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Abstract

In this paper, the extended Direct Steady Cyclic Analysis method (eDSCA) within the Linear Match-
ing Method Framework (LMMF) is combined with the Stress Modified Ductility Exhaustion method
and the modified Cavity Growth Factor (CGF) for the first time. This new procedure is used to sys-
tematically investigate the effect of several load parameters including load level, load type and creep
dwell duration on the creep-fatigue crack initiation process in a notched specimen. The results ob-
tained are verified through a direct comparison with experimental results available in the literature
demonstrating great accuracy in predicting the crack initiation life and the driving mechanisms. Fur-
thermore, this extensive numerical study highlighted the possible detrimental effect of the creep-
ratchetting mechanism on the crack growth process. This work has a significant impact on structural
integrity assessments of complex industrial components and for the better understanding of creep-
fatigue lab scale tests.
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Nomenclature

A Creep stress multiplier for the Norton equation.

A Creep ductility multiplier.

B Creep stress multiplier for the Norton-Bailey equation.
B Ramberg-Osgood material parameter.

B, Material property for creep ductility model in regime |I.
B, Material property for creep ductility model in regime I1.

D. Total creep damage.
Ds Total fatigue damage.
Dyt Total damage.

d Grain size.

chE Creep damage per cycle based on Ductility Exhaustion.
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d>V°F Creep damage per cycle based on Stress Modified Ductility Exhaustion.

dcTF Creep damage per cycle based on Time Fraction rule.

eDSCA extended Direct Steady Cycle Analysis.

L Total number of load instances | within the eDSCA procedure.
LMM Linear Matching Method.

LMMF Linear Matching Method Framework.

K Total number of external sub-cycles k within the eDSCA procedure.
m Time exponent for the Norton Bailey equation.

m; Stress exponent of the stress dependent creep ductility.

n; Creep strain exponent of the stress dependent creep ductility.

n Stress exponent for the Norton equation.

I' Rate of change of the cavity radius.

t; Time to rupture.

t, Creep Dwell Time

t,Load instance | considered during the eDSCA procedure.
T Temperature of the material.

AG Creep activation energy.

At dwell time within the load instance during eDSCA.

Ag Strain range in the Ramberg-Osgood equation.
Az Equivalent creep strain increment within the eDSCA procedure.
Agi'j Increment of strain at each n load instance within the eDSCA procedure.

Ap; .+, Residual stress increment associated to the increment of strain.

Ao Stress range in the Ramberg-Osgood equation.

EC Equivalent creep strain rate.
&, Multi axial creep strain ductility.

&, Uniaxial creep strain ductility.



eﬁ Strain rate history within the eDSCA procedure.

2" Creep strain rate obtained during the eDSCA procedure.
A Load multiplier.

4. Cavity spacing.

H, Iterative shear modulus at sub-cycle k.

p; Constant residual stress field.

p; Changing residual stress field

p;; Total residual stress field at load instance n.
pij’kﬂ(t,_l) Changing residual stress history of load instance I-1.
pi; (X,tI )k Sum of the constant residual stress field and all the previous changing residual stresses.

O von Mises stress.

o, Maximum principal stress.

O Mean stress.

o, Equivalent stress at the start of the creep dwell.

S

o, Equivalent stress at the end of the creep dwell.

c

oy Elastic stress solution.

6'i'j Elastic stress solution at | load instance.

oy (X,t,), lterative von-Mises yield stress

1. Introduction

The reliability of components operating at high temperature under cyclic conditions is crucial for their
safe and efficient operation. In the past twenty years significant research has been conducted on struc-
tures operating at high temperature. The main objective was to optimise and validate the effectiveness
of methods for crack initiation and early crack growth in components subjected to both cyclic primary
and secondary loads. A significant effort has been done to assess both creep-fatigue crack initiation
and crack growth in rotor steel alloys **. The current assessment and design codes such as the UK’s
RS procedures and the ASME Boiler and Pressure Vessel Code * °, which are simplified methods, are
capable of providing safe, but overly conservative predictions ’. This conservatism is expected to be
increased by the new operating conditions required for new high temperature reactors and power in-



