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1.0 SUMMARY 

In this program,a simplified method of estimating structural inelastic stress 
and strain response, produced as a result of cyclic thermal loading, was 
developed. 

The procedure was evaluated using a data base developed from uniaxial, strain 
controlled Hastelloy X specimen tests. The data base included isothermal and 
thermomechanical cycles. Hastelloy X was selected because of prior structural 
analysis and material model development with this material conducted under two 
previous contracts. 

Isothermal cyclic response data were included to document fundamental material 
response characteristics (strain rate dependent yield stress, effect of cyclic 
hold times, etc.) over the range of temperatures experienced during a typical 
thermal loading cycle. The isothermal data were considered to be IIfundamental 
building block ll information necessary in the development of a response model. 
The thermomechanical cyclic response data consisted of a series of 
increasingly complex cycles ultimately leading to the response for a gas 
turbine combustor 1 iner defined from previous structural ana lys i s. Accurate 
prediction of the thermomechanical cycles is considered as verification of the 
cyclic response model. 

For comparison, simulations of Hastel10y X specimen tests were made with two 
existing Hastel10y X material behavior models: 1) a classical time independent 
plasticity and creep model, and 2) a unified time dependent plasticity model. 
The classical plasticity and creep model assumes decomposition of the response 
into uncoupled plasticity and creep components. This is considered the current 
state of the art in material models available in most general purpose 
nonlinear finite element codes. Simulation of the thermomechanical cycles with 
thi s mode 1 generally produced stress-strain response predictions that were 
more elastic than the experimental data. 

The unified time dependent model considers inelastic response as a continuous 
function of stress and several state variables which recognize prior history 
loading. Predicted response with this model for the thermomechanical cycles 
were in good agreement with the experimental results. The major area of 
discrepancy was in the lower temperature region where the material displays a 
smaller degree of rate sensitivity. 

The simplified procedure was developed recognizing characteristics of both 
material models. The time independent yield surface concept was used to define 
discrete yield pO'ints, while a unified equation predicts integrated elastic 
and creep response. This method assumes that, for a structure in which the 
inelastic regions are constrained by the surrounding elastic material, the 
loca 1 mechanica 1 strain and temperature history can be defined by 1 inear 
elastic analysis. The actual stress response is then determined by considering 
the nonl inearity produced by time independent pl ast icity and time dependent 
creep. Comparisons of the predicted results for the thermomechanical cycles 
show the simplified procedure to be of comparable accuracy with the two other 
models. Yet, implementation of the model requires material properties 
available either from design handbooks or simple monotonic specimen testing 
and a definition of the local strain-temperature history. 



2.0 INTRODUCTION 

Requi rements for increased durabil i ty of gas turbi ne hot sect; on structural 
components have pl aced greater importance on accurate structural ana lysi sand 
life prediction. The high temperatures experienced by these components 
(combustor 1 i ner, turbi ne bl ades and vanes, support structure s) often resul t 
in significant amounts of cyclic time-dependent plasticity \'1hich makes the 
basic development and calibration of structural analysis and life prediction 
tool s a chall engi ng job. Therefore, improvements in hot secti on structural 
durability will rely heavily on the ability to accurately define local 
response for life prediction through computer-based analytical methods. 

Details of the high temperature structural analysis problem are best defined 
by considering a component on which extensive analysis has been performed such 
as a combustor liner. 

Most combustor 1 iners are constructed of sheet metal louvers which rely on 
convective film cooling. Details of a louver geometry are shown in Figure 2-1 
where the individual formed pieces are seam welded together to make the louver 
liner. Each individual louver is cooled by compressor discharge air introduced 
into the chamber created by the louver lip and knuckle region to generate an 
insulating film of cooling air on the downstream panel. Degradation of the 
cooling film as it moves along the panel results in increased metal 
temperature in the seam weld and louver lip regions. The thermal gradient 
between these regions and the knuckle of the next louver is a function of the 
engine operating condition. Figure 2-2 indicates the typical knuckle location, 
(B), which is generally cooler than the typical lip location, (A). The 
temperature difference between these two locations creates thermal stresses in 
the combustor liner. At the maximum power point, the thermally induced stress 
and strain state has significant amounts of plasticity which, when repeated 
over subsequent engine flight cycles, results in creep/fatigue failure of the 
liner. In large diameter annular combustion liners, fatigue cracks initiate in 
the louver lip region and grow axially toward the seam weld. 

