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Abstract

In the present study, to develop an evaluation procedure and design rules for Mod.9Cr-1Mo
steel weld joints, a method for evaluating the creep-fatigue life of Mod.9Cr-1Mo steel weld
joints was proposed based on finite element analysis (FEA) and a series of cyclic plate bending
tests of longitudinal and horizontal seamed plates. The strain concentration and redistribution
behaviors were evaluated and the failure cycles were estimated using FEA by considering the
test conditions and metallurgical discontinuities in the weld joints. Inelastic FEA models
consisting of the base metal, heat-affected zone and weld metal were employed to estimate the
elastic follow-up behavior caused by the metallurgical discontinuities. The elastic follow-up
factors determined by comparing the elastic and inelastic FEA results were determined to be less
than 1.5. Based on the estimated elastic follow-up factors obtained via inelastic FEA, a
simplified technique using elastic FEA was proposed for evaluating the creep-fatigue life in
Mod.9Cr-1Mo steel weld joints. The creep-fatigue life obtained using the plate bending test was
compared to those estimated from the results of inelastic FEA and by a simplified evaluation

method.
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1. Introduction

Mod.9Cr-1Mo steel is a candidate material for the primary and secondary heat transport
system components in the Japan sodium-cooled fast reactor (JSFR) [1]. A shorter piping layout
and rational component design have been planned for the JSFR. To enhance safety and
economic competitiveness, the Japan Atomic Energy Agency has proposed an attractive plant
concept and extended considerable effort to demonstrate the applicability of innovative
technologies to the JSFR. One of the most practical methods for enhancing economic
competitiveness is to reduce the construction costs by diminishing the total quantity of required
structural materials. To satisfy these requirements, high-Cr ferritic steel has attractive
characteristics as the main structural material of sodium-cooled fast reactors (SFRs) because it
has both excellent thermal properties and high-temperature strength.

To accommodate the application of this new material, the Japan Society of Mechanical
Engineers (JSME) updated the design and construction codes for fast reactors (FRs) in 2012 [2].
The main topic in the 2012 edition of the JSME FRs code was the registration of two new
materials: 316FR and Mod.9Cr-1Mo steels. In addition to standardizing the allowable strength
values and material properties for registration, the creep-fatigue evaluation procedures and other
rules for these new materials were defined. Moreover, the margins for the new materials with
respect to the rules were assessed to confirm that the magnitudes of the margins are appropriate
for the new materials [3].

The JSME FRs code is based on design guidelines applied to the construction of the Japanese
Prototype Fast Reactor “Monju” [4-5] with appropriate updates. The original guidelines did not
include a method for evaluating creep-fatigue damage in weld joints because all weld joints for
Monju were manufactured far from the areas where the primary and secondary stresses were
expected to be significant. Consequently, the JSME FRs code also does not include a method for
evaluating creep-fatigue damage in the weld joints. However, the shorter piping layout and
optimized component design of the JSFR allows the generation of significant secondary stress
under certain events(e.g., plant trips) at the locations of the weld joints. In addition, the
individual failure mechanism for Type IV cracking in high-Cr ferritic steel should be considered
during piping and component design. Therefore, the development of an evaluation procedure
and design rules for Mod.9Cr-1Mo steel weld joints is an important subject for JSFR design.

To evaluate creep rupture strength considering Type IV cracking, creep rupture curves for
Mod.9Cr-1Mo steel weld joints [6] have been proposed based on available creep rupture data
and the stress range partitioning method [7-8]. Considering these proposed creep rupture curves
for Mod.9Cr-1Mo steel weld joints, a provisional welded joint strength reduction factor
(WISRF) for Mod.9Cr-1Mo steel was also proposed. The WISRF was proposed to be used to
develop the rules that limit primary stress in the JSME FRs code.
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On the other hand, creep-fatigue is the most important failure mode to be prevented in SFR
design. Therefore, we have developed a method for evaluating creep-fatigue in Mod.9Cr-1Mo
steel weld joints. In Part I [9], finite element analysis (FEA) considering the three types of
materials properties in weld joints such as the base metal (BM), weld metal (WM), and
heat-affected zone (HAZ) was performed to evaluate the creep-fatigue life in the uniaxial test.
For FEA, these material properties were defined using the obtained test data and data from
the open literature [3][10-11]. Using the assumed material properties for FEA with the strain
feedback technique enable to simulate the redistribution of stress and strain in a uniaxial
creep-fatigue test. On the basis of the calculated FEA results , an original method for
evaluating the creep-fatigue life of Mod.9Cr-1Mo steel weld joints was then proposed. With
the proposed method, the experimentally determined number of cycles to failure was
predicted to be within a factor of 3. In addition to the development of this evaluation method,
the strain redistribution behavior was investigated and compared with that estimated using the
elastic follow-up method employed in the JSME FRs code. As the results, the elastic
follow-up method developed for estimating the strain concentration at structural
discontinuities was found to be applicable to the metallurgical discontinuities of
Mod.9Cr-1Mo steel weld joints.