dustry components® °. In the last decade, remarkable efforts have been made to accurately represent
the viscous and plastic behaviour of materials subjected to cyclic load conditions at high temperatures.
In addition to this, numerous research works on accurate creep damage modelling were conducted **
by implementing the Continuum Damage Mechanics (CDM) approach in finite element analyses. Few
researchers have concentrated on the creep-fatigue interaction and damage prediction using all the
aforementioned techniques *°. The use of these full inelastic analyses safely reduces the conservatism
of rule-based methods. Despite this, they require numerous and precisely calibrated material parame-
ters to guarantee accurate results. Moreover, they have a high computational cost, especially when 3D
finite element models are considered. To assess the stabilised response of a structure, the Direct Cy-
clic Analysis (DCA) has recently been implemented within the commercial finite element software,
ABAQUS *°. This numerical method is capable of obtaining the stabilised cyclic response in an itera-
tive way by using a combination of Fourier series and time integration of the nonlinear material re-
sponse. However, it introduces numerical errors and convergence problems, meaning the DCA is not
always a viable solution. In order to fill the gap between material science and industrial practical
problems, direct methods such as the Linear Matching Method have been adopted, to calculate the
steady state cycle that occurs rapidly in the life of the component without requiring too complex con-
stitutive material model. The extended Direct Steady Cycle Analysis (eDSCA) has been developed to
directly calculate the stabilised response of a structure subjected to a cyclic load at high temperature.
In this study, the life of a Single Edge Notched Bend (SENB) specimen subjected to a cyclic mechan-
ical load at constant high temperature is assessed using the updated LMM. To properly consider the
effect of multiaxial stress state on the creep damage, for the first time the Stress Modified Ductility
Exhaustion (SMDE) approach has been implemented within the eDSCA. The predicted endurances
are compared with the experimental results obtained by Holdsworth * and Booth .

2. Strain Based method for creep damage modelling
2.1. Introduction to creep strain ductility under uni-axial load

When operating at high temperature several structural steels fail due to the growth and coalescence of
voids. The mode of failure, as it was studied by Beere *’ and later by Hales *°, is dependent on the
load level and the multiaxial stress state. In his early work, Hales identified that the strain to failure
was related to the strain rate. Three distinct failure mechanisms or regimes have been identified and
shown in Fig. 1a *°. In his work Hales only considered spherical voids, with initial radius ro, for sim-
plicity. The failure occurs when the radius reaches the critical size of A/2, where A is the cavity spac-
ing. Regime I, shown in Fig. 1b, occurs for high-stress level and the voids growth is the result of plas-
tic deformation. An elegant mathematical representation is given by Hales, demonstrating how the
failure strain is independent of stress and time. For a spherical cavity growing in a steady-state creep
regime consider the following growth rate:

f=BgZ, )

By integrating equation (1) the strain to failure is obtained:

g, =2, 1 = 2|_;> )
1

Equation (2) shows the existence of an upper-shelf for the creep ductility, and it can be obtained from
hot tensile testing or high stress tensile creep testing. For intermediate stress levels, a transition is ob-
served, Regime Il in Fig. 1c. This change of mechanism between Regime | and Il occurs when the



cavity growth for diffusion dominates over the plastic hole growth. In this regime the cavity radius
growth rate is linearly related to the equivalent stress & and the material parameter B,:

f=B,0 (3)
By integrating equation (3) the rupture time is given:

t, = ic_ 4)
2B,c

By combining equation (4) and the Norton law for steady-state creep, the strain to failure as a function
of the strain rate, stress multiplier A and stress exponent n is given:

1
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=Ag" ()

