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Abstract

A creep-fatigue life assessment of an axisymmetric 316 stainless steel test specimen
under constant mechanical and cyclic thermal shock loading using the R5 Procedure is
described in this paper. This test was carried out at CEA, France, and formed part of the
'Thermina' series. Stress analysis has been carried out using both full inelastic finite element
analysis and also the simplified shakedown methods, based on elastic calculation, within R5.
The estimates of strain range and the stress at the start of the creep dwell have then been used
with R5 to estimate creep and fatigue damage per cycle and hence to make predictions of
component life. The predicted lives are compared with the lives observed in the tests. The
simplified R5 estimate of life, based on development of a crack of depth 200 microns, is 260
cycles using best-estimate material properties. Experimentally, cracks of depth at least 150
microns were observed in between 526 and 650 cycles, for two similar tests. The simplified
R5 route therefore leads to an estimate of life which is conservative but not unduly so on this
component. Detailed cyclic inelastic analysis using the ORNL constitutive model and the
ABAQUS finite element code to estimate the strain range and dwell stress led to a best
estimate of 618 cycles to crack initiation using R5.

1. INTRODUCTION

The design and assessment of power plant components operating at high temperature requires
validated methods for estimating component life under conditions of creep and fatigue. The
interaction of these two mechanisms needs to be taken into account. R5 [1] is a
comprehensive set of procedures developed within the UK for the assessment of the high
temperature response of structures. In particular, methods are given in R5, based on simplified
shakedown and reference stress techniques, for calculating life. For an initially defect-free
component, failure may be defined following Volume 3 of R5 as initiation of a crack of
specified depth under creep fatigue loading. Other volumes of R5 consider propagation of
defects. This paper presents validation of the R5 Volume 3 initiation procedure on an
austenitic steel test specimen subjected to a severe thermal shock loading. The magnitude of
the loading is strictly outside the creep-modified shakedown limits of R5, which formally
permit up to 20% of any structural section to cyclically yield. As such, it is considered to
represent a critical test of the R5 procedure.
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The Thermina test specimen is described in Section 2. Following a brief description of the R5
method in Section 3, a shakedown calculation to derive estimates of the strain range and stress
at the start of the creep dwell is then described in Section 4. Detailed cyclic inelastic finite
element calculations using both ORNL and Fast Reactor State Variable (FRSV) constitutive
models are outlined in Section 5. The results of both the elastic and inelastic analyses are used
to estimate the number of cycles to initiate a crack of depth 200 microns usine Volume 3 of
R5. The results are compared with other predictions and with the experimental observations.

2. THE THERMINA TEST

The Thermina series of tests have been carried out at CEA Cadarache, France [2,3]- The
design of the experimental test rig is shown in Figure 1 together with the main features of
the specimen chosen for analysis. Thermina samples are filled with sodium and maintained
at 600°C by means of an internal electric element. Thermal shock is induced by forcing cooler
liquid sodium onto the outside surface of the specimen for 20 seconds by means of a
submerged electromagnetic pump. Subsequently the internal heater causes the temperature to
return to 600°C where it is maintained for a hold period before being subjected to repeated
shocks.

The specimen analysed consists of an internal flange within a thin walled cylinder subjected
to periodic cooling by liquid sodium at a temperature of 400°C alternating with hold periods
of 6 hours at 600°C during which creep can take place. Because the flange responds more
slowly than the cylinder wall to the thermal shock, high thermal stresses are generated in the
transition region between the flange and the cylinder wall.

The results published for two specimens subjected to this loading during the Thermina test
programme indicated crack development of at least 150um after 526 and 650 cycles
respectively.

3. THE R5 PROCEDURE FOR CREEP-FATIGUE CRACK INITIATION

Endurance under creep-fatigue loading is estimated in Volume 3 of R5 [1] by calculating
fatigue damage and creep damage and equating the sum of the two to unity at crack initiation:

D = Df + Dc= 1

Comparisons between the R5 approach and alternative design code approaches to crack
initiation, such as in ASME N-47 [4] and RCC-MR [5], are discussed in [6].