While the specific geometry and heat transfer mechanisms may vary, the 
combustor liner ;s a representative high temperature thermomechan;cal analysis 
problem requiring accurate structural analysis and life prediction. 

In recent years, the finite element analysis procedure has been used with 
increasing frequency in the analysis of gas turbine structural components. In 
general, durability considerations limit design stress levels below the 
material yield strength and, as such, linear elastic finite element analysis 
is suffi ci ent for the analysi s of most components. These sol uti ons can be 
generally obtained quickly and economically for a series of loading conditions 
throughout a flight cycle using specifically developed or commercially 
avai 1 abl e codes. For structures operati ng at moderate to hi gh temperatures, 
the local stresses can exceed the material yield strength and/or time 
dependent deformation (creep) can occur. In this case, a non-linear analysis 
is cons; dered necessary for an accurate predi cti on of the 1 oca 1 stress and 
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strain response. This is illustrated by considering the combustor liner 
analysis performed in Reference 1. The three-dimensional finite element model 
of a segment of the combustor liner is shown in Figure 2-3. Predicted stress 
and strain results at the fatigue critical location (end of the louver lip) 
using both a linear elastic analysis and a non-linear analysis are shown in 
Figure 2-4. The linear elastic, thermoelastic, analysis was conducted at a 
number of specific points throughout the thermal loading cycle. The results 
show a 1 arge negative stress and a closed loop response. The incremental 
non-linear analysis predicts a more realistic stress and strain response which 
contains initial yielding and cyclic plasticity at the expense of considerably 
more set-up and computer run time than the thermoelastic analyses. From these 
resul ts the need and object; ve of the current program become cl ear; the 
development of a simplified procedure for the prediction of local cyclic 
structural response to thermomechani ca 1 1 oadi ng us; ng the resul t of 
thenlloelastic analysis and readily available material property data. As a 
measure of success, the procedure or model woul d have to predi ct results of 
comparable accuracy to those obtained with the more rigorous non-linear 
analysi s. 

In this program, a simplified method for predicting material cyclic response 
was developed and compared to two existing material behavior models for a 
series of isothennal and thermomechanical Hastelloy-X loading cycles. To meet 
the objectives of the program, three technical tasks were established. 

Task I SPECIMEN FABRICATION AND TESTING - Uniaxial, strain controlled 
specimens fabricated from fine grain Hastel10y-X material were tested 
to provide cyclic constitutive response data for the loading cycles 
defined in Task II. 

TASK II CYCLIC RESPONSE DATA BASE DEFINITION - A Hastelloy-X data base, 
consisting of uniaxial cyclic response for six types of loading 
cycles, was established for evaluation of three cyclic response 
methods defined in Task III. 

TASK II I METHODS EVALUATION, DEVELOPMENT AND RANKING - Three cycl ic response 
methods were evaluated and compared as to their suitability for the 
prediction of the relevant cyclic response characteristics. The three 
analysis methods included a state of the art time independent 
pl asticity and creep representation, a time dependent unified 
representation, and the simplified procedure. 

Section 3.0 of thi s report descri bes the Hastel10y-X specimens and the si x 
categories of response data used in the establ i shment of the data base. 
Section 4.0 describes the cyclic response prediction methods and explains how 
each was eval uated for the isothermal 1 oadi n9 cycl es. The compari son of the 
three methods in predicting thermomechanical loading cycles is described in 
Section 5.0, Results. Section 6.0 presents the Conclusions and a Summary of 
the Resul ts. 