& =

Equation (5) shows how the strain to failure is a function of the strain rate, and it is related to both the
material properties and load condition. However, when a low stress is applied the constrained diffu-
sion mechanism dominates and Regime Il1 starts as presented in Fig. 1d. For this regime, the strain to
failure is represented by a constant value. The stress at cavitation boundaries relaxes, producing stress
redistribution. This local mechanism stops when the local strain rate, due to the cavitation process, is
equal to that present in the remote area. This physical behaviour can be expressed by the following
equation, which is a fixed value function of the vacancy spacing A and grain size d:

A
‘17 6d

(6)

This physical and mathematical representation of the creep ductility can be used to estimate the creep
damage in structures operating in creep regime. The so-called strain based methods have recently
been further enhanced by Wen 2 % using a local approach based on scalar damage demonstrating
good agreement. Equation (5) is the simplest definition of creep ductility used within the Ductility
Exhaustion (DE) method, which has been extended by Spindler % to consider the effect of stress lead-
ing to the Stress Modified Ductility Exhaustion (SMDE) method. The creep damage per cycle is cal-
culated by the following formulations for DE and SMDE respectively:

— SMDE
R e ”

The contribution of the stress, which is neglected in DE, has been demonstrated by Spindler %

be important to better approximate the cavity nucleation process. Equation (5) has been extended to
consider the effect of stress by the following equation:



Conversely, stress based methods that are widely adopted have drawbacks in terms of sensibility to
the material parameters and stress levels. One of the most used is the Time Fraction (TF) defined as
follow:

Bt
df =[—— 9)
ot (0.T)
When the creep dwell starts at the maximum strain TF becomes overly conservative, and less con-
servative for small cyclic strain ranges.

2.2. The effect of stress and stress state on the creep ductility

The triaxial stress state has a significant impact on the failure of industrial components due to the
presence of many cross-sectional area changes, grooves or welds. When creep and fatigue interact the

damage caused by creep can be enhanced by the stress triaxiality o, /& . Due to this stress state the

damage may develop inside the component, at a distance of several hundred microns from the stress
concentrator as observed in notched specimens experiments* %, It has been further demonstrated by
Spindler # | and recently by the review work done by Wen **, how the stress triaxiality reduces sig-
nificantly the creep ductility.

The MDF models can be divided into three categories: Physically Based, Semi-Empirical and Em-
pirical MDFs. The first type incorporates the physical impact of multiaxial stress state to the creep
fracture. The creep fracture is recognised to be governed by two mechanisms, the growth and the coa-
lescence of micro voids. One of the most famous multiaxial ductility factors is the one created by
Cocks and Ashby Z. It is capable of modelling the grain-boundary cavity growth due to the creep
power law of the surrounding matrix:

& :
—= (10)

As reported by Spindler # and recently by Wen *° equation (10) becomes less effective for small
changes of n, leading to overestimated values for the ductility. A significant enhancement has been
done by ?* that introduced a new physically based MDF:

2(n—05j
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—= (11)
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Another physically based MDF is represented by the one developed by Spindler?. Two different
cavity growth mechanisms are evaluated, the diffusion and the creep power law controlled growth. It
has been demonstrated by Hales *® that when the strain rate exponent n; in equation (8) is smaller than
the theoretical one obtained by (n—1)/n, where n is the secondary creep stress exponent, the cavity
growth mechanism is coupled with the diffusion and the creep power law mechanism. In this case, the
modified Cavity Growth Factor (CGF) introduced is:




CGF =£exp£1—30’”J (12)

mod ified
1

o

The first term of equation (12) ( J is used to properly describe the diffusion mechanism affected