Endurance is defined in Volume 3 as the number of cycles to initiate a crack of specified
depth a,), defined by the user. This corresponds to microscopic initiation (a crack of depth 20
microns) and propagation to depth â . For thick-section components, ao is generally taken as
the diameter, af say, of conventional uniaxial endurance specimens used to derive the baseline
endurance data. For thin-section components, however, â  may be a small fraction of the cross
section, say 10%, and less than a r A size correction is applied by R5 to the baseline
endurance data in this latter case. The fatigue damage per cycle, df, is the reciprocal of this
modified endurance. Total fatigue damage, Dr, then follows by summation over the cycle
history.
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Creep damage per cycle, dc, is defined by the ductility exhaustion integral over the dwell
period th:

where the creep ductility, ef, is a function of creep strain rate, ec, in general. For a stress drop,
ACT7, in the dwell with elastic follow-up factor Z, this equation may be conservatively
simplified to

d

where sL is a lower bound creep ductility which is assumed to be independent of strain rate
and E'=3E/2(l+v) is Young's Modulus modified for the difference in Poisson's ratios between
elastic and inelastic response. The total creep damage, Dc, is then simply the sum of dc over
the various cycles.

Estimates of cyclic strain range, stress drop and elastic follow-up factor are required to
calculate damage factors and hence endurance using the R5 procedure. These quantities can
be calculated using simplified shakedown and reference stress methods as described in
Volume 2 of R5, or they may be determined using detailed inelastic methods. Life estimates
for the Thermina specimen are given in Sections 4 and 5 which follow, for simplified and full
inelastic routes, respectively.

4. ELASTIC FINITE ELEMENT ANALYSIS

4.1. Material Properties

Both 0.2% yield stresses and cyclic stress strain data were obtained from RCC-MR [5] using
the correct steel grade in the imaged condition to provide best estimate data.

The Norton creep law chosen for the monotonic creep calculation to estimate elastic follow
up described in Section 4.4 was chosen following the advice in Goodman [7] such that ec=
10"17 <y5 t for stress a in MPa and time t in hours.

A creep ductility of 56% was chosen for this analysis based on creep characterisation tests
carried out on samples of representative material [8] and also on tests from Thermina samples
[2]-

The values of the general properties used in the elastic finite element analysis are given in
Table 1 and were chosen for consistency to be the same as those used in the non-linear
analysis described in Section 5. They agree closely with values quoted in RCC-MR [5].
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TABLE 1. MATERIAL PROPERTIES USED IN ELASTIC FINITE ELEMENT
ANALYSIS

Property

400°C

Temperature

500°C 600°C

Thermal Conductivity (Steel)

Thermal Conductivity (Sodium)

Coefficient of Expansion (Steel)

Young's Modulus (Steel)

Poisson's Ratio

Density (Steel)

Density (Sodium)

Specific Heat (Steel)

Specific Heat (Sodium)

19.39W/m/°C

71.00W/m/°C

17.1xlO-6/°C

169700MPa

0.29

7717kg/m3

808kg/m3

549.8J/kg/T

1278J/kg/°C

20.82W/m/°C

66.50W/m/°C

17.56xlO-6/°C

162200MPa

0.29

7717kg/m3

808kg/m3

570.9J/kg/°C

1262J/kg/°C

22.25W/m/°C

62.00W/m/°C

18.01xl0-6/°C

154700MPa

0.29

7717kg/m3

808kg/m3

592.1J/kg/°C

1255J/kg/°C

4.2. Finite Element Mesh

It was shown in both the inelastic analysis described in Section 5 and in [9] that the stagnant
sodium pool needed to be modelled to obtain correct thermal response. The mesh used in the
analysis (Fig.2) therefore consists of a total of 1008 8-node quadrilateral isoparametric
elements, 283 in the specimen and 725 in the pool.