In the present study, to validate the evaluation procedure proposed in Part I [9], plate
bending tests with weld joints are performed. FEA is then performed considering the test
conditions and using the model based on the three materials in weld joints. The material
properties for the BM, HAZ, and WM used in the FEA are the same as those used in Part I [9].
In addition, based on the estimated results for the elastic follow-up factor obtained by
inelastic FEA, a simplified technique for determining the creep-fatigue life of Mod.9Cr-1Mo

steel weld joints based on elastic FEA is proposed.

2 Experimental procedures
2.1 Materials

The Mod.9Cr-1Mo steel used in this study was normalized at 1050 °C for 30 min and
tempered at 780 °C for 30 min. A 32-mm-thick plate was cut and jointed via gas tungsten arc
welding to fabricate the weld plate for the tests. After welding, stress relief annealing at
780 °C for 8.4 h was performed before machining the test specimens. The chemical
compositions of the BM and WM are summarized in Table 1.

To confirm the properties of the weld joint used in the tests, the Vickers hardness test was
performed along the middle line of the thickness using a test force of 49.03 N. The obtained
results are shown in Fig.1. The minimum hardness value was HV = 196 for the HAZ, which

had an estimated width of approximately 2.5 mm as determined by optical microscopy.
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2.2 Test specimen and procedures

To clarify the effect of the weld line direction on the crack situation (i.e., location and
initiation cycles) and the stress-strain redistribution under the bending load, horizontal and
longitudinal welded plates were applied in the tests. Figure 2 shows the specimen used for the
plate bending tests. The specimen had a planar portion (length = 30 mm; width = 50 mm;
thickness = 10 mm) at its center, and each specimen had eight holes for bolting the plates to the
jigs. The plate bending test was performed using a servo-pulsar machine and the jigs. A
schematic of the plate bending test is shown in Fig.3. The push—pull force applied using an
actuator was converted to the bending force by the jigs and pins. The center of the planar
portion was heated to 550 °C using an induction coil heating machine. As a result, the
temperature at the edge of the planar portion, which was 15 mm from the longitudinal center of
the specimen, was maintained at approximately 530 °C. To consider the temperature distribution
in the FEA, temperature was monitored during the test using thermocouples.

The deformation amplitude, 8, was defined using the results of a pre-test. In the pre-test, the
relationship between o6 and the strain amplitude at the specimen center was obtained using a
strain gauge. Strain ranges of 0.5% and 0.7% were found to correspond to 0 values of + 3.145
mm and + 4.220 mm, respectively. Therefore, ¢ values of + 3.145 mm and + 4.220 mm were
used in the tests (Fig.3), and the deformation rate was controlled for the strain rate
corresponding to 0.1%/sec. In the creep-fatigue test, deformation was held on one side.
Therefore, one side was held at the tension loading and the other side was held at the
compression loading.

The tests were interrupted several times to observe crack initiation and propagation in the
planar portion using a replica method. For the plate bending test, the numbers of cycles at which
a crack appeared on the surface with a length of 1.0 mm, N, .., and at which the load level
declined to 25% of the stable cyclic loading level, N>so; 4.y, Were defined as the failure criteria.
A crack length of 1.0 mm was selected to ensure visibility in the structural tests. A criterion of
25% load drop was selected because it is used in JIS Z 2279, although it describes the method
for the uniaxial fatigue testing. The creep-fatigue life criterion for structural testing has
previously been defined as N; ., and used to estimate the number of cycles to failure [12-14].
These results have been summarized for the registration of Mod.9Cr-1Mo steel in the JSME
FRs code [3], and the results of the present study are compared with these previous results.

Note that because determining whether crack initiation occurred in the HAZ or BM using the

replica method was difficult, the location was not explicitly indicated.

2.3 Test results
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The test conditions and results are summarized in Table 2. The fatigue and creep-fatigue
tests were performed with two levels of deformation amplitude (6 = + 3.145 mm and + 4.220
mm). In the fatigue tests, N,so; 40, and the lower value of N; ., in the BM (HAZ) or WM
were obtained because the frequent interruptions required to collect the replicate data
prolonged the total test time.