3 
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Fi gure 2-3 Combustor Liner Finite Element Model 
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3.0 SPECIMEN DESCRIPTION AND HASTELLOY-X RESPONSE DATA BASE 

Previous analysis of the combustor liner discussed in Section 2.0 indicated 
that the area of maximum inelastic stress and strain was concentrated at the 
end of the louver 1 ip in (Figure 2-3). The strain controlled nature of the 
response, together with the essent; all y one-dimensi ona 1 stress fi e1 d 
(circumferential hoop stress), suggested that a uniaxial test specimen could 
be used to investigate the local stress-strain response to a given loading 
hi story. The intent of the data base was to study the component 
thermomechani cal response through a series of simpl er response cycl es. Thi s 
would identify fundamental characteristics which a successful analytical model 
should predict. The data base consisted of uniaxial stress versus strain data 
generated in two earlier contracts (References 1 and 2), and additional 
testi ng conducted in Task I of the current program. Specimen geometry, test 
procedures, and the specific test conditions that comprised the data base are 
di scussed below. 

3.1 SPECIMEN DESCRIPTION 

3.1.1 Material 

Specimens in this program were fabricated from 2.54 cm (1 inch) diameter 
Hastel10y X base stock taken from the same heat of material used in references 
1 and 2. This bar material had been specifically processed to have a grain 
size (ASTM 8 or finer) consistent with the rolled sheet metal used in the 
construct; on of many combustor 1 i ners. Previ ous testi ng had shown s imil ar 
tensile, creep, and fatigue properties between the bar and sheet materials. 

3.1.2' Internal Ridge Specimens 

Two tubul ar, ; nternal ri dge geometry specimens were fabri cated for 
thermomechanical testing. A representative specimen is pictured in Figure 
3.1-1. The hollow geometry, together wi th low frequency i nducti on heati n9 and 
cooling air, permitted testing with the mechanical strain and temperature 
histories included in the data base. An axial extensometer was attached to the 
internal ridges for strain control. 

Figure 3.1-1 Strain Control Fatigue Specimen With Internal Ridges 
(78-441-8492) 

6 



3.1.3 External Ridge Specimens 

T:wee solid, external ridge geometry specimens were fabricated for isothermal 
cvclic testing. A representative specimen is pictured in Figure 3.1-2. Tests 
were conducted in a clamshell resistance heated oven. The integral ridges were 
used for attachment of an axial extensometer for strain control. 

Figure 3.1-2 External Ridge Solid Strain Controlled Specimen 

3.2 CYCLIC RESPONSE DATA BASE 

The data base consisted of the uniaxial cyclic response for six types of 
loading cycles, shown schematically in Figure 3.2-1. Isothermal and 
themomechanical loading histories were selected that addressed the important 
response characteristics associated with high temperature structural cyclic 
loading. The six loading cycles used to define the data base were: 

a.) Isothennal. fully reversed, strain controlled cycling at 538, 649, 
760, 871, and 982°C (lOOO, 1200, l400, 1600, and 1800°F) to defi ne 
strain rate dependence. Figure 3.2-1a 

b. ) Isothermal. f'.llly reversed wi th 
compressive strain at 760, 871, and 
define the effect of the relaxation 
Figure 3.2-1b 

stress relaxation at maximum 
9a2°e (1400, 1600, and 1800°F) to 
on subsequent inelastic response. 

c.) Isothermal, strain controlled with creep hold at maximum compressive 
strain at 760, 871, and 982°C (1400, 1600, and 180QoF) to define the 
effect of creep on subsequent inelastic response. Figure 3.2-lc 

d.) Thermomechanical cycling with step temperature changes to investigate 
the temperature rate effect on subsequent response. Figure 3.2-ld 

e.) Thermomechanical, strain controlled with linear strain-temperature 
hi stori es from 427 to 982°C (BOO to 1800°F), 649 to 982°e (1200 to 
1800°F), and 760 to 982°C (1400 to 1800°F) for evaluation of the 
analytical models on "simple" thermomechanical cycles. Figure 3.2-1e 
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f.) Thermomechanical, strain controlled with faithful cycle 
strain-temperature from a combustor liner nonlinear analysis 
(Reference 1). This represents a more representative component 
loading and was considered a "final" verification of the simplified 
procedure. Figure 3.2-1f 

The isothermal cycles (a-c) were used primarily in the development and 
calibration of the three response prediction models, described in Section 4.0, 
while the thermomechanical cycles (d-f) were used in a comparison of 
prediction accuracy. 