4.3. Thermal Analysis

This was carried out using the FLHE [10] finite element thermal analysis program. The
internal heater was represented by a forced convection heat transfer coefficient of 400W/m2°C.
The thermal downshock was modelled by the use of a forced convection heat transfer
coefficient of 20kW/m2°C together with a temperature drop from 600°C to 400°C in 0.25
seconds. The results of this analysis are shown in Figure 3a and 3b compared with results
from the analysis described in Section 5 and [9].

4.4. Elastic Analyses

The linear elastic stress analysis was carried out using the BERSAFE [11] finite element stress
analysis program. The analysis included a primary mechanical load of 50MPa together with
the secondary thermal loading described in Section 4.3 and was performed at several different
times during the thermal cycle to determine both the position of maximum stress in the
specimen and the time in the cycle when the stresses were at their maximum values. The
results are shown in Figure 4 compared with the results of the analysis described in Section
5. Two specific cases identifying the extremes of the loading cycle were chosen for use in the
shakedown analysis and are detailed in the following sub-sections.
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FIG. 2. The finite element mesh showing details of the modelling of the sodium pool.
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FIG. 4. Variation of maximum stress during the thermal loading history

4.4.1 Peak Combined Loading

This is the time in the thermal cycle when the elastic stresses are at their maximum values.
It occurs at 1.75 seconds after the commencement of the thermal downshock and the
distribution of component stresses is shown in Figure 5. These are plotted on Section AA
which is shown inset. The maximum axial stress occurs on the inside surface and has a
magnitude of -655.2MPa, the equivalent stress at this point being 710MPa.

4.4.2 Steady State Loading

This is the loading during the steady state dwell period when the specimen temperature is
uniform at 600 °C and occurs at the start of the thermal cycle. Figure 6 shows the through
thickness component stress distribution on Section AA (shown inset on Figure 5) and has a
peak axial value of 58MPa at the inner surface.

4.5 Elastic Follow-up

Elastic follow-up in the dwell was estimated using a monotonic creep calculation starting from
the elastic stress distribution calculated in Section 4.4.1 and continuing until the peak stresses
had relaxed to below lOOMPa. From this an elastic follow-up factor Z=3.57 was calculated.

4.6 Shakedown Analysis

The R5 procedure [1] requires a shakedown analysis to be performed. This is the
superposition of a self-equilibrating residual stress field, constant at all times in the cycle, onto
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the extremes of the loading cycles described in Section 4.4.1 and 4.4.2. If the resultant
shakedown stress distributions are below yield at all positions in the structure, then strict
shakedown has been achieved. However, a less rigorous condition known as global shakedown
is acceptable if no more than 20% of any cross section is outside yield.

Due to the requirement for being self-equilibrating, candidate residual stress fields may be
successfully generated from thermal loadings. The field chosen for this analysis was the
combination of factored thermal stresses generated as in Section 4.4.1 in the absence of
primary loading, and a stress field caused by a localised region of high temperature on the
outer surface of the specimen opposite to the transition region between flange and cylinder.

The resultant shakedown stress distributions are shown in Figure 7 for the peak combined
loading case and Figure 8 for the steady state case. The residual stress field was adjusted so
that the peak excursions above yield were equal for both cases and the proportions of the
cross section outside yield were approximately the same. For this geometry under these
loading conditions it was not possible to demonstrate global shakedown.
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4.7 R5 Volume 3 assessment

A life assessment is made by combining fatigue and creep damage as outlined in Section 3.
The strain range for the fatigue damage is calculated using the approximation methods of R5
Volume 2 as outlined below using the stress difference between the peak and steady state
dwell loads.

4.7.1 Fatigue damage

The fatigue strain range is calculated from the equivalent elastic stress range Acrd together
with an allowance for enhancement of the strain range due to plasticity and creep. Aac, is
calculated using the differences in component stresses between the peak combined loading
case and the steady state case. The effect of creep on the fatigue strain range is allowed for
by adding 2(l+v)AarD/3E to the elastic strain range, where AalD=a0B

//ln(bt+l) is the stress
relaxation stress drop, o0 is the creep reference stress, i.e. the maximum stress in the steady
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state case, and B/; and b are constants [1]. The enhancement of the fatigue strain range due
to plasticity is calculated by the use of the Neuber procedure as shown in Figure 9. A further
correction factor As~vol [1] is made to allow for the fact that elastic straining takes places with
v=0.29, whereas for inelastic straining v=0.5.