0

by the principal stress. The second term exp(% - 320-'“ j is used to model the creep power law cavity
o

growth ? and it is based on the model developed by Rice * for hole growth in the plastic deformation
regime. To better evaluate the effect of multiaxial stress state on the creep ductility the plot of multi-
axial ductility factor against the stress triaxiality is presented in Fig.2 . The uniaxial stress case is rep-
resented by a circle, all of the models presented pass from this point when the stress triaxiality is 0.33.
All the experimental results available in the literature for a multiaxial stress state are present for stress
triaxiality up to 1.6 *°. It is worth mentioning that no cases are available for a low level of stress triax-
iality below 0.33. This region is important and should be investigated more for its relevance in real
practical cases. From Fig. 2 it is clear that the three physical methods give reasonable results. Howev-
er, the most accurate are provided by the Spindler CGF and the newest developed by Wen and Tu.
These two MDFs return very close results for stress triaxiality over 1.2. For stress triaxiality between
0.6 and 1.2, the Spindler CGF looks more accurate, especially for austenitic stainless steels and for
CrMoV. Conversely, the MDF from Wen-Tu is more accurate for the others, providing a better lower-
bound for 316H at a high level of triaxiality. However, it is still slightly insensitive to changes of
stress exponent n. Due to the better performances of the Spindler CGF with the CrMoV and other
structural steels, and its implementation within the UK’s R5 procedure, it has been implemented with-
in the LMM.

3. Creep-fatigue crack initiation procedure using the LMM

3.1. Assessing the steady state cycle and the creep damage

Consider an elastic perfect plastic material and the von Mises yield criterion f(aij)=0 with an

associated flow rule a series of plastic mechanisms can be described by considering an applied load
&;; and different load multipliers 4. These mechanisms include elastic shakedown, global shakedown

and ratchetting. Global shakedown is defined when f (45, + p; +pj ) <0, where 26; is the scaled
elastic solution and p; denotes a constant residual stress at the start and end of the loading cycle. In-

stead pi; represents the changing residual stress field, which is calculated by the inelastic strain rate

history. To ensure that ratchetting is not present the associated inelastic strain rate integrated over the
cycle period must be zero.

When creep occurs within the steady state cycle, stress relaxation initiates and the yield function
must be replaced by the creep flow stress, which depends on the creep strain rate calculated. In Fig. 3a
the load history adopted in this work is shown, and it is divided into three load instances. It is assumed
that the plastic or creep strains occur at fixed load instants, which better represent the entire load cy-
cle. t; and t; represent points where the applied displacement changes introducing a residual stress
field and a plastic strain increment (Fig. 3b). However, to introduce the creep dwell an additional load
instance t, is necessary. After the loading step (t,), creep will occur and the stress will relax. The elas-
tic solution for that point is not compatible with the creep flow stress and a residual stress field will be
calculated. For this residual stress field an associated creep strain increment is obtained. The stress



relaxation shown in Fig. 3b enhances the unloading phase (t3), which exhibits an increase of the plas-
tic strain.
The numerical procedure is based on the minimization of the following function, which is depend-

ent on a class of kinematic admissible strain rate &; :
L |
-C
(&)= §I 1 | (13)

where L is total number of loading instances considered, ty,t,, ... t. where plastic or creep strain are
expected to occur. The minimization function can be formulated by using an incremental form:

I'(Ag)) = [{oiae; —[ 64 (t)+ oy (t) ] Asi jav (14)

\Y

The residual stress pilj (tI )at each load instance is calculated by the sum of the constant part of the
changing residual stress p; and the summation of all the previous changing residual stress field in-

crements Ap; (t,). This incremental formulation allows the strain rate history £; to be replaced with
|

ij
The eDSCA is an iterative procedure that has been developed by Chen to calculate the inelas-

tic strain increment Agi'j to minimize the function shown in equation (14). This numerical procedure

a sequence of increments of strain A¢:. , which occur during the cycle at each time t,.