In the fatigue test, the surface crack reached 1.0 mm in the BM before it did in the WM,
except in the longitudinal welded plate of the deformation amplitude, J, was + 4.220 mm.
Several cracks were initiated and propagated during cyclic loading that ultimately joined and
resulted in a long crack on the surface.

The relationship between crack propagation and cyclic loading during the creep-fatigue test
with J = + 3.145 mm and holding time of 1.0 h at one side is shown in Fig.4. In both the
horizontal and longitudinal welded plates, cracks were detected on the compression holding
side at less cycles than these on the tension holding side. Compression holding is known to
significantly decrease the number of failure cycles in the creep-fatigue tests of Mod.9Cr-1Mo
steel because of oxidation [13][15-28]. This degradation of the creep-fatigue life is caused by
the cracking of the oxidation layer. Cracking in the BM is promoted by the cracking of the
oxide-layer; however, creep damage is insignificant in the compression side. On the other
hand, when the holding time in the test is prolonged, cracks are initiated at less cycles at the
tension side than that in the compression side [13][16]. Therefore, the failure criterion to be
considered was N, ,,, in the tension side, because long term holding at elevated temperature
is supposed to be applied in the practical design.

In the horizontal welded plate, cracks were detected only in the BM and/or HAZ (Fig.4(a)),
and no cracks were observed in the WM. The area where the cracks were generated was
assumed to be the HAZ, although it was difficult to distinguish the HAZ from the BM. On the
other hand, cracks were observed in both the WM and BM in the longitudinal welded plate
(Fig.4(b)). In this case, the cracks in the BM on the compression holding side were initiated at
less cycles than in the WM. To verify the results of the plate bending tests, the values of N,
mm fOr uniaxial creep-fatigue tests were obtained (Table 3). The results for uniaxial
creep-fatigue tests at strain ranges of 0.5% and 0.7% corresponded to those of the plate
bending tests with J = £ 3.145 mm and + 4.220 mm, respectively. As observed in the plate
bending tests, cracks were initiated less cycles in the BM and/or HAZ with the compression
holding test compared to that with the tension holding tests.

Examples of the longest surface cracks (approximately 1.0 mm) are shown in Fig.5, where
the cracks are manually colored for visibility. In the horizontal welded plate (Fig.5(a)), the
cracks were assumed to be initiated at the boundary between the BM and HAZ, and then
propagated along the boundary line.
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The results of magnetic particle testing of the specimens subjected to the creep-fatigue tests
are shown in Fig.6. In the horizontal welded plate, the cracks propagated along the HAZ on both
the compression and tension holding sides. On the tension holding side, cracks along the HAZ
line were detected only near the edges on one side of the two HAZ lines. Moreover, slight
intrusion was observed at the HAZ line on the tension holding side.

On the compression holding side in the longitudinal welded plate, the cracks appeared to be
distributed uniformly in the specimen center, where the maximum strain range was generated at
the maximum temperature of 550 °C. Note that the crack density seemed to be relatively large
in the WM region. On the tension side in the longitudinal welded plate, most of the cracks were

detected in the WM region.

3 Evaluation of the test results
3.1 FEA

To evaluate the test results, elastic and inelastic FEAs were performed. The FEA models for
the horizontal and longitudinal welded plate specimens are shown in Fig.7. To simulate the tests
using the horizontal and longitudinal welded plate specimens, two-dimensional 1/2 sector
models and three-dimensional 1/4 sector models were used, respectively. Both elastic and
inelastic FEAs were performed using the FINAS code [29]. Here, inelastic FEA means an
elastic-plastic-creep FEA, and the four-node quadrilateral plane strain elements QPLAN4 and
eight-node hexahedral elements HEXS of the FINAS code were utilized for the horizontal and
longitudinal welded plates, respectively. The jigs were assumed to be rigid bodies, and the
temperature distributions measured during the tests were used. To develop a simplified
evaluation method using elastic FEA, an analysis model composed of only the BM was used in
the elastic FEA.

In the present study, to simulate the metallurgical discontinuities in the weld joints, the model
based on the three materials (BM, HAZ, and WM) was applied using the same material
properties as those used in Part I (Table 4)[9].

The material properties for the BM were obtained from the JSME FRs code [2] and its
background paper [3]. The material properties of the WM were defined based on those of the
BM by referring to the previous study [11]. In the previous study, the cyclic stress—strain curve
of the WM was adjusted by multiplying the offset yield strength by a factor of 1.1 on the basis
of the material testing of the WM [11]. The other properties of the WM that were used were
coincident with those of the BM in the JSME FRs code.