The step temperature tests (condition d) re~resen~ the simplest 
thermomechanical cycle considered. Here, the spec1men 1$ cycled at a 
isothermal condition under sinusoidal strain control. The temperature is .then 
instantaneously (less than 3 seconds) raised at the point of minimum strain 
and the subsequent isothermal response at the new temperature is observed. 
These tests were intended to determine if a temperature rate effect could be 
observed in Hastelloy X. 

The linear strain-temperature cycles (condition e) were included to provide an 
intermediate step for model evaluation from an isothermal to a faithful cycle. 
The 760 to 982°C (1400 to 1800°F) cycle represents a nearly isothermal cycle 
while the 427 to 982°C (800 to 1800°F) cycle extends beyond the temperature 
range experienced in the faithful cycle. All three cycles were run vlith 
sinusoidal strain and temperature va~iation with a 1 minute period. 

Condition f in the data base contains the stress-strain response of a uniaxial 
specimen when subjected to the strain temperature history in Figure 3.2-2. 
Thi s hi story was determined from the analysi s of a representati ve combustor 
louver liner, described in Reference 1, using nonlinear finite element 
analysi s wi th cl assical time independent pl asti city and creep theory. The 
results shown in the figure represent the predicted response at the end of the 
louver 1 ip. 

The experimental data assembled in this task is presented in Appendix A, 
Figures A-1 through A-17. 
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4.0 EVALUATION AND DEVELOPMENT OF r-1ATERIAL MODELS 

Within the gas turbine engine, certain hot section components experience a 
degree of inelastic (non-linear) stress and strain response. These components 
(combustor 1 iners, turbine vanes, cases and other support structures) are 
subjected to thermomechanical loading, that is, the predominate stress is 
produced by temperature differentials within the structure. In general, the 
resulting inelastic response is localized to the area of maximum temperature 
gradient while the remainder of the structure remains elastic. The stiffer 
elastic material acts as a constraining body and controls the cyclic strain 
range experienced by the inelastic area. A comparison of predicted results 
from non-linear and linear elastic finite element analyses, conducted in 
reference 1 and 2, have shown that the cyclic strain range and history at the 
location of maximum inelastic response can be accurately estimated from the 
1 inear elastic (thermoelastic) analyses. Thus, it is assumed for the 
simplified procedure, that the local mechanical strain and temperature history 
at a location in a structure is known from previous linear analysis. The 
procedure also assumes that the predominate stress field at a actual location 
in the structure is one-dimensional. As an example, the major stress component 
at the fatigue critical location in the louver of Reference 1 (Figure 2-3) is 
the circumferential (hoop) stress. In developing the simplified procedure, two 
existing material behavior models used in non-linear finite element analysis 
were exam; ned. The model s are a II state-of-the-art" cl assical time independent 
plasticity and creep model and a viscoplastic or time dependent plasticity 
model. Aspects of each model, discussed below, were selected for the 
simplified procedure. The overall evaluation process consisted of comparison 
of the predicted response for the various loading cycles included in the data 
base (Section 3.2) by the two models and the simplified procedure. 

The models \'1ere evaluated for each loading cycle by performing nonlinear 
finite element analysis on a single element representation of the gage section 
of the specimens described in Section 3.1. This representation, shown in 
Figure 4-1, ;s a single MARC (Reference 3) element, number 28 (8 node 
axisymmetric - 9 integration points). The appropriate boundary conditions are 
also shown in the figure. 