30,31

requires a total of K cycles to check the convergence of the minimization process. Within each k cycle
a total of L sub-cycles need to be performed. For each loading instance | the associated residual stress
field and inelastic strain increment are obtained. At each ABAQUS increment, both residual stress
and inelastic strain are calculated for an associated elastic stress and the previous accumulated residu-

al stresses. When considering a load instance t, without creeping material, the inelastic strain incre-

ment Ag;; 4 (4 ) can be evaluated for that load instance by;

A‘C"ij,|<+1(t|)l = |:6-ij (tl)+pij,k+1(tl—1)+A:0ij,k+1(tl):| (15)

1
201(1)
where notation (") refers to the deviator component of stresses and z is the iterative shear modu-

30

lus , & is the associated elastic solution, p; ,(t, ;) is the prior changing residual stress history

ij
and Ap; () is the residual stress associated to the inelastic strain increment. Within this iterative
procedure it is possible to also consider the Ramberg-Osgood (RO) material response. The plastic

strain calculated is used to iteratively change the yield stress in the upcoming k+1 sub-cycle, simulat-
ing the hardening or softening of the material. When creep is considered, an effective creep strain

Az is evaluated by adopting equation (16) for the associated dwell time At using the Norton Bailey
relation:

_ B(n-)At"*(5,-5.)
e )meD)
O,

AZ® (16)



o, represents the creep flow stress, which is the sum of the start-of-dwell stress &, and the residual

stress Ap; .4 () induced during the dwell period. The creep flow stress can be evaluated by consid-

ering the following equation, which relies on the accurate evaluation of the creep strain rate £° at the

end of the dwell time:
_ 1
_ gf o
%= [ BAL" j
(17

e _AE° (M+]) oA 11
At (n-1) (6,-G.)

gt ot

The stress and the creep strain rate fields obtained by the system of equations (17) are used to accu-
rately calculate the uniaxial ductility and the CGF factor for each load instance where creep occurs
using equations (8) and (12). The remaining part of the procedure calculates the residual stress at each
increment through the solution of linear problems. At the end a residual stress field is obtained and the
iterative shear modulus is updated for the next cycle k+1 for each load instance t, by adopting the lin-

ear matching equation;

~ o O';e(xat|)k
o (%) = B (%) 5(5'” (X’tl)+pi; (x4 )k)

(18)

where 14, (X,tI ) is the iterative shear modulus at the sub-cycle k for n" load instance. o-;‘(x,t,)k is the

iterative von-Mises yield stress for RO material model or yield stress for the Elastic Perfectly Plastic

material model at load instance t,. pj (X,t, )k is the sum of the constant residual stress field and all

the previous changing residual stresses at different load instances.

Once the whole procedure is converged the creep fatigue life of any component subjected to a cy-
clic thermal and mechanical load can be evaluated. All the required parameters for the assessment can
be estimated from the steady state cyclic response obtained, using a similar procedure created by Wa-
da®. The fatigue and creep damages per cycle are calculated separately by the accurate evaluation of
total strain range, stress at the start of creep dwell, stress drop, creep strain rate and creep strain accu-
mulated during the dwell.

4. Numerical case study: SENB

4.1. Finite element model and material properties

The same test specimen adopted by Holdsworth * has been used for this study. Due to the symmetry
conditions only half of the entire model is analysed. The model is composed of 1425 plain strain
guadrilateral elements, with a reduced integration scheme. As shown in Fig. 4, the mesh is refined
near the round notch, which has a radius of 6 mm. Symmetry conditions are applied to the left side on
the x-axis (Fig. 4), and the y translation is constrained with boundary conditions applied on the right
part of the model. A Load Point Displacement (LPD) is imposed as shown in Fig. 4, producing the
desired elastic stress field necessary to perform the LMM eDSCA analysis. The SENB specimen is
subjected to different fully reversed LPDs in a 0.268 — 0.5 mm range, considering dwell time of 0, 0.5
and 16 hours. Another loading case is studied considering an additional pure axial load of 200 MPa.