The material properties of the HAZ were also defined based on those of the BM in the JSME
FRs code; namely, the creep properties of the HAZ were assumed to be those in the JSME FRs

code after applying a time factor, (az), of 10 by referring to the material test result of the
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simulated HAZ in Part I [9]. As a result, the creep rupture time of the HAZ was 10 times less
than that of the BM. In addition, in the same manner as the Part I [9], the creep-relaxation rate
was accelerated because the creep strain equation in the JSME FRs code includes the creep
rupture equation with time factor (ag).

To consider the cyclic softening characteristics of Mod.9Cr-1Mo steel, one half of the
cyclic stress—strain curve was applied for the FEA. In fact, Mod.9Cr-1Mo steel is gradually
softened during cyclic loading, and the application of a kinematic model to express this
behavior may be more reasonable. Nevertheless, the important objective in the present study
was the development of a method for evaluating the creep-fatigue life of Mod.9Cr-1Mo steel
weld joints for use in a design rule, not the simulation of changes in material responses.
Therefore, a stable stress—strain response represented by one half of the cyclic stress—strain

curve was assumed to be adequate.

3.2 Comparison of the FEA and test results

The stress distributions on the surfaces calculated using the FEA are shown in Fig.8. The
von Mises equivalent stress was examined in this case.

The results for the horizontal welded plate are shown in Fig.8(a). The value of
X-directional stress (o,) was approximately 0, and the ratio of Y-directional stress(o,) to
Z-directional stress (o,) was approximately 2.2 and 2.0 before and after holding, respectively
(the coordinate system is shown in Fig.7). The maximum stress amplitude was calculated at
the boundary between the WM and HAZ before holding, as shown in Fig.8(a). After 1.0 h of
holding, stress relaxation led to the redistribution of the stress due to the elastic follow-up
caused by the metallurgical discontinuities and creep behavior, resulting in a larger stress at
the boundary between the HAZ and the BM and WM.

As shown in Table 4, the stress-strain response used in the FEA was same in the BM and
the HAZ; thus the stress amplitude was the same at the boundary between the HAZ and BM
before holding. The difference in the stress-strain response between the WM and HAZ
resulted in the maximum stress amplitude at the boundary between the WM and HAZ before
holding because the offset yield strength of the WM was assumed as 1.1 times larger than that
of the BM. On the other hand, the creep strain rate for the HAZ was larger than that of the
BM because the time factor (ag) of 10 was applied on the basis of material testing [9],
although it was same in the BM and WM. As the result, a larger stress was generated at the
boundary between the HAZ and the BM and WM. Namely, the assigned material properties
(Table 4), caused the observed stress distribution before and after holding as shown in
Fig.8(a).

The stress distribution on the surface in the longitudinal welded plate calculated by FEA is
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shown in Fig.8(b). The predicted stress distribution was similar to that of the horizontal welded
plate, although the ratios of o, to 0. were approximately 3.0 and 2.3 before and after holding,
respectively.

In Part I of this series [9], the evaluation procedure in the JSME FRs code for structural
discontinuities was found to be applicable to the evaluation of the strain concentration caused
by metallurgical discontinuities in a uniaxial test specimen; namely, the elastic follow-up
method described in the JSME FRs code can be used to conservatively estimate the strain
concentration and creep damage in the HAZ. The elastic follow-up method was originally
developed in Japan, and ¢ = 3 was defined in the code as a conservative value for structural
discontinuities.

The elastic follow-up factor g can be divided into g, for elastic—plastic behavior and g. for
creep-relaxation behavior, although the JSME FRs code does not do so to simplify the rules.
The following definitions of the elastic follow-up factor for plastic deformation, ¢g,, and creep

relaxation, ¢., were applied [30].

Ag

— P
9~ (ao, —Ao)/E M

A(gp +gc)
q.=
(Ac,-Ac)/E

2)

In the these equations, Ae, is the plastic strain range calculated by inelastic FEA, Ao,; and Ao
represent the stress ranges calculated by elastic and inelastic FEA, respectively, and E is the
elastic modulus. A(e, + &, is the sum of the plastic and creep strain ranges calculated by
inelastic FEA. The elastic follow-up factor was calculated by comparing the results of the
elastic and inelastic FEAs [30]

Under operating conditions with low primary stress, the equation for estimating the total strain
range, ¢, in the strain concentration region exhibiting elastic follow-up behavior in the JSME

FRs code is as follows:

e =K, 3)

where ¢, is the nominal strain range, and the strain concentration factor, Ke, is defined by the

equation in the JSME FRs code as follows:
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K, =KK!, 4

where
Sn > 387, )
K. =1+(g-1)1-35m/Sn), ¢=3 (6)

Sn is the nominal stress range, and K is the stress concentration factor. The parameter 3 Sm is
the same as that defined in ASME Sec.IIl Div.1 Subsection NH, Nonmandatory appendices
T1324. Note that the value of the strain concentration factor K, is defined as the larger of the
calculated value of the modified Neuber’s law and the elastic follow-up method in the JSME
FRs code. The evaluation steps of equations (3) through (6) indicate a procedure for estimating
the strain concentration by the elastic follow-up method.

