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ABSTRACT

The proposed integrated Elastic Perfectly-Plastic (EPP) and Simplified Model Test (SMT) methodology
consists of incorporating a SMT data-based approach for creep-fatigue damage evaluation into the EPP
methodology to avoid using the creep-fatigue interaction diagram (the D diagram) and to minimize over-
conservatism while properly accounting for localized defects and stress risers. To support the
implementation of the proposed code rules and to verify their applicability, a series of thermomechanical
tests have been initiated. One test concept, the Simplified Model Test (SMT), takes into account the stress
and strain redistribution in real structures by including representative follow-up characteristics in the test
specimen. The second test concept is the two-bar thermal ratcheting tests with cyclic loading at high
temperatures using specimens representing key features of potential component designs.

This report summaries the previous SMT results on Alloy 617, SS316H and SS304H and presents the
recent development on SMT approach on Alloy 617. These SMT specimen data are also representative of
component loading conditions and have been used as part of the verification of the proposed integrated
EPP and SMT design methods development. The previous two-bar thermal ratcheting test results on
Alloy 617 and SS316H are also summarized and the new results from two bar thermal ratcheting tests on
SS316H at a lower temperature range are reported.



1. INTRODUCTION

The goal of the EPP-SMT approach is to incorporate a SMT data based approach for creep-fatigue
damage evaluation into the EPP methodology to avoid the use of the D diagram and to minimize over-
conservatism while properly accounting for localized defects and stress risers. Below the creep regime
this approach is already accommodated in Subsection NB through plastic analysis per NB-3228.4 for
primary plus secondary stress limits and cumulative fatigue damage based on the strain ranges from the
EPP analysis. The challenge is to extend the concept to the creep regime through appropriately chosen
pseudo stress values and shakedown analyses.

During this reporting period, on SMT method development, the concept of Elastic-Perfectly Plastic (EPP)
combined integrated creep-fatigue damage evaluation approach is developed. A path forward to merge
these methodologies was identified along with the anticipated problems, facilitating assumptions, and
required steps and test data needed to verify their applicability. Experimentally, tests with SMT solid bar,
SMT pressurization and YSMT were performed on Alloy 617 to support SMT design method
development. SMT experiments were expanded to lower testing temperatures and loading profiles with
compression-hold only and combined tension-compression hold.



2. BACKGROUND

There are two approaches of interest to the proposed integrated evaluation of cyclic service life that have
received attention over the last several years. One of these approaches is identified as the Elastic-Perfectly
Plastic (EPP) methodology and the other is identified as the Simplified Model Test (SMT) methodology.

The EPP cyclic service code cases address both of those objectives in that they are applicable at very high
temperatures and greatly simplify the design evaluation procedure by eliminating the need for stress
classification that is the basis of the current rules. However, the EPP Code Case for evaluation of creep-
fatigue damage still requires the separate evaluation of creep damage and fatigue damage by placing a
limit on the allowable combined damage, the “D” diagram based on the calculated individual damages.
The difficulties and approximations in the D diagram approach are what led to the second approach of
interest, the Simplified Model Test or SMT methodology.

The original SMT approach is based on the use of elastic analysis. The experimental data, number of
cycles to failure, is correlated using the elastically calculated strain range in the test specimen and the
corresponding component strain is also calculated elastically. The advantage of this approach is that it is
no longer necessary to use the damage interaction, or D, diagram because the damage due to the
combined effects of creep and fatigue are accounted in the test data by means of a specimen that is
designed to replicate or bound the stress and strain redistribution that occurs in actual components when
loaded in the creep regime. However, as originally proposed, there is still a requirement for stress
classification into primary, P, primary plus secondary, P + Q, and primary plus secondary plus peak, P +
Q + F, for the overall design procedure.

The goal of the EPP-SMT approach is to incorporate a SMT data based approach for creep-fatigue
damage evaluation into the EPP methodology to avoid the use of the D diagram and to minimize over-
conservatism while properly accounting for localized defects and stress risers. Below the creep regime
this approach has been already accommodated in Subsection NB through plastic analysis per NB-3228.4
for primary plus secondary stress limits and cumulative fatigue damage based on the strain ranges from
the EPP analysis. The challenge is to extend the concept to the creep regime through appropriately chosen
pseudo stress values and shakedown analyses

2.1 EPP ANALYSIS AND INTEGRATED CREEP-FATIGUE DAMAGE

Fig. 1 is a flow chart that identifies key issues, assumptions and the proposed path to resolution and
verification of the EPP-SMT approach. The major elements in this flow chart include: three key
assumptions that have been made to move forward; the near term test and evaluation actions required to
validate these assumptions; and the long term test and analytical development required depending upon
the outcome of the near term validation efforts.

2.1.1 Assumptions

2.1.1.1 EPP-SMT approach will be based on the EPP/Strain limit code case with the pseudo yield
stress based on the stress to x% strain and shakedown to plastic cycling.

The rationale is that the strain limit code case provides an upper bound to creep strain that can be used to
approximate the creep strain per cycle by dividing by the number of cycles similar to the cyclic creep
strain adjustment in Subsection HBB (formerly NH). (Note: it would be advantageous to be able to
calculate a local creep strain instead of a bounding strain. Also, in the current methodology, the actual
length of time in an over temperature transient isn’t taken into account, thus overweighting the effect of
short time over temperature transients.)