-~-----

-- - ---------

MARC ELEMENT TYPE NO. 28 

8 NODE AXISYMMETRIC 

9 INTEGRATED POINTS 

_.--<t---r, 

i::-
~ ___ ---,j 0.050 IN. 

·1 
0.050 IN. 

DISPLACEMENT 

APPLIED ALONG 

THIS FACE 

Fi gure 4-1 Single Element Model of Test Specimen Gage Section 
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The simplified procedure was evaluated using the known mechanical strain and 
temperature histories (where appropriate) for each of the loading cycles 
together with the procedure defined 1n Section 4.3. 

A brief discussion of the existing models and the particular characteristics 
of each, incorporated into the simplified procedure, is presented below. 

4.1 TIME INDEPENDENT PLASTICITY AND CREEP MODEL 

Development of this model and application in the three-dimensional nonlinear 
finite e'lement analysis of a Hastelloy X gas turbine combustor liner is fully 
documented in Reference 1. The general material model available in the MARC 
code (and most other nonlinear codes) is based on the assumption that the 
total mechanical strain can be decomposed into elastic, time independent 
plastic, and time dependent creep components. This may be written as: 

€ = €elastic + €plastic + €creep (1) 

Development of the Hastelloy X cyclic plasticity model was based on the 
VonMises yield criterion, a tri-linear representation of the monotonic tensile 
curves, and the combined hardening (isotropic-kinematic) rule. In constructing 
the model for each temperature within the analysis, the elastic modulus, work 
hardening slope, and stress level (at large strains) wert chosen based on 
previous testing conducted at a strain rate of 0.008 min- • The yield point 
was determined using the tangency point of the actual stress-strain curve and 
by equati ng the areas under the experimental and analytical curves. Figure 
4.1-1 shows a representative construction. Using this aRproach, the monotonic 
stress-strain curves for temperatures between 427°C (800°F) and 982°C (1800°F) 
were constructed and incorporated ; nto the ~,1ARC WKSLP user subroutine. 
Simulation of the 760°C (1400°F) and 815°C (1500°F) monotonic stress-strain 
response is shown in Figures 4.1-2. 

A series of isothermal, uniaxial simulations v~ere run to verify the accuracy 
of the representation under cyclic loading. Figures 4.1-3 through 4.1-5 show 
the predicted results at 760°C (1400°F) , 871°C (1600°F), and 982°C (1800°F) 
for cyclic strain controlled loading between +0.6 percent strain. Shown are 
the stable 5th cycle MARC results versus avairable cyclic test data for two 
reprfsentative strain rates (e :: 2.4X10-2 min- 1 and € = 2.4X10-3 
min- ). Note that while the predicted stress ampl itude fall s between the 
data, the model is not capable of predicting the strain rate dependence. 

A creep solution was included in an attempt to model time dependent material 
response. This was accomplished using the MARC subroutine CRPLAW and required 
that the incremental pl asticity sol uti on be peri odi cally stopped and "creep 
allowed to occur". 

12 
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SLOPE"ft,NtHEVEL FROM 
MONOTONIC STRESS - STRAIN TESTING 

CD--- TEST DATA 
@ TRILINEAR 

REPRESENTATION 

o ~--------------------------------------------------__ 

STRAIN 

Figure 4.1-1 Construction of Stress-Strain Input for Analyses 

The fonn of the creep equati on used to model the Hastell oy X time depe~dent 
response is: 

(2) 

where: 

€CR = creep strain 
a = stress (ksi) 
t = time (hours) 
A,n = temperature dependent constants. 

Simulation of the instantaneous time dependent nature of the high temperature 
material response required that the constants be determined from short time 
(less than 1 minute), high stress level (aapplied ~ 0.5 ayield) Hastelloy 
X creep data. 