The results of the FEA rearranged according to these equations using the results of the
elastic and inelastic FEAs in the horizontal welded plate are shown in Fig.9(a). In Fig.9(a),
the strain concentration factor, K, calculated from the relationship between inelastic and
elastic FEA and that calculated by elastic FEA with elastic follow-up method are shown. In
case of using the results of elastic FEA with elastic follow-up method, the JSME FRs code
equations with the elastic follow-up factors g, of 3.0 and 1.5 were applied. A value of 1.5 for
g, was applied to take into account the strain concentration of the BM and HAZ. The results
calculated in the same manner for the longitudinal welded plate are shown in Fig.9(b).
Similarly, comparable strain concentration factors for the BM and HAZ were assumed by
applying a g, of 1.5 in the elastic FEA.

The accumulated creep damages calculated by inelastic FEA in the BM, HAZ, and WM
were also estimated, and the results along with those calculated using the elastic follow-up
method described in the JSME FRs code are shown in Fig.10. Namely, the accumulated creep
damage calculated using the results of elastic FEA with elastic follow-up factors ¢, of 3.0 and
1.5 are shown in the Fig.10. A ¢. value of 1.5 was applied to take into account the
accumulated creep damage in the HAZ.

In Part I of this series [9], the appropriate values for the elastic follow-up factors g, and g,
were both found to be 1.3 for the uniaxial specimen. Therefore, the values for the plate
bending test were larger than those for the uniaxial test. The results shown in Fig.9 and Fig.10
revealed that by using g, = g. = 3, large strain concentration factor and accumulated creep
damage were calculated for the cyclic bending tests with weld plates. K, values calculated by

inelastic FEA in the BM and HAZ were comparable to those obtained by applying g, = 1.5 in
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the elastic follow-up method. Similarly, the creep damages calculated by inelastic FEA in the
BM and HAZ were estimated to be comparable by applying a value of ¢g. = 1.5 in the elastic
follow-up method. These results indicated that this simplified technique for estimating the strain
concentration and accumulated creep damage in structural discontinuities based on the elastic
follow-up method is applicable to evaluate the metallurgical discontinuities in Mod.9Cr-1Mo
steel weld joints, however, the value of the elastic follow-up factor defined in the JSME FRs
code for structural discontinuities overestimates the strain concentration and accumulated creep
damage in the weld joints. Therefore, for cyclic bending tests using weld joints, a conservative

value of 1.5 is recommended for both the elastic follow-up factors g, and g..

3.3 Proposed simplified evaluation method

The evaluation of the creep-fatigue life using inelastic FEA was proposed in Part I [9]. In Part
I, the creep-fatigue life was estimated at each location in the BM, HAZ, and WM where the
maximum stress was generated [9]. Namely, the material properties of the BM, HAZ and WM
were used to estimate the creep-fatigue life at each location, and the minimum number of cycles
to failure for the three regions was assumed to be the failure cycle for the weld joint. To estimate
the number of cycles to failure, creep-fatigue damage was estimated based on the linear
accumulative damage rule, where the accumulative fatigue damage (D)) and accumulative creep
damage (D,) are evaluated individually. As a failure criterion under the superposition of creep
and fatigue damages, a bilinear criterion (Dg; D,) is applied such that (D D,) = (1, 0), (0.3, 0.3),
and (0, 1), because the applicability of this bilinear criterion, (D;, D.) = (1, 0), (0.3, 0.3), and (0,
1), for the structural testing of Mod.9Cr-1Mo steel with inelastic FEA using one half of the
cyclic stress—strain curve was previously confirmed[12].