An important initial consideration is whether the use of the SMT data for validation of the strain range
methodology will be subject to the same limitations as the two bar test results. As described above, the
two bar results were not in agreement with the EPP strain limit code case predictions. The so-called
“stovepipe” plot of allowable temperature difference vs. applied mean load was predicted at much lower
mean loads than the test data. This was postulated to be caused by uniform temperature and stress fields
in the EPP model and it was demonstrated by inelastic analysis of a distributed load example, a Bree type
cylinder, that the EPP strain limit methodology worked for representative distributed load geometries and
temperatures. The concern is that if there is, unexpectedly, a similar situation with the EPP strain limit
application to the SMT data, it is not clear how to proceed using that data as a basis for validation. As
shown in Fig. 1 under the category of “Near term test and evaluation”, what is needed is an EPP
evaluation of the current and near term SMT data to confirm its applicability.

long term test and analytical development |

| Key assumptions | Mear term test and |

stress to x% strain
* Shakedown to plastic cycling

+ Tensileand
compressive hold

inconsistency apply?

evaluation
1. EPP/SMT based on strain limit CC * EPPevaluation of Long term:
» Pseudo yield stress based on =5 current SMT results Does two-bar EPP B: TBD:

Elastic shakedown?
Large deformation

SMT theory?

2. Design curves independent of
primary load * Pressurized SMT N
= Primary load included in EPP =« EPP eva_luation of
model to determine strain Pressurized SMT

range but strain range design
curve based on standard C-F

Long term:
A: Need to develop mean stress
type design curve correction,

+ Theoretical basis?

* Test based?

tests

Can we take advantage
of primary stress limits
and strain limits per

Div. 1 NB requirements

Develop design curve C-F
extrapolation to very long hold
hold time (102 to 10*hours)

3. EPP strain range determination
captures Creep-Fatigue degradation
due to follow-up
3a) Strain range from strain limit CC =y For 3a): EPP evaluation of current

modified to include creep strain, SMT (Type 1 &2) «
ie., % (like Div.5 HEB) * Include creep strain —=
3b) Not captured is increase in creep * Local vs global discontinuity
damage due to retarded effect
relaxation due to follow-up. For 3b): Elastic/creep simplified
Closely related to “2" as g — o0 model analysis

Type 2 SMT data;

C: Need to develop design curve
adjustment factor to accountfor
increased creep-rupture damage

Fig. 1. Path to resolution and verification of the EPP-SMT approach.

Also shown under the category of “Near term test and evaluation”, is a comparison of tension hold data
with data from tests with alternating tension and compression hold times. The reason for this is twofold.
First, it would be desirable to base the validation on the more conservative data. However, perhaps the
more important reason is to minimize the barreling effect that clouds the interpretation of the tension-hold
only test data.

Also noted here, is the proposal to use standard creep-fatigue data as the basis for generation of the SMT
type design curve.



2.1.1.2 The design curves will be independent of primary load.

Part of the rationale for this is that the primary load is included in the EPP model to determine strain
range. Also, as described in Jetter’s original SMT paper (Jetter, 1998), the stress level associated with
primary loading will be small compared with the secondary and peak stress levels and shouldn’t have a
significant effect on the total life. However, it is important to confirm this point, hence the need for near
term pressurized SMT tests. Conceptually, taking credit for limitations on primary loading and strain
limits is analogous to the NB hopper diagram philosophy where, for example, the use of strain controlled
fatigue data is predicated on the stress field surrounding a local stress riser shaking down to elastic action
in accordance with the primary plus secondary stress range limits. Similarly, elastic shake down of
primary plus secondary stresses is predicated on the primary stress being less than yield.

In addition to the pressurized SMT data, the modified two bar test shown in Fig. 2, Long Term Tests, will
provide valuable data for verification of the effects of superimposed primary loading. The advantage of
this two bar modified configuration is that all the relevant test parameters can be measured directly. If it
turns out that the effect of primary loading is significant, then the proposed solution, as shown under the
long term test and analytic development column, is to develop mean stress type design curves analogous
to the mean stress correction curves for the fatigue evaluation of some materials below the creep regime.

Bar1l

Temp.

Bar2

Tem
e

Fig. 2. Modified two-bar test.

2.1.1.3 The EPP strain range determination captures the creep-fatigue degradation due to follow-
up.

In this assumption, the strain range from the strain limit code case will be modified to include creep
strain, &, , divided by the number of cycles N, to estimate the additional strain per cycle due to creep. This
is similar to current Div. 5 approach in HBB-T-1432(h).

As currently envisioned, the plastic strain from the EPP strain limit code case will capture the enhanced
strain redistribution at both gross and local structural discontinuities. Further, the use of a pseudo stress in
the elastic-perfectly plastic analysis will account for creep as well as plastic redistribution and the use of
the elastic-perfectly plastic material model will also contribute to the bounding nature of the solution.
However, what is not addressed directly due to the use of standard creep-fatigue test data to develop the
SMT design curves is the retardation of stress relaxation due to follow-up effects. For local structural
discontinuities, the surrounding stress field will tend to limit localized stress and strain redistribution and
to approach the pure relaxation mode characteristic of stain controlled creep-fatigue tests. If, based on test
data and analysis, additional modifications are required, then a combination of restrictions on follow-up
and stress concentration factor limits per the Jetter paper (Jetter, 1998) and a creep damage enhancement
factor based on nominal follow-up characteristics may be required. If required, the use of these factors
and other potential considerations as discussed above will need to be factored into the creep-fatigue



correlation equations required to develop the design curves as shown under the long term test and
analytical development column heading.