The accuracy of thi s constant rate model was demonstrated by simul ati on of 
monotonic stress relaxation tests. Stress relaxation, not creep, is 
appropriate in judging the model since, with thermal loading, time dependent 
structura 1 re sponse is predomi nantly stress rel axation. Compari son of these 
results are shown in Figure 4.1-6. Good agreement is obtained with the model, 
particularly for the higher temperatures (871°C or higher (1600°F)). 
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STRAIN (lNIIN) 

Figure 4.1-2 Prediction of Hastelloy X Monotonic Stress-Strain Response at 
538 and 649°C (1000 and 1200°F) Using Classical Time Independent 
Plasticity and Creep Model 

A piecewise interpolation scheme was developed for the temperature dependence 
of the constants A and n. The values of the constants were determined by: 

A = 3.05XlO-12 (r600) 
17.87 

n = 3.39X10-3 (T) 704 °C-871 °c 
(1300°F -1600°F) (3) 

A = 9.48X10-3O 
(1600) 

103.64 
-2 ( 871 °C-927°C n = -1.63X10 T) + 31.49 

(1600°F -1700°F) (4 ) 

92rC-982°C A = 2.49X10-23 (_T ) 75.78 -2 + 25.39 n = -1.27X10 (T) 
(1700°F -1800°F) 1000 (5) 

where T = meta 1 temperature, °c (OF). 

14 



-0.2 

MPA 
(KSI) 

(-20) 
-138 

_ -- .,.-40) 

STRAIN (%) 

.... ______ ~-276 t---' ---
(-60) 
-414 

--e = 0.0024 MIN-1 }. TEST 

=0.024 MIN-1 D~TA ---- e 
--- I = 0.008 MIN -'j MARC ANALYSIS 
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Figure 4.1-4 Prediction of Cyclic Response at 871°C (1600°F) Using Classical 
Time Independent Plasticity and Creep Model 
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Figure 4.1-5 Prediction of Cyclic Response at 982°C (1800°F) Using Classical 
Time Independent Plasticity and Creep Model 

Within this formulation, the plasticity and creep are independent of e~ch 
other, creep does not influence subsequent plasticity nor does prlor 
plasticity influence the predicted creep response. This is demonstrated in 
Figure 4.1-7 where the reverse yield point is unaffected by the previous 1 
minute stress relaxation. Under continuous cycling isothermal conditions, the 
amount of cyclic hardening is determined only by the equivalent plastic 
strain, not the combined plastic and creep strains. A representative 
prediction is presented in Figure 4.1-8 for a 871°C (16QO°F) cycle with a 1 
minute compressive strain hold. Similar results are obtained at the other 
temperatures considered in the data base. 
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Prediction of Classical Time Independent Plasticity and Creep 
Model 
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4.2 UNIFIED TIME DEPENDENT MODEL 

Development of the viscoplastic model, implementation into the M\RC code, and 
appl i cati on to the combustor 1 i ner thermomechani ca 1 ana lysi sis fully 
documented in Reference 2. 

The model al so assumes decomposition of the mechanical strain response, 
however, all of the inelastic strain is contained in a single parameter which 
recognizes interaction and load history effects. 

€ = €elastic + €inelastic (6) 

This time dependent theory was developed by modifying the constitutive 
relation for a three parameter viscoelastic solid and is presented in 
equations 7-13 below. The differential form of the theory is written as: 

where: c' . lJ o· . lJ 
K 
e 

inelastic strain rate 
_ equilibrium stress 

drag stress 
= temperature 

o 
Material constants: A, }-L,n ,n,m, nil n2,n3 ,n4, ns,rls,n 7,K, , K 2 

20 

(7) 

(8) 

(9) 

(10) 

(11 ) 

(12) 

{13} 

depend on temperature 



Creep, relaxation and strain rate effects are modelled by a power law for the 
i nel asti c strai n rate. Two state vari abl es, g.. and K, are i ntraduced into 
the viscoelastic theory to account for the eHects of viscoplasticity. The 
equilibrium (rest or back) stress, 0 ", introduces nonlinear kinematic 
hardening into the model to account for t~~ Bauschinger effect, while the drag 
stress, K, introduces isotropic hardening into the model to account for cyclic 
hardening or softening of the material. 