Using the procedure described above a total fatigue strain range of 0.893% per cycle was
calculated which when applied to the appropriate fatigue data supplied in R66 [12] indicated
failure after NL=1766 cycles, where NL refers to the failure of a test specimen typically 8mm
in diameter. As the critical cross section is only 2mm thick, the procedure of R5 [1] Volume
3 was used to estimate crack initiation after 637 cycles and that cracks of 200um (the failure
criterion) would occur after NO=1197 cycles.

4.7.2 Creep damage

The creep damage per cycle dc was estimated following the R5 [1] procedure such that
d=ZAa'/E'eL where Ao^CoB'lnObt/Z+l), E'=3E/2(l+v) is the multi-axial elastic modulus and
sL is the creep ductility. Using the values of material properties from Section 4.1 the creep
damage was calculated as dc=0.003.
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4.7.3 Total damage

The total damage per cycle is dt=l/N0+dc and the creep-fatigue endurance then N0*=l/dt.
Using N0=1197 and dc=0.003 gives N0*=260 cycles.

5. INELASTIC FINITE ELEMENT ANALYSIS

Detailed inelastic finite element analysis was used to define the strain range, elastic follow-up
factor and creep stress drop for use in the R5 initiation assessment as described in Section 3.
The analyses were performed using the ORNL constitutive model within a user-defined
(UMAT) subroutine written for ABAQUS version 5.2. Some additional analysis was however
also carried out using the Fast Reactor State Variable (FRSV) constitutive model for
comparison.
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5.1. Material properties

In general, except for non-linear data, the material properties chosen for this analysis were the
same as those chosen for the elastic analysis described in Section 4 so that meaningful
comparisons could be made.

For the ORNL model, zoning of plasticity parameters was used based on the assessed strain
ranges and the values used in the analysis are shown in Tables 2a to 2c and in Fig. 9.

TABLE 2a. 0.2% SEMI-STRAIN RANGE PLASTICITY PARAMETERS

Cycle
Number

1

10

TABLE 2b.

Cycle
Number

1

10

TABLE 2c.

Cycle
Number

1

10

Plastic
Strain

(absolute)

0.0

0.01

0.0

0.01

300°C

128

341

164

377

0.3% SEMI-STRAIN

Plastic
Strain

(absolute)

0.0

0.01

0.0

0.01

300°C

140

245

198

303

0.5% SEMI-STRAIN

Plastic
Strain

(absolute)

0.0

0.01

0.0

0.01

300°C

152

205.2

242

295.2

Stress

450'C

115

328

130

324

RANGE PLASTICITY

Stress

450°C

126

231

151

256

RANGE PLASTICITY

Stress

450°C

136

189.2

180

233.2

(MPa)

550°C

no
323

133

346

625°C

108

321

133

346

PARAMETERS

(MPa)

550°C

120

225

156

261

625°C

118

223

155

260

PARAMETERS

(MPa)

550°C

130

183.2

185

238.2

625X

128

181.2

180

233.2
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FIG. 10. Detail of the finite element mesh used in the inelastic analysis showing the zoning of material properties
and position of maximum creep damage.

Tenth cycle data were used in the inelastic analysis described in Section 5.3 after the
application of the first complete cycle.

The creep behaviour was described by the currently recommended properties [13] using a
creep subroutine developed for use with the finite element program used.

5.2. Finite element mesh

Details of the finite element mesh used in the analysis are shown in Figure 10, which also
indicates the zoning of material properties and the region of maximum damage. The model
is made up axisymmetric eight noded elements and consists of 120 elements and 461 nodes.