The 1CrMoV material properties adopted for this work has been largely obtained from Japanese
National Institute of Material Science (NIMS) database®, and are shown in Table 1. The cyclic-stress
strain behaviour of this alloy is modelled using the Ramberg-Osgood relationship:

1
Ae_Ao A_C" “ (19)
2 2E B
The Ramberg-Osgood constants are obtained by the locus of the tips of the steady state cycle response
at 550 °C * for different total strain ranges. Due to the homogenous high temperature, the creep de-
formation that occurs during the dwell period is calculated using the Norton-Bailey relationship de-
fined as:

£ =B.& -t" (20)
To calculate the most accurate creep damage, the creep uniaxial ductility is calculated. To avoid
overly conservative results, the local rupture strain is calculated by the reduction of area measured
during the creep test *. The data used for the material property extrapolation has been obtained from
the NIMS database®. A total of 10 different batches of data are used to fully describe the material
ductility, for high strain rate the hot tensile results are used. Both DE and SMDE parameters are re-
ported in Table 3. The fatigue data is obtained from the R66 Issue 8 * database, for 1CrMoV at 550
°C. The data are obtained from isothermal low cycle fatigue tests at different strain ranges. The num-
ber of cycles to failure is defined as the number of cycles required to obtain a 2% stress drop in the
steady state cycle.

The fatigue damage per cycle is obtained by d, =1/ N,, where N, is the cycle to failure associ-

ated with the total strain range calculated by the eDSCA. Creep damage (d,. ) per cycle can be calcu-

lated with both stress or strain based methods. When TF rule is used the average creep stress during
the dwell is obtained to determine the rupture time required by equation (9). Conversely, for DE and
SMDE the creep strain increment and the multiaxial creep ductility are calculated for the associated
creep dwell. Hence, the total damage per cycle is defined as the linear sum of fatigue and creep dam-

ages, subsequently the predicted endurance is defined as N, :(df +dc)7l. By knowing the experi-

mental endurance for each load case, the total damage based on the total creep damage D. and total
fatigue damage Dy can be calculated. Dy,; must be lower than unity to prevent crack initiation, other-
wise the component is likely to exhibit crack initiation. The unity limit is an empirical rule, and it is
based on direct comparison with experimental results **.

5. Results and discussions
5.1. Predicted endurance by LMM

A benchmark test has been performed to identify discrepancies between the different creep damage
models. A total of four cases have been analysed, one without creep and three with creep dwell at dif-
ferent positions within the load cycle (Table 5). The stress relaxation caused by creep tends to in-
crease the fatigue damage per cycle. The creep damage calculated by the TF gives the most conserva-
tive results for high levels of stress at the start of the tensile dwell. However, it is capable of identify-
ing the compressive dwell producing negligible damage. Conversely, the DE method predicts overly
optimistic results for the first case and overly conservative for the latter. The SMDE performs very
well in all the cases considered, combining the strengths of both stress and strain based methods. For
these reason, only DE and SMDE methods will be used for the study.



The results obtained are summarised in Fig. 5, where the observed number of cycles to failure are
plotted against those predicted by different approaches. The continuous line represents the interpola-
tion of the observed experimental endurances (solid square) due to different loading conditions. The
LMM predictions are plotted for different dwell times, loading conditions and creep damage models.
The results for DE and SMDE are represented by diamonds and circles respectively. A good agree-
ment is obtained by the SMDE for most of the analysed cases. Conversely, DE has been demonstrated
to be slightly non-conservative but always within a factor of 2. Accurate predictions are obtained for
long creep dwell (16 hours) by the SMDE. These endurances predicted are never less conservative
than the observed ones, except for one single case. For all the analysed cases, the predicted cycles to
failure are never more conservative than those calculated by the R5 Procedures. Very good accuracy
is demonstrated when a superimposed load of 200 MPa and a dwell time of 0.5 hours are considered.
For this case, the life predicted by the LMM is 661 and 570 cycles for DE and SMDE respectively,
which is very close to that observed (576 cycles). The solution obtained is significantly more accurate
than the R5 procedures (108 cycles) and comparable to the fully inelastic analysis (526 cycles).

Creep and fatigue damage per cycle are plotted against the load applied for different dwell times in
Fig. 6. Both the damages are shown in Fig. 6a for a dwell time of 0.5 hour, showing a strong creep-
fatigue interaction for a total LPD between 0.45 and 0.55 mm. For low strain case (small LPD) creep
damage is dominant over fatigue and this is reversed for high strains. This behaviour completely
changes for longer dwell times, as is shown in Fig. 6b where the creep damage per cycle is always
greater than fatigue.