The growth 1 aw for the equil ibri urn stress contains both dynamic recovery and 
static thermal recovery terms. At high strain rates, the thermal recovery term 
becomes i nsi gnifi cant in compari son wi th the dynamic recovery term and the 
equi"l ibrium stress becomes independent of strain rate. In the growth law for 
drag stress, static thermal recovery terms have been omitted. Thi s form has 
been found adequate in the modelling of Hastelloy X behavior, but future 
applications may require the inclusion of static thermal recovery in the drag 
stress evolution law. 

The theory is capable of modelling the cyclic hardening and softening of 
hysteresis loops without the use of a yield surface. r~aterial constants 
required to model cyclic hardening/softening are obtained from cyclic 
hysteresis tests so that cyclic hardening and softening can be modeled. Both 
the equilibrium stress, 0, and the drag stress, K, contribute to the cyclic 
hardening in the theoretical formulation. 

Application of the viscoplastic model to the prediction of 760°C (1400°F) and 
815°C (1500°F) monotonic stress-strain response is shown in Figure 4.2-1. As 
shown. the model is in good agreement with both the experimental data and the 
predictions from model 1. 

The predi cti on of isothermal cycl i c materi a 1 response is demonstrated in 
Figure 4.2-2. In this figure, the Hastelloy X rxperimental data at 1600~F for 
two different strain rates (e = 0.024 min- and € = 0.0324 min-) is 
presented. As shown, the vi scopl astic model accurately predicts the saturated 
stress amplitudes associated with the two strain rates and the transition from 
elastic to fully plastic loading. The predictions of the cyclic response at 
760°C (1400°F) and 649°C (1200°F) are shown in Figure 4.2-3 and 4.2-4. The 
vi scopl ast; c model agai n accurately predi cts the stress ampl i tude and the 
shape of the stress strain curves. At temperatures greater than 649°C 
(1200°F), Hastel10y X displays little cyclic strain hardening thus the 
increase in stress between the monotoni c and cycl ic response is small. At 
temperatures below 649°C (1200°F) significant cyclic strain hardening is 
observed. In the prediction shown in Figure 4.2-4, the model was developed 
from the cyclically stable stress-strain response. This results in a predicted 
response for the first loading cycle which is significantly different than the 
initial experimental data but closely agrees with the cyclically stable 
results as shown. 
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4.3 APPROX I MATE , SIr4PLIFIED PROCEDURE 

Development of the simplified procedure for predicting local stress and strain 
re sponse assumes that the s trai n and temperature hi stori es produced by a 
loading cycle is known from previous analysis. All incremental description of 
the histories (strain - 6E, temperature - 6T, and time - 6t) together with the 
procedure descri bed below, is used to predict the resulti ng stress hi story. 
Each increment in strain is assumed to be composed of either, time independent 
plastic or time dependent elastic and creep response: 

6E = 6E plastic 

or 6E = 6E elastic + 6E creep 

(14a) 

(14b) 

Since the solution strategy is based on the prediction of stress increments, 
equations (14) are rewritten: 

60 = 60 plastic (15a) 

60 = 60 elastic + creep (15b) 

During a loading cycle, the onset of plastic action is determined by the 
con venti ona 1 yi el d surface concept taken from the cl assical time independent 
pl asticity model. The yiel d surface is assumed to be temperature dependent and 
isotropic, with zero strain hardening (fixed size and equal in tension and 
compression). Using the definition of yield stress shown in Figure 4.1-1, the 
Hastelloy X yield surface developed for this analysis procedure is shown in 
Figure ~.3-1. Justification for this definit;onof the yield surface is based 
on two observations from the data base: 1) at higher temperatures, Hastelloy X 
displays little cyclic hardening and 2) the variable temperature experienced 
in a thermomechanical cycle (the primary application of the simplified 
procedure) reduces the amount of cyclic hardening developed at the lower 
temperatures. 