As shown under the near term test and evaluation heading, the results from both the Type 1 and 2 SMT
test specimens will be evaluated to determine which of the factors discussed above will be required.
Interpretation of the test results will be complemented with elastic/creep simplified analytic models
analogous to those used in the two bar evaluations.

2.1.2 Long Term Tests

Longer term tests at least provide a partial validation of the hold time extrapolation procedures developed
for application to the design curves are shown on Fig. 1. The modification of the two bar test
configuration is discussed above in section 2.1.1.2.

3. EXPERIMETNAL TEST RESULTS

3.1 MATERIALS AND SPECIMENS

To support this study, the Idaho National Laboratory supplied an Alloy 617 plate, Heat 314626 from
ThyssenKrupp VDM USA, Inc., with dimensions of 30"x69"x1.5". The plate allows one of the SMT
solid bar specimen, tubular pressurization specimen and YSMT specimen or two of the specimens for
thermal ratcheting tests to be prepared in the thickness direction. The chemical composition of the plate is
listed in Table 1. The specimen longitudinal direction is oriented with the rolling direction of the plate.
All the specimens were tested in the as-received condition.

Table 1. Chemical compositions of Alloy 617 plate with heat number 314626 (weight %0).

C S Cr Ni Mn | Si | Mo | Ti Cu Fe Al Co B
0.05 | <0.002 | 222 | R54.1| 0.1 |01 |86 |04 |004 (16 |11 |11.6 | <0.001

SS316H round bar material with nominal diameter of 1 in was purchased from Outokumpu Stainless Bar,
LLC. The heat number is 101076 and the as-received SS316H bar satisfies specification ASME SA497.
The chemical composition of the SS316H is listed in Table 2. All the specimens were tested in the as-
received condition.

Table 2. Chemical compositions of SS316H bar with heat number 101076 (weight %0).

C P Si Ni Mn N Ti Sn \Y/ Fe Cb-Ta
0.045 | 0.028 | 0.650 | 10.120 | 1.420 | 0.053 | 0.002 | 0.006 | 0.060 | balance 0.014
S Cr Co Mo Nb Al B
0.024 | 16.230 | 0.279 | 2.090 | 0.014 | 0.004 | 0.004

SS304H round bar material with nominal diameter of 1 in was purchased from Outokumpu Stainless Bar,
LLC. The heat number is E131181 and the as-received SS304H bar satisfies specification ASME
SA497/A479M 13b. The chemical composition of the SS304H is listed in Table 3. All the specimens
were tested in the as-received condition.

Table 3. Chemical compositions of SS304H bar with heat number E131181 (weight %0).

C P Si Ni Mn N Ti Sn Vv Fe Cbh-Ta
0.048 | 0.033 | 0.300 | 8.300 | 1.870 | 0.080 | 0.002 | 0.006 | 0.060 | balance 0.020
Ta S Cr Co Mo Nb Al W Cu
0.10 | 0.025 | 18.270 | 0.173 | 0.250 | 0.010 | 0.005 | 0.020 | 0.260




The details of SMT testing instrumentation have been described in previous reports by Wang, et al.
(20134, 2014a and 2015a). The specimen geometries of Type 1 SMT, Type 2 SMT and pressurized SMT
for Alloy 617, SS316H and SS304H are shown in Figs. 3-5.
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@ 1.000"

(b) Type 1 SMT geometry for SS316H and SS304H
Fig. 3. Type 1 SMT solid bar specimen geometry. Units are in inches.

In order to achieve the designed elastic follow ups for each specimen geometry, the displacement
amplitude was applied to a controlled gage length section which consists of a thicker and longer driver
section, a 0.5 in long necked test section and the transition regions from the driver to the necked test
section. The controlled gage length is 5 in. for the Type 1 SMT and the pressurization SMT tests, and 2.9
in. for Type 2 SMT. The SMT pressurization specimen for Alloy 617 is made of three sections, i.e., a
center section with two extension tabs welded together (shown in Fig. 5).

For each type of SMT specimen, the geometry within the controlled gage length section is the same for
the different materials, and the differences for the specimen tab section designs are to best utilize the



material available. An extensometer with gage length of 0.4 in. was placed to the necked test section to
measure the average axial strains during SMT testing. The measured axial strains were used to generate
the hysteresis loops along with the applied stresses.
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(b) Type 2 SMT geometry for SS316H and SS304H

Fig. 4. Type 2 SMT solid bar specimen geometry. Units are in inches.
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Fig. 5. SMT pressurization specimen geometry with adaptor for Alloy 617. Units are in inches.

Figure 6 shows the YSMT specimen gometery used for testings on Aloy 617 and SS316. This YSMT was
selected based on the FEM buckling anslysis and experimentally verfied using SS316 in Wang et al.,

2015a.
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Fig. 6. YSMT specimen geometry. Units are in inches.

3.1.1 Two-bar Thermal Ratcheting Specimen

The heating source was a three-zone temperature controlled system with an igniter heater and resistance
heating coils that are capable of providing faster heating and cooling rates such as 30°C/min. The
thermal loading cycles are controlled and automated by LabView software. The temperature difference
within the gage length of the specimen was less than 1% of the target temperature. Due to much more
compact design of the heating system, the total length of the specimen was reduced to 7 in. The gage
section of the test specimens is the same as the preceding work; with a gage length of 0.75 in. and
diameter of 0.25 in. A drawing of the specimen geometry is shown in Fig. 7.

Y
v_

12.00

¢o.500-o.499(\ 07
[

|—0.25010.001
RO.500(TYP)

Fig. 7. Specimen geometry of Alloy 617 and SS316H used in two-bar thermal
ratcheting experiments. Units are in inches.