While inelastic FEA is a useful tool, it is costly to design all of the necessary components.
Therefore, a procedure using elastic FEA with a simplified technique for evaluating the
creep-fatigue damage in the weld joints is required for codification, because inelastic FEA
including the modeling of the weld lines in components is not practical for actual component
design. In the actual design, creep-fatigue damage is calculated from the results of an elastic
analysis using a simplified technique. In other words, the inelastic behavior of the material at
structural discontinuities in components is estimated from the results of elastic analysis in the
ordinary design codes, and a simplified evaluation procedure using elastic FEA for
Mod.9Cr-1Mo steel weld joints is required for codification. Therefore, a simplified technique
has been proposed, and is summarized in Fig.11.

Many variations in weld joints (e.g., differences in the chemical composition of the WM,
weld conditions, and groove configurations) should be considered. Therefore, the evaluation

method for establishing design rules must be robust and should have an application scope. To
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ensure the robustness of the proposed method, additional procedures were considered in the
calculation of fatigue and creep damage (Fig.11).

Since, the proposed procedure evaluates metallurgical discontinuities due to welding by
using the elastic follow-up method developed for estimating structural discontinuities, an
FEA model based on the BM properties is used for this proposed procedure. An elastic FEA is
performed, and the total strain range (¢,) is then calculated by combining the nominal stress
range and the elastic follow-up method.

The calculated results shown in Fig.9, Fig.10, and Part I (for uniaxial tests) indicate that the
evaluation procedure based on the elastic follow-up method with g, = g. = 1.5 enables the
conservative estimation of the strain range concentration and accumulated creep damage due
to metallurgical discontinuities [9]. In other words, the elastic follow-up method developed
for estimating the strain concentration at structural discontinuities is applicable to evaluate
the metallurgical discontinuities of Mod.9Cr-1Mo steel weld joints using an appropriate
elastic follow-up factor. Therefore, in this proposed procedure, g, = g. = 1.5 are applied as an
recommended value.

In the evaluation of fatigue damage, the calculated ¢, is multiplied by a K of 1.1 to
calculate the fatigue damage caused by the nominal fatigue curve of the BM. Because failure
is assumed to occur at the WM in the high cycle fatigue region with lower creep-damage
conditions, a fatigue reduction factor, K; of 1.1 should be applied. The value of 1.1 was
defined based on the results of the fatigue tests for the WM [11].

In the evaluation of creep damage, the initial relaxation stress is also estimated from a
combination of the ¢ value and tensile curve. Namely, the initial stress is defined as
corresponding to the monotonic strain—strain curve to 1/2 x g, for the conservative estimation
of the creep damage, which is the same approach as that used in the JSME FRs code [3]. In
this proposed procedure, the creep damage during relaxation is estimated by using the creep
rupture curve for weld joints [6]. In other words, the creep strength is decreased in the
proposed procedure by using the creep rupture curve for weld joints [6] because of the
variations in the material properties of the HAZ due to the welding conditions, and the ratio
of the HAZ width to the overall size of the vessel and piping is supposed to be significantly
smaller than that of the test specimens applied in the series study. Using the creep rupture
curve of the weld joint [6] is expected to account for the variation in material properties and
HAZ configuration.

These implicitly applied conservative evaluation procedures were then superimposed on
the design factors. As a result, the evaluation procedure proposed in Fig.11 is believed to be

very robust.
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3.4 Evaluated results

A comparison of the experimentally determined number of cycles and the estimated failure
cycles for the horizontal welded plate is shown in Fig.12 and Fig.13, where the N5, 4, and N,
»m 10 the compression and tension holding sides are indicated.

The estimated cycles were calculated from the inelastic analysis based on the model with the
three materials and by using the procedure proposed in Fig.11. The evaluation using the
inelastic analysis was performed as described in Part I [9]. Namely, the failure cycles were
estimated in the BM, HAZ and WM at the integral points where the maximum stress was
generated on the surface; then, the minimum number of cycles and its location were assumed to
be the failure cycle and failure location of the weld joint. In this estimation, the creep rupture
time of the HAZ was assumed to be 1/10 for the creep damage calculation and the strain range
of the WM was multiplied by 1.1 for the fatigue damage calculation. Two results calculated by
the procedure described in Fig.11 are also shown in Fig.12 and Fig.13. One was obtained
directly with nominal creep rupture and fatigue failure equations, and the second was calculated
using the design factors and additional conservative procedures described in the JSME FRs code
with the proposed procedure [4].

The fatigue test results and estimated failure lives for the horizontal welded plate are
compared in Fig.12. When failure was estimated using N,y ..., the predicted values were within
a factor of 3 for both 0 =+ 3.145 mm and 4.220 mm when compared with the values obtained
by inelastic FEA. On the other hand, the results estimated using the proposed procedure (Fig.11)
without the design factors were comparable to those obtained by inelastic FEA. The results
estimated using the proposed procedure (Fig.11) with the design factors described in the JSME
FRs code were within a factor of 20 when these compared with N; g .