The stress increment associated with time ; ndependent pl asti c act; on is then 
cal c u 1 ate d as: 

Oi+1- 0; = 60 plastic = Oy;+1- 0 y; 

or 

E '+1+ E . _ _ Pl p, 
AO i +1 - °i - 6°plastic - 2 

for 0i = Oy; 
Ti + 1 ~ Ti 

for 0i = 0Y,1 
Ti + 1 <: T 

(lG) 

(17) 

where: 6°plastic = total stress increment 
yield stress 
temperature 

0y 
T 
Ep 
6E 
i 
i+1 
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As an example, point A in Figure 4.3-2 represents a stress state on the yield 
surface at time i. Applying a total increment of strain 6€ will result in the 
stress at time i+1 at point B, if the temperature is increasing during the 
increment (decreasing size of the yield surface), or at point C if the 
temperature is decreasing during the increment (increasing size of the yield 
surface). 

en en w 
a: 
Ien 

t, I t,+1 
---------------;-----:..-------- STRAIN 

Figure 4.3-2 Prediction of Time Independent Plastic Stress Increment 
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For all other loading conditions the strain (stress) is assumed to be time 
dependent elastic and creep response. 

~€total = ~€elastic + ~€creep (18) 

However, rather than consider a separate, uncoupled creep model as used in the 
time independent model, an integrated or viscoplastic approach is used. This 
approach was pursued based on observations from the data base that the cyclic 
material response is not purely elastic in either the loading or unloading 
portions of the response curves. Instead, the response represents a 
simultaneous elastic and creep action. Development of the model is as follows: 

€total = €elastic + €creep 

where: Etotal = total strain rate 

Eelastic = l/E a (Young's modulus "E" assumed to be 
temperature dependent but constant over 
and increment of loading 

( 19) 

(20) 

For the creep rate term, use is made of the short time monotonic creep model 
developed in Reference 1. The expression used in the simplified procedure is: 

Ecreep = Aa n (21) 

where: A, n are temperature dependent constants. 

.1. + A n 
€total = t a a (22) 

or 
a = E €total - EAa

n (23) 

An incremental solution of this nonlinear equation was developed using a 
Taylor series expansion. Equation 23 is then written: 

(24) 

where; 

a· = stress at beginning of increment, 
1 

ai+1 = stress at end of increment, 

~t = time increment, 
n-1 a = EE:T - EA lal a, 

I n-2 a = - n EA al acr 
-a- _ n(n_1)EA'aln-3a~2 - n EA a 

n-2 .. = aa. 
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Solution of this equation results in a total stress increment which is either 
greater than or 1 ess than the stress increment that woul d be produced by 
purely elastic loading. This is demonstrated at various points in a response 
cycle in Figure 4.3-3. At location A, the total strain increment and the 
initial stress are negative, the actual stress response is less than (relaxed) 
an elastic increment. The same condition holds at point B, where all 
incremental values are positive. Relaxation of the response produces a smaller 
stress amplitude than the elastic response. At locations C and D, the strain 
increment and the initial stress are of opposite signs. The resulting creep 
strain increment (due to relaxation) produces a stress increment that is 
larger than the elastic increment. This steeper slope immediately after strain 
reversal is characteristic of a time dependent cyclic response. 

In the viscoplastic model discussed in Section 4.2, the backstress, ij, is 
included in the power law expression for plastic strain rate (equation 7). In 
a physical sense, the backstress is an internal stress generated by plastic 
deformati on whi ch changes the reference poi nt for the measurement of gl oba 1 
stress. The same concept of backstress was applied in the development of the 
elastic and creep equation. The importance of this is demonstrated in Figure 
4.3-4 for the prediction of 871 °c (1600°F) Hastelloy X fully reversed (6£ = 
1.2 percent, € = 0.024 min-l) stress-strain response. Initially, the 
incremental equation 24 is