5.3. Inelastic Analysis

The thermal analysis and an initial elastic analysis are described in [14]. The inelastic analysis
was performed using the ABAQUS [15] finite element stress analysis program. This was
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carried out, firstly, using the ORNL constitutive model within ABAQUS, initially subjecting
the model to 10 complete thermal cycles of loading. After inspection of the results, this was
followed by a further 7 cycles until stable hysteresis loops had been achieved. An error was
however found to exist with the ORNL model used which consequently failed to provide the
specified creep-fatigue interaction. To correct this problem, an ABAQUS user subroutine
(UMAT) was provided by HKS, the authors of ABAQUS. The results using the UMAT are
given in Section 5.4 below.

The second inelastic analysis was carried out over 10 complete cycles using the Fast Reactor
State Variable (FRSV) constitutive model [13]. This model has been developed in order to
give improvements over the ORNL model. For this case, the creep-plasticity description has
been encoded as a UMAT subroutine for the ABAQUS program, treating creep with the same
strain hardening formulation as in the ORNL model.

5.4. Results

Neither the ORNL nor the FRSV constitutive models reached full stabilisation, the ORNL
model predicting a positive increasing mean stress and the FRSV model a negative decreasing
mean stress as shown in the axial stress-strain hysteresis loops of Figure l l a and l ib.
Comparisons have been made with a French inelastic analysis by Cabrillat and Carbonnier
[16] for two constitutive models. The first is a linear kinematic model based on the reduced
cyclic curve at 600°C. The second is a nonlinear kinematic hardening Chaboche model, this
latter model being the only one which apparently symmetrises. Table 3 gives a comparison
of the predicted starting stress for creep and fatigue strain range.

TABLE 3. COMPARISON OF PREDICTED STRAIN RANGE AND STRESS

Constitutive Model

ORNL

FRSV

Linear Kinematic

Chaboche

Stress at beginning of hold
time (MPa)

237.4

172.8

164.7

245.0

Strain Range
(%)

0.790

0.564

0.700

0.563

In general, there is reasonable agreement over the predicted strain ranges, the major difference
between the models being the stress at the commencement of the hold period, and hence the
amount of predicted creep damage.

5.5. R5 Volume 3 assessment

Table 4 above summarises the life predictions and corresponding damage fractions at
initiation as obtained from various analyses, including the elastic analysis described in Section
4 and an elastic analysis [3] based on the methods of RCC-MR [5].
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TABLE 4. COMPARISON OF LIFE PREDICTIONS

Assessment
Method

RCC-MR
Elastic

Linear
Kinematic

Chaboche

R5 Elastic
(Section 4)

R5 Inelastic
ORNL

Strain Range
(%)

0.666

0.700

0.563

0.893

0.790

Fatigue-Creep
Life (cycles)

13

1080

100

260

618

Fatigue Damage
Fraction Df

0

0.15

0.01

0.22

0.38

Creep Damage
Fraction Dc

1

0.65

•t

0.78

0.62

6. DISCUSSION

The Thermina tests lead to a severe creep-fatigue load history on the specimen, with up to
40% of the critical cross-section outside yield at shakedown. It therefore provides a
demanding test of the R5 methodology.

The shakedown route of R5 Volume 2 based on elastic analysis and reference stress
techniques gave a best-estimate of 260 cycles to initiate a crack of 0.2mm. The detailed
inelastic methods led to an estimate of 618 cycles using the ORNL model. These compare
with the experimental observation of between 526 and 650 cycles as measured on two
specimens.

In addition to the results given above, Cabrillat and Martin [3] derived life estimates using
RCC-MR [5]. Using the 1985 version gave 14 cycles whereas using the first addendum (1987)
which takes account of secondary stress relaxation gave 212 cycles.

7. CONCLUDING REMARKS

The R5 procedure has been applied to estimate the endurance of a test specimen subjected to
controlled mechanical and cyclic thermal loading. The simplified route based on shakedown
analysis and using best estimate materials data resulted in an estimated endurance of about
half the observed endurance. The result is closer than existing design codes and retains a
degree of conservatism.

Detailed inelastic finite element analysis resulted in a life estimate in good agreement with
experiment.
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