The creep-fatigue test results and estimated failure lives for the in horizontal welded plate are
compared in Fig.13. Similar results were obtained in the fatigue and the creep-fatigue test;
however, the values predicted in the creep-fatigue test were more conservative than those
obtained in the fatigue test. The minimum number of cycles to failure calculated by inelastic
FEA was determined at the HAZ. Therefore, the number of failure cycles predicted by inelastic
FEA was defined based on the estimated failure cycle of the HAZ in the creep-fatigue test, and
this result agreed with the experimental results shown in Fig.4(a), Fig.5(a), and Fig.6. When
failure was estimated using the N, ,, on the tension holding side, the predicted values were
within a factor of 5 compared with the values obtained by inelastic FEA for both 6 = + 3.145
mm and 4.220 mm. When failure was assumed to N; ., on the compression holding side, the
predicted values were within a factor of 3. The estimated results using the proposed procedure
(Fig.11) without the design factors were comparable with those obtained by inelastic FEA. The
results estimated using the proposed procedure (Fig.11) with the design factors described in the
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JSME FRs code were within a factor of 200 when these compared with N; g, of the tension
holding side. This level of conservativeness is comparable with that of values estimated for the
BM using other structural tests performed to confirm the design margins for the creep-fatigue
evaluation procedure of Mod.9Cr-1Mo steel in the JSME FRs code [3].

The estimated results for the longitudinal welded plate were also compared with the
experimental results obtained in the cyclic bending tests (Fig.14 and Fig.15). As in Fig.12 and
Fig.13, three distinct numbers of cycles are indicated in Fig.14 and Fig.15. The results for the
longitudinal welded plate were similar to those for the horizontal welded plate. The failure
cycles predicted by inelastic FEA was defined based on the estimated failure cycles of the
WM in the creep-fatigue test, and was comparable to the BM and HAZ. As with the
horizontal welded plate, this result agreed with the experimental results shown in Fig.4(b),
Fig.5(b), and Fig.6. In the case of the creep-fatigue test shown in Fig.15, when N, ,,, of the
tension holding side is applied, the predicted values were within a factor of 5 compared with
the values obtained by inelastic FEA for both § = + 3.145 mm and 4.220 mm, and these
values were also comparable to the results obtained using the proposed procedure (Fig.11)
without the design factors. The results obtained using the procedure outlined in Fig.11 and the
design factors described in the JSME FRs code were within a factor of 325 when N, of
the tension side was applied. This level of conservativeness is comparable with that of the
values estimated for the BM [3].

Overall, these results indicate that the proposed simplified procedure (Fig.11) is applicable
as a design method. Because it is based on a procedure for evaluating the creep-fatigue life of
structural discontinuities and modified for evaluating that of metallurgical discontinuities in
the weld joint, the proposed procedure is harmonized with the conventional procedure for
evaluating creep-fatigue damage. In fact, the applicability of the proposed procedure, which
is based on elastic FEA using a simplified technique, as an evaluation procedure for the
JSME FRs code was confirmed in this study. Moreover, the failure cycles estimated using the
proposed procedure were demonstrated to be comparable to the design margin for structural
discontinuities subject to cyclic loading accompanied by creep-fatigue damage.

This proposed procedure is based on the test results for a tungsten inert gas (TIG) weld with
full penetration. Therefore, the scope of the application may be limited to TIG welds with full
penetration. Clearly, weld locations where both metallurgical and structural discontinuities are
superimposed are also beyond the scope of this method. On the other hand, the recommended
value of 1.5 for g, and g. was defined based on the results of both uniaxial and plate bending
tests. Therefore, the optimized value for codification may be defined using the results by
inelastic FEA based on various models and loading conditions for conceivable component weld

lines. If elastic follow-up factors larger than 1.5 were confirmed in these studies, larger values
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should be redefined. In this paper, the main proposal is that the approach to evaluate structural
discontinuities can be applicable to the metallurgical discontinuities in the weld joint. Therefore,
to validate the applicability, long term holding tests, tests at 600 °C (accelerated temperature

tests) and other structural tests are required for codification in addition to FEA.