3.2 SMT TEST RESULTS
3.21 Summary of the Previous SMT Test Results

The creep-fatigue tests of Alloy 617, SS304H and SS316H were performed on servo-hydraulic test
machines. Tests used a fully reversed loading profile with holding time at peak tension. A schematic of
the loading profile for all the previous SMT testing is show in Fig. 8; loading was automated through a
LabView program.
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Fig. 8. Applied end-displacement profile for one cycle of creep-fatigue testing with
tension hold.

The results from 15 tests are reported for Alloy 617 (Table 4), 3 tests for SS316H (Table 5) and 3 tests for

SS304H (Table 6) in Wang et al. (2015a). All the previous reported tests but test #10 used an end-

displacement profile shown in Fig.8 with 612 s per cycle. Test #10 had a loading time and unloading time

of 300 s and a total of 1800s for one cycle.

Table 4. Previous SMT creep-fatigue for Alloy 617.

. Elastic Hold time, In't'.al .
Specimen | Test | Specimen Amplltuqe, calculated | (b)—(c); strain Test I__|fe Cycles to
Type No. ID 3 ‘glue "M kstrain range S range, temp? rature time, failure
ig. 8 L . % C hr
inside gage Fig. 8
#1 | RIC2 | o mil 10 296% 600 0.65 950 | 782 | 460
revious
#2 R2C1 4.5mil 0.296% 600 0.63 950 76.5 450
#7 R11C2 2.9mil 0.196% 600 0.25 950 170 1000
#10* | R11C1* 4.5 mil 0.296% 600 0.71 950 475 950
#11 R16C3 1.8mil 0.121% 180 0.16 950 56 1050
Type 1 #17 R15C2 2.8 mil 0.196% 600 0.38 950 153 900
#18 R21C4 2.85mil 0.196% 600 0.36 950 170 1000
600(cycle>12)
#21 R11C3 4.9 mil 0.339% | 200(cycle 1- 0.64 850 85.4 510
12)
600(cycle>17)
#22 R17C4 2.75 mil 0.183% | 200(cycle 1- 0.3 850 386 2280
17)
#4 R6C2 2.75 mil 0.296% 600 0.66 950 63 370
T ) #5 R6C3 2.75 mil 0.296% 600 0.62 950 60 350
ype #8 | RIC2 1.8mil 0.194% 600 0.31 950 160 | 940
#9 R7C1 1.8mil 0.194% 600 0.32 950 162 950
Tubular #13 |INC617-T1 4.5 mil 0.299% 600 0.7 950 20 120
pressurization| #16 [INC617-T3 4.5mil 0.299% 600 0.72 950 37 220

Note: Test #10 had a loading time of 300 s.



Table 5. Previous SMT creep-fatigue for Type 1 SS316H.

Elastic
. Amplitude, calculgted Hold time, In't'.al Test Life
Test | Specimen . strain . strain - Cycles to
No ) o va_nlue in range (b)—_»(c), s range temperature | time, failure
' Fig. 8 O Fig. 8 °C hr
inside
gage
#15 Szggg; ) 4.5 mil 0.296% 600 0.62% 815 70 410
>13,214
#1o | SS3OH- 1 g 0.1250 | 000(cycle 1-4470) 1 1 g0, 815 >1226 | Not
spec3 180(cycle >4471) failed
SS316H- . 0 600(cycle>12) 0
#20 specd 5.7 mil 0.375% 60(cycle 1-12) 0.62% 650 172 1020
Table 6. Previous SMT creep-fatigue for Type 1 SS304H.
Elastic
. caIcuIaIted HOId Initial .
Speci Amplitude, - time, - Test Life Cycles
pecimen : strain strain -
Test No. D & value in range (b)—(c); range temperature time, to
Fig. 8 rang s g °Cc hr failure
inside Fi
ig. 8
gage
#24 Szg’gg; ) 3.9 mil 0.257% 600 0.60% 815 66 390
#25 Szg’gg; ) 4.5 mil 0.296% 600 0.78% 815 29 170
#26 Siggﬁ;‘ asmil | 0206% | ©9 | 0500 650 264 | 1550

3.2.2 Type 1 SMT Testing on Alloy 617

The broader goal of the SMT approach is to develop a methodology for evaluation of creep fatigue

damage which is simpler to implement than the current complex rules and applicable to the full

temperature range from ambient conditions to the very high temperature creep regime of 900°C to
950°C. Experimental SMT results from lower temperature testing are also of great interest for
verification of the design rules. To support this, SMT test # 27 was performed at much lower temperature
of 650 °C with an elastically calculated strain range of 0.4% at the necked test section on a Type 1 SMT
specimen with tension-hold only loading profile. The test had ~5200 cycles to failure. The total ratcheting
strain for the test section was found to be less than 1%. It is noted that this test had minor control issues
throughout the long test period, but the test data is of value for reference for this low temperature test
condition. The results are summarized in Table 7 and plots of the measured strain range and maximum
(tension) and minimum (compressive) stress as a function of cycle number, representative hysteresis
loops and stress history are presented in Fig. 9.
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Fig. 9. Test results for test #27.