When creep damage dominates the failure is expected to initiate at a depth of several hundred mi-
cro-meters from the notch surface as highlighted in Fig. 7, where the contour of the total damage per
cycle is shown for two dwell times at the same mechanical load. By comparing Fig. 7a and Fig. 7b it
is evident how creep dominated failures initiates in a deeper area (Fig. 7a), rather than being confined
to the surface as for fatigue driven one. In Fig. 8 the stress state and the triaxiality factor is plotted
against the cross section of the notched specimen. The creep damage contour calculated is superim-
posed to the plot. The von Mises stress at the start of the creep dwell is subjected to a large relaxa-
tion. As expected the principal stress is larger than the von Mises stress and the triaxiality factor is
remarkably higher inside the bar. In that location, as depicted by Fig. 8, the maximum damage per
cycle is observed, which is about 1000 micrometres from the surface as observed by many experi-
mental and numerical works on notched specimens®?.

A parametric study has been performed to investigate the effect of the superimposed primary load
on the component’s response, considering a 0.5 hour creep dwell, a total LPD of 0.8 mm and an in-
creasing superimposed load of 50, 100, 150, 200, 250 and 300 MPa. Up to 200 MPa the failure is al-
ways dominated by creep and fatigue interaction. However, creep ratchetting develops but it still neg-
ligible. The total damage per cycle produced by the creep-fatigue interaction, the creep-fatigue and
the creep ratchetting endurances are reported in Fig. 9. For the superimposed load of 100 MPa creep-
fatigue interaction dominates, with a predicted life of 542 and 1360 cycles for creep-fatigue and creep
ratchetting respectively. For the 200 MPa load case the predicted life due to the two mechanisms is
comparable and affect two close areas in the notch groove as shown in Fig. 9. If the axial load is in-
creased up to 300 MPa the response changes and the predicted cycles to failure due to creep-
ratchetting is 117 against the 344 of creep-fatigue mechanism. The locations where the damages initi-
ate do not coincide, but are close enough to be likely to interact especially during the crack growth
process. The superimposed primary load as expected reduces the component life and introduces an
incremental mechanism, which affects the notch root area. Tong ** *" introduced and demonstrated
that the ratchetting at the crack tip is a driving mechanism for the crack growth process. The notch can
be divided into three distinct areas: i) creep fatigue dominated, ii) creep-fatigue and creep ratchetting
interaction area and iii) creep ratchetting dominated area. If a crack initiates in the second area the



concept introduce by Tong® becomes relevant. The surrounding material ahead the crack exhibits
creep-ratchetting affecting also secondary cracks, leading to a much more complex scenario in terms
structural integrity of the defective body.

A final overview of all the results obtained is given in Fig. 10, where the creep fatigue linear dam-
age summation diagram is shown. All the predicted endurances, except three, are in the crack initia-
tion area as expected (Fig. 10). Three failure mechanisms can be identified, fatigue dominated (above
the dot-dash line), creep dominated (below the dot-dash line) and creep fatigue interaction for points
that lay closer to the limit (dot-dash line). For the first type, transgranular cracking is predicted to ini-
tiate from the surface of the notched area, and the mechanism is strongly affected by the total strain
range. Instead, the second one exhibits intergranular damage, which initiates inside the specimen and
the principal stress is the driving parameter. In the last case, the interaction between creep and fatigue
is more complex and both surface and interior cracking are expected.

To further verify the accuracy of the adopted method, a comparison between metallographic in-
spections on experimental results obtained by Holdsworth * and the numerical prediction has been
presented in Fig. 11. Fig. 11a shows the multiple crack initiation occurred in the SENB component
subjected a fully reversed total LPD of 0.8 mm, and the superimposed load of 200 MPa with a dwell
time of 0.5 hour. The damage develops from the surface of the specimen, demonstrating that the crack
initiation is fatigue driven. This failure mechanism has been identified by the numerical solution and
the load point (square) shown in Fig. 10 is largely within the fatigue dominated area. Furthermore,
Fig. 11b shows the area of maximum damage, which is comparable to the area where multiple cracks
have occurred.

