and final defect size

a , da/dt = crack growth rate

Biot, Befr, Buet = gross, effective and net specimen thickness

B, B; = primary, secondary creep constitutive law coefficients

C* = creep load parameter

F = applied load

J, = fully-plastic component of the J-integral

K = elastic stress intensity factor

l,s = reference length

m(a/W) = limit load ratio

n;, N = primary, secondary creep constitutive law stress exponents
p1 = primary creep constitutive law time exponent

q = correlation exponent

t=time

t,s = conventionnal transition time between primary and secondary creep regimes
W = specimen width

v = constant in reference length expression

dexp = load-line displacement

Sexp ) SC , SS = experimental, creep, and structural load-line displacement rates

O.r = reference stress
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