Additionally, SMT Creep-Fatigue tests were performed on Type 1 Alloy 617 solid bar specimens with
compression hold or combined tensile-compression hold test conditions. The purpose of SMT testing with
these different loading profiles was to evaluate the material behavior under SMT testing condition and to
identify the most damaging deformation mode. The applied end-displacement profiles for one cycle with
compression hold or combined tensile-compression hold are schematically shown in Fig. 10. The
compression-hold only test had a hold time of 600 s with a 612 s per cycle. The combined compression-
tension hold had a hold time of 600 s on the tension peak and a 600 s hold on the compression peak with a
total of 1212 s per cycle. Test #31 and #32 had an elastically calculated strain range of 0.3% at the necked
test section and test #33 and #34 had elastically calculated strain range of 0.2% at the necked test section.
All tests were performed at 950 °C and the results are summarized in Table 7.
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Fig. 10. Applied end-displacement profile for one cycle of creep-fatigue testing
with compression hold (a) and combined tensile-compression hold (b).

Table 7. SMT creep-fatigue for Type 1 Alloy 617.

Elastic Applied
. Amplitude, calculz_;\ted Hold Imt'.al Test Life | Cycles dlsplace{ment
Test | Specimen . strain . strain - profile
0 value in time, temperature | time, to
No. ID . range range o .
Fig. 8 - S C hr | failure

inside

gage
#27 R19C4 6.1 mil 0.401% 600 0.47% 650 833.6 | 5200 Fig. 8
#31 R7C3 4.5 mil 0.296% 600 0.73% 950 102 600 Fig. 10a
#32 R17C3 4.5 mil 0.296% 600 0.95% 950 202 600 Fig. 10b
#33 R20C3 2.9 mil 0.196% 600 0.60% 950 353.5| 1050 Fig. 10b
#34 R18C3 2.9 mil 0.196% 600 0.41% 950 204 1200 Fig. 10a

Shown in Fig. 11 to 14 are plots of the measured strain range and maximum (tension) and minimum
(compressive) stress as a function of cycle number, representative hysteresis loops, stress history,
ratcheting strain and picture of the failed specimen for tests on Alloy 617. The SMT #31 was performed
with compression hold time of 600 s, and failed at about 600 cycles. The average strain measured at the
necked test section was found to be ratcheting to the tensile direction for this test. The specimen failed at
the center of the necked test section with significant amount of necking. This observation is consistent
with the effect of tensile ratcheting. Test #32 with combined tension-compression also failed after 600
cycles despite the much larger strain range of 0.95%. However, since the total hold time per complete
cycle, 600 s each in tension and compression, is twice the hold time in compression-hold only, the total



test duration of the combined tension and compression hold test was about twice the duration of the
compression-hold only test. It is also noted that the combined tensile-compression hold testing slowed
down the tensile ratcheting rate and the specimen failed at the transition radius.

Comparing these two tests with previous tension-hold only tests #1 and #2 listed in Table 4, both

compression-hold only test and the combined tension-compression hold tests showed longer life time.
This set of test data indicate that the tension-hold only SMT testing for Alloy 617 is more damaging at
elastically calculated strain range of 0.3%.
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Fig. 11. Test results for test #31.
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Fig. 12. Test results for test #32.

SMT Creep-Fatigue test #33 and #34 were performed on Type 1 Alloy 617 solid bar specimens at 950 °C
with an elastic calculated strain range of 0.2% at the necked test section. Test #33 (Fig. 13) was
performed with combined tension-compression hold time of 600 s each hold, and failed at the transition
radius at about 1050 cycles or 354 hrs. The SMT test #34 (Fig. 14) was performed with compression-hold
only loading profile and failed at about 1200 cycles or 204 hrs. The specimen experienced a large total
amount of tensile ratcheting strain and failed at the center of the necked test section with significant
amount of necking.

Compared to the tension-hold only test results from test #7, #17 and #18, the test with compression-hold
only condition failed after a slightly larger number of cycles and the test with combined tension-
compression hold condition failed in a similar number of complete cycles. However, since the total hold
time per complete cycle, 10 minutes each in tension and compression is twice the hold time tension or
compression-hold only, the total test duration of the combined tension-compression hold test was about



twice the duration of the tension or compression-hold only test. Interestingly, the overall ratcheting was
less than 1% with combined tension-compression deformation.
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Fig. 13. Test results for test #33.



®
o
g
™
-
=
B
& 02

L]

L] 300 600 900 1200 1500 1800
Cycle number
(a) Strain range

40
e 20
[}
E
£
e 0
.E w
oy &
£
= 0
&
=

-40

-13 -12 -11 -1 -0.9 -0.8 -0.7

hax/minaverage straininthe
necked test section, %

MNeck region average strain, %

(c) Hysteresis Loop

>

300 600 900 1200
Cycle number

(e) ratcheting strain

1500 1800

3.2.3 SMT Pressurization Test on Alloy 617

Max./min necked region
average stress, Ksi

-10

30

20

10

L S
-0
-30
0 300 600 900 1200 1500 1800
Cycle number
(b) Max/Min stresses
40
g 20
E
2E
g g
o E
- 20 -
-
g
z
_‘40 T T
2000 3000 4000 5000
Time, s

(d) Stress relaxation

|
==

-
|

0

| 210

il

|

T

il

Fig. 14. Test results for test #34.

1 I 1 A
(f) failed specime

n

In this reporting period, a new testing machine was established for testing of SMT with pressurization.
The new system was tested and tuned. Two of the tubular Alloy 617 specimens were tested at 950 °C with
this new system using tension-hold only displacement loading profile. The tests were performed with an
elastically calculated strain range of 0.3% using loading displacement amplitude of 4.5 mils to repeat the
same test conditions performed on the original SMT machine previously, i.e., INC617-T1 and INC617-T3
in Table 4.