4 Conclusions

Plate bending fatigue and creep-fatigue tests for Mod.9Cr-1Mo steel weld joints were
performed as structural tests. To apply the failure criterion of a crack appeared on the surface
with a length of 1.0 mm, N, y,..., the tests were interrupted several times to collect replicas of the
surface in order to observe crack initiation and propagation. Moreover, a simplified estimation
procedure using elastic FEA with the elastic follow-up method was proposed based on the
elastic and inelastic FEA results, and the creep-fatigue life was evaluated using the proposed
procedure based on elastic FEA and the procedure described in Part I of this series based on
inelastic FEA [9]. These results and experimentally obtained N, ¢ ,,, were then compared.
(1) Creep-fatigue lives estimated by the proposed procedure based on the elastic FEA and a
simplified technique were comparable with those estimated by inelastic FEA.
(2) The estimated creep-fatigue lives based on inelastic FEA predicted the experimentally
obtained N, 4, within a factor of 5 for all creep-fatigue plate bending tests.
(3) The applicability of the proposed procedure, which is based on elastic FEA using a

simplified technique, as an evaluation procedure for the JSME FRs code was confirmed.
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Fig.5
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Fig.7

(a)FEA model for the horizontal welded plate

=

|

HAZ (2.5 mm)
WM (4.0 mm)

Fig.7

(b)FEA model for longitudinal welded plate

BM

HAZ (2.5 mm)

26/38



Fig.8

Equivalent stress (MPa)

Equivalent stress (MPa)

300

200

100

300

200

100

(a)Horizontal welded plate Oh (bef(?re holding)
550°C, 9 = %3.145 mm (£,=0.5%), 1 h holding ---- Ihholding

Estimated line

--" -

-~a
-~a_

Weld metalI HAZ | Base metal
[ [

0 5 10 15 20 25 30

Distance from the longitudinal center of specimen (mm)

(b)Longitudinal welded plate

550°C, 6 = +3.145 mm (¢,0.5%), 1 h holding 0h (before holding)
_— efore holding

----1hholding

BM HAZ

Estimated line

Weld metalI HAZ | Base metal
[ [

0 5 10 15 20 25 30

Distance from the horizontal center of specimen (mm)

27138



Fig.9
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Fig.12
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Fig.13
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Fig.14
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Fig.15
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Table list

Table 1 Chemical composition and heat treatment of the weld joint

Table 2 Results for the cyclic plate bending tests

Table 3 Results for the uniaxial creep-fatigue tests with surface observation

Table 4 Material properties assumed for the three materials modeled in the elemental inelastic FEA

Table 1

C Si  Mn P S Ni Cr Mo Nb A% N Cu

Base metal 0.10 0.35 043 0.012 0.001 0.05 853 098 0.08 0.20 0.048 -

Weld metal 0.08 0.16 0.99 0.008 0.007 0.70 894 0.89 0.04 0.17 - 0.12

Heat treatment for the BM: 1050 °C x 30 min + 780 °C x 30 min
Post welding heat treatment: 740 °C x 8.4 h
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Table 2

Deformation . N].() mm N].() mm
) Temperature ) Holding time ) No59 drop
Specimen amplitude Location (comp. side) (tens. side)
(°C) (hour) (cycles)
(mm) (cycles) (cycles)
BM/HAZ 1800
0 - Not observed - 6644
WM >6644
3.145
BM/HAZ 860 1460
. 1.0 2017
Horizontal 550 WM >2017 >2017
welded plate BM/HAZ 498
0 ——  Not observed 1274
WM Not observed
4.220
BM/HAZ 630 975
0.5 1188
WM >1188 >1188
BM/HAZ 3210
0 ———  Not observed 9495
WM 3700
3.145
BM/HAZ 1075 2610
L 1.0 2650
Longitudinal 550 WM 1165 1767
welded plate BM/HAZ Not observed
0 ———  Not observed 3687
WM 954
4.220
BM/HAZ 478 864
0.5 1496
WM 589 772
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Table 3

Temperature ~ Strain range Holding time Holding Observed Niomm Ny
&(®) (%) position location (cycles) (cycles)
BM 1207
Compression >1380
WM >1380
0.5
BM 1516(HAZ)
Tension >1732
WM >1732
550
BM 561
Compression >800
WM >800
0.7
BM 914(HAZ)
Tension >1000
WM >1000
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Table 4

Item BM WM
Elastic modulus JSME FRs code[2] =BM
Poisson’s rate JSME FRs code [2] =BM

1/2 cyclic stress-strain

Support document for

1.1 x offset yield strength of

response the JSME FRs code [3] the BM
_ ) 1.1 x strain range with fatigue
Fatigue life JSME FRs code [2]
curve for the BM
) 1/10 Xcreep rupture
Creep life JSME FRs code [2] ] =BM
time of the BM
) 1/10 Xcreep rupture
Creep strain rate JSME FRs code [2] =BM

time of the BM
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