6. Conclusions

In this work, the LMM eDSCA method has been successfully improved by improved by implement-
ing the Stress Modified Ductility Exhaustion delivering a study on the creep-fatigue interaction Single
Edge Notch Bend specimen. The cyclic response has been identified and discussed pointing out its
implication on the structural integrity. The main results obtained within this research work are as fol-
low:

1. Implementing the Stress Modified Ductility Exhaustion approach with the Cavity Growth
Factor into the eDSCA leads to very accurate life predictions. Excellent agreement has been
demonstrated for cyclic loads when a primary load is introduced. All the failure mechanisms
have been properly identified and match with the experimental observations available in the
literature.

2. The physical effect of the associated load level on the crack initiation mechanism has been
properly modelled with the proposed numerical procedure. Load levels confirmed to be im-
portant in influencing the type of failure mechanism. Furthermore, the stress triaxiality, which
has a severe effect on creep ductility, has been investigated and modelled properly.

3. A new and more detailed numerical study has been performed varying the superimposed pri-
mary load. For a superimposed primary load up to 200 MPa the creep-fatigue crack initiation
dominates. Conversely, the failure is driven by creep-ratchetting affecting a different location.
For this specific case creep-ratchetting is expected to enhance the crack growth process.

4. The results obtained further demonstrate the capabilities of direct methods, such as the LMM,
in assessing structures subjected to cyclic loading conditions when a limited number of exper-
imental data is available.
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Table 1 Material properties for elastic, plastic and creep behaviour.

Table 2 Material properties for elastic, plastic and creep behaviour.

1CrMoV at 550 °C
Young’s modulus 151700 MPa
Poisson’s ratio 0.3

Ramberg-Osgood parameters B'=646.67 MPa B =0.1092

Norton Bailey parameters B =25E-30 n=105 m=-0.6

Table 3 Parameters for DE and SMDE creep ductility models.

Table 4 Parameters for DE and SMDE creep ductility models.

DE SMDE
A, = 19.005 A, = 1.5489

~ N, = 0.2953
N, =0.3489 my = 0.2111

Table 5 Fatigue and creep damages per cycle calculated for different loading cycles of SENB speci-
men subjected to a total displacement of 0.8 mm and a dwell time of 0.5 hours at 550 °C.

Table 6 Fatigue and creep damages calculated for different loading cycles of SENB specimen subjected to
a total displacement of 0.8 mm and a dwell time of 0.5 hours at 550 °C.

Fatigue Creep damage
Load cycl
oad cycle damage DE SMDE TF
Pure fatigue 1.030-107 - - -
Tensile peak dwell 1.097-10° 3.19-10™ 5.57-10™ 1.92:10
Compressive peak dwell 1.099:107 3.36-10° 2.17-107 2.06:10°
Tensile and compressive |, 3 3.32:10° 1.03:10° 1.92:107

dwell
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Fig. 1 Effect of strain rate on the failure ductility. a) Schematic representation of the three regimes
depending on the creep strain rate, b) regime-1 where plastic cavity growth dominates, ¢) regime-II
where diffusion controlled cavity growth occurs, d) regime-111 where constrained diffusion growth
takes place. ( Source: Wen et all. *%)
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based models. The plot of MDFs and experimental results * %! on notched bar specimens at high
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cycle.
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and boundaries conditions are shown, a refined mesh has been used for the area close to the notch.
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Fig. 11 Comparison between experimental result and numerical prediction. a) Creep-fatigue crack
initiation and “early” growth at groove root for ICrMoV SENB specimen *, and b) total damage per
cycle calculated by the LMM for a 0.4 mm displacement and a superimposed primary load of 200

MPa, with a dwell time of 0.5 hour.
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