The test results are summarized in Table 8. Plots of the measured strain range and maximum (tension) and

minimum (compressive) stress as a function of cycle number, representative hysteresis loops, stress
history, ratcheting strain and failed specimen for the these two tests on Alloy 617 are presented in Fig. 15

and Fig. 16. These two tests showed similar initial strain range and ~220 cycles to failure. Both specimens

showed an elastic follow up factor of ~3.8. The ratcheting behaviors of the two specimens were both



toward the compressive direction and the ratcheting rate was similar. Both specimens failed at the center
of the necked test section with significant amount of barreling. Thus, it can be concluded that the 200 psi
internal pressure did not make much difference in terms of the specimen behavior for these two tests. This
is an important initial finding as it supports the assumption that the SMT design curves will be
independent of primary load.

Table 8. SMT pressurization for Alloy 617.

Elastic Initial Internal
. . Amplitude, Hold time, | strain Test Life | Cycles |pressure
Specimen | Specimen . calculated -
o value in . (b)—(c); | range |[temperature| time, to
Type ID Fig.8 [purainrange "o, g °C hr | failure
g- inside gage g
INC617- . 0 0 2 psi
Tubular P01 4.5 mil 0.299% 600s 0.8% 950 37.4 220
pressurization) INCOLT™ | 4smil | 0299% | 600s | 08% | 959 37.4 | 200 |200Psl
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Fig. 15. Test results for test Inc617-P01.
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Fig. 16. Test results for test Inc617-P02.

furnace failure, pressure control, gas leak and large temperature gradient. Specifically, the intent for

specimen INC617-P01 was to test with a small positive pressure of 2 psi, but there were occasionally
pressure overshoots up to 50 psi during the test; and for specimen INC617-P02 with internal
pressurization at 200 psi, it had a larger temperature difference of up to 12 °C across the controlled gage

length with the necked test section at 959 °C during most of the testing duration. Although these two tests
were not perfectly controlled, the results can be used to verify the effect of internal pressure on the creep-
fatigue behavior of Alloy 617 under SMT condition. These control issues have been addressed.

Additional testing over a range of temperatures, loading and hold time will be needed for further

confirmation.



3.24 YSMT Test Results on Alloy 617

Scoping YSMT tests with the new specimen geometry shown in Fig. 6 were first performed on SS316H
because of the high machining cost of Alloy 617 specimens. YSMT controls and testing procedure were
established using these scoping tests. A representation of these scoping tests was shown in Wang et al.,
2015a.

A total of 6 YSMT tests were performed on Alloy 617 in this reporting period. The YSMT testing
parameters are listed in Table 9 while the test results are summarized in Table 10. Plots of the measured
strain range and maximum (tension) and minimum (compressive) stress as a function of cycle number,
representative hysteresis loops, stress history, ratcheting strain and failed specimen for the these tests on
Alloy 617 are presented in Figs. 17-21.

Table 9. YSMT parameters for Alloy 617.

Specimen Necked test section Driver section Represented | Loading Test
ID extens. output for 10 | extens. output for | driver length | profile | Amplitude,

volt 10 volt mils

Inc617-102 | 15 mils 6 mils 1.875 Fig. 8 4.6

Inc617-103 | 15mils 6 mils 1.875 Fig. 8 2.3

Inc617-104 | 15mils 6 mils 1.875 Fig. 8 2.2

Inc617-105 | 15mils 6 mils 1.875 Fig. 10a | 2.3

Inc617-106 | 15mils 6 mils 1.875 Fig. 10b | 2.3

Note, gage length of the necked test section extensometer is 0.5in; gage length of the driver section
extensometer is 0.75in.

Table 10. YSMT results for Alloy 617.

Calculated/Measured | # of cycle | Life time, Elastic follow Initial strain
Elastic strain range | to failure hrs up, q range
in the necked section:
Inc617-102* 0.632/0.593% 90 15.3 2.6 1.5%
Inc617-103 0.3%/0.296% 420 71.4 4.0 0.66%
Inc617-104 0.3%/0.296% 380 64.6 3.76 0.63%
Inc617-105 0.3%/0.296% 480 81.6 3.64 0.63%
Inc617-106 0.3%/0.296% 215 74.1 2.86 tensile; 2.53 0.80%
compressive

YSMT specimen, Inc617-102, was tested at 950 °C with tension-hold time of 10min with a large
elastically calculated strain range of 0.6%. The initial strain range was 1.5%. This YSMT specimen had
an elastic follow up factor of 2.6, and failed at about 90cycles.

An additional 5 YSMT tests were performed on Alloy 617 at 950 °C with the same elastically calculated
strain range of 0.3% but with differently types of loading profile. Tests Inc617-103 and Inc617-104 used a
tension-hold only loading profile. The two tests showed good consistency in terms of experimental
controls and material behavior under YSMT testing condition. The tension hold specimens showed life
time of 74.1hr with initial strain range of 0.66% for Inc617-103 and slightly shorter life time of 64.6hr
with initial strain range of 0.63% for Inc617-104. All three tension-hold only tests showed compressive
ratchetting behavior and barreled at the necked test section, consistent with the observation on SMT
testing.
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Fig. 18. YSMT test results for Inc617-103 at 950°C.
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Fig. 19. YSMT test results for Inc617-104 at 950°C.



Test on Inc617-105 used a compression-hold only loading profile and Inc617-106 used a combined
tension-compression hold loading profile. Specimen Inc617-105 showed a lifetime of 74.8 hr. with initial
strain range of 0.63% and specimen Inc617-106 showed a life time of about 74.1 hr. with an initial strain
range of 0.80%. Although the combined holding condition had larger tested strain range, it did not affect
its life time. Inc617-105 showed tensile ratcheting behavior. Inc617-106 had the minimum ratcheting
among the 6 YSMT tests.
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Fig. 20. YSMT test results for Inc617-105 at 950°C.



It is important to notice that buckling was not observed for YSMT tests, confirming successfully designed
YSMT specimen geometry.
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Fig. 21. YSMT test results for Inc617-106 at 950°C.

3.3 TWO-BAR THERMAL RACHETING
3.3.1 Previous Two-bar Thermal Ratcheting Test Results

In the earlier reports by Wang et al. (2013b, 2014b, 2015b), two-bar thermal ratcheting tests were
performed on SS316H at temperature range of 515-815°C and on Alloy 617 at temperature ranges of 650



-950°C, 500 — 800°C and a few at 350 — 650°C. Two-bar thermal ratcheting tests with combinations of
applied mean stresses, transient temperature difference and heating and cooling rates were performed at
heating and cooling rates of 30°C/min that are comparable to a strain rate of 10~° /sec. Tests were
performed following the temperature profile shown in Fig. 22.
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Fig. 22. Temperature vs. time histogram for two-bar thermal ratcheting experiments.

The two-bar thermal ratcheting test results from shorter test periods were extrapolated to obtain the
ratcheting strain at 200 hr. and these results are presented in Figs. 27-30 along with strain limits
predictions. The suite of tests on SS316H at a temperature range of 515°C to 815°C as shown in Fig. 30
resembled the results from the tests on Alloy 617 at 650°C to 950°C as shown in Fig. 23. Note the
similarity between these results for SS316H and for Alloy 617 at a maximum temperature of 950°C. In
both cases there is a narrow stovepipe representing the predicted 1% strain limit from the EPP strain limit
code case. And, in both cases, the test results at a high thermal stress range represented by the 10 minute
time delay do not agree with the code case prediction. This demonstrates that the restriction of skeletal
structures developed for Alloy 617 would be expected to apply to SS316H and other similar materials
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Fig. 23. Two bar test data with 1% design envelope predictions from the strain limits code case and inelastic
analysis (Alloy 617 with testing temperature range of 650°C to 950 °C).

Interestingly, the suite of tests on Alloy 617 at the lower temperature range of 500°C to 800°C as shown
in Fig. 28 showed good agreement with the proposed EPP strain limit rules with a much wider band of



applied load that exhibited minimal ratcheting. The four tests conducted at the lower temperature range of
350°C to 650°C as shown in Fig. 29 showed no ratcheting.
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Fig. 24. Two bar test data with 1% design envelope predictions from the strain limits code case (Alloy 617
with testing temperature range of 500°C to 800°C).
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Fig. 25. Two bar test data with 1% design envelope predictions from the strain limits code case (Alloy 617
with testing temperature range of 350°C to 650°C).
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Fig. 26. Two bar test data with 1% design envelope predictions from the strain limits code case and inelastic
analysis (SS316H with testing temperature range of 515°C to 815 °C).

3.3.2 Two-bar Thermal Ratcheting of SS316H at Temperature Range of 250°C to 550 °C

In this reporting period, two-bar thermal ratcheting tests were performed on SS316H to assess the
material response to cyclic thermal loading under two-bar testing conditions at a lower temperature range
of 250 — 550°C. This temperature range is much lower than the maximum temperature of 815°C for which
allowable stress values are provided in Subsection HBB (formerly NH). The experiments were performed
on the same set of specimens with sequential test number of T25-1, T25-2, T25-3, T25-4, T25-5, T25-6
and T25-7. The ratcheting rate was large for test T25-7 and the test failed after 16 complete cycles.

Consistent with the preceding work by Wang et al. (2013b, 2014b, nbb2015b), the ratcheting strain is
defined as the difference in the mechanical strain at a time point in a cycle and that at the same time point
in the reference cycle. The mechanical strain is the sum of the elastic strain and inelastic strain, and it can
be extracted from the test data by subtracting the thermal expansion from the total strain. When the same
reference point in the thermal cycle is selected, the amount of ratcheting strain calculated based on the
total strain is the same as that calculated based on mechanical strain. The experimental results show that
the first several cycles from one testing condition to another is significantly different and therefore is
ignored in the ratcheting strain extrapolations. In this study, a reference cycle is used for each test. The
ratcheting behavior is steady and the ratcheting rate is near constant from the reference cycle forward.
The ratcheting strains were calculated from the maximum total strains of each cycle, and they were
approximately the same values when calculated based on the minimum strains. Results from shorter test
periods were extrapolated to obtain the ratcheting strain at 200 hr to provide information to our parallel
theoretical studies on strain limits. The test parameters and the test results for all the testing conditions are
summarized in Table 11.

Shown below in Fig.27 is a plot of the above tabulated test results extended to 200hr based on the
measured the ratcheting strain rate. Among all the test conditions but one large compressive total load of
15001bs (T25-7), the ratcheting strains in 200 hr. were found to be less than 1% strain limits. This is a
much wider applied primary load range to result in less than 1% strains than that for high testing
temperature shown in Fig.26. These teste results are provided for verification of EPP strain limits
analysis.



Table 11. Summary of the two-bar thermal ratcheting experiments on SS316H for
temperature range of 250 °C to 550°C.

Test No. T25-1 T25-2 T25-3 T25-4 T25-5 T25-6 T25-7
Applied mean 3.6+0.6 49.3+0.5 | -35+0.5 70.8+0.6 -70.6£0.5 | 84.3+0.6 -104.4+14.6
stress, MPa

Time delay, min | 10 10 10 10 10 10 10

Total No. of 34 48 32 32 50 31 16

cycles tested

Ratcheting rate | -0.0021 0.0016 -0.0036 0.0076 -0.0084 0.008 -0.065

(per cycle), %

Initial stresson | 0.6 -109.3 127.9 -84.7 -213.5 -62.5 -227.5

Bar 1, MPa

Initial stresson | 10.9 209.1 -35.3 225.9 71.5 230.2 15.3

Bar 2, MPa

Initial residual 0 -0.1 0.15 -0.16 0.39 -0.57 0.058

total strain, %

Reference cycle | 10 10 10 10 10 10 10

No.

Min. strain of -0.105 0.148 -0.185 0.329 -0.387 -0.0062 -1.05

the reference

cycle, %

Stress range per | 407.0£6.7 | 429.5+9.1 | 431.9+9.9 | 436.3+£16.7 | 445.0£18.3 | 444.5£20.1 | 430.3+34.0
cycle for Bar 1,

MPa

Stress range per | 406.4+7.2 | 418.9+8.8 | 435.6+16.4 | 435.6+£16.4 | 444.5+20.5 | 443.6120.2 | 429.5+34.2

cycle for Bar 2,
MPa

10

Time d elay between -300C per min.
temp. histories (minutes)

. 0.715%
2L ,.-*"%-0-i9%| 0.143%]0.68%0.749% |

-]
i

-1.5 -1.2 -0.9

-0.6 -0.3

0 0.3 0.6

Constant load (kips)

0.9 1.2

15

Fig. 27. Two bar test data for SS316H with testing temperature range of 250-550°C.



4. SUMMARY

The concept of Elastic-Perfectly Plastic (EPP) combined integrated creep-fatigue damage evaluation
approach is presented. The goal of the proposed approach is to combine the advantage of the EPP strain
limit methodology, that avoids stress classification, with the advantage of the Simplified Model Test
(SMT) method for evaluating creep-fatigue damage without deconstructing the cyclic history into
separate fatigue and creep damage evaluations. The EPP methodology for strain is based on the use of a
pseudo Yyield stress that limits creep and plastic strain accumulation and intrinsically reflects the stress and
strain redistribution currently based on the use of stress classification procedures. The resulting strain
ranges are then assessed for combined creep and fatigue damage using the SMT approach. In this
approach, the enhanced damage resulting from strain redistribution and slowed stress relaxation due to
follow up effects is accommodated in the design of the test specimen, sized to bound redistribution effects
in typical components. A path forward to merge these methodologies was identified along with the
anticipated problems, facilitating assumptions, and required steps and test data needed to verify their
applicability.

41 LOWER TEMPERATURE TEST RESULTS

Experimental SMT results from lower temperature testing are of great interest for verification of the
design rules. SMT test # 27 was performed at 650 °C with an elastically calculated strain range of 0.4% at
the necked test section on a Type 1 SMT specimen with tension-hold only loading profile. The test had
~5200 cycles to failure. The total ratcheting strain for the test section was found to be less than 1%. It is
noted that this test had minor control issues throughout the long test period, but the test data is of value
for reference for this low temperature test condition.

42 COMPRESSION HOLD OR COMBINED TENSILE-COMPRESSION HOLD TESTS FOR
TYPE 1 SMT CONFIGURATION

Compared to the tension-hold only test results, the compression-hold only condition test failed in a
slightly larger number of cycles and the combined tension-compression hold condition test failed in a
similar number of complete cycles. However, since the total hold time per complete cycle, 10 minutes
each in tension and compression, is twice the hold time tension or compression-hold only, the total test
duration of the combined tension-compression hold test was about twice the duration of the tension or
compression-hold only test. Interestingly, the overall ratcheting was less than 1% with combined tension-
compression deformation.

4.3 PRESSURIZATION TEST RESULTS

Two tests showed similar initial strain range and ~220 cycles to failure, one test at a nominal 2 psi and the
other at 200psi. Both specimens showed an elastic follow up factor of ~3.8. The ratcheting behaviors of
the two specimens were both toward compressive direction and the ratcheting rate was similar. Both
specimens failed at the center of the necked test section with significant amount of barreling. Thus, it can
be concluded that the 200 psi internal pressure did not make much difference in terms of the specimen
behavior for these two tests. This is an important initial finding as it supports the assumption that the
SMT design curves will be independent of primary load. Additional testing over a range of temperatures,
loading and hold time will be needed for further confirmation.

44 YSMT TEST RESULTS

Total of 5 Alloy 617 YSMT tubular specimens were tested at 950C with the same elastically calculated
strain range of 0.3%. Two specimens were tested with a tension hold time of 10mins, one had a



compression hold time of 10min and one specimen had combined tension hold of 10min and compression
hold of 10min. The results were in general agreement within experimental tolerances with the above
summarized results for the Type 1 SMT solid bar specimens

45 TWO-BAR THERMAL RATCHETING OF SS316H AT TEMPERATURE RANGE OF
250°C TO 550°C

In this reporting period, two-bar thermal ratcheting tests were performed on SS316H to assess the
material response to cyclic thermal loading under two-bar testing conditions at a lower temperature range
of 250 — 550°C. For all the test conditions except one large compressive total load of 1500lbs, the
extrapolated ratcheting strains in 200 hrs were found to be less than 1% strain limits. This is a much wider
applied primary load range to result in less than 1% strains than that for the higher prior testing
temperature range of 515°C to 815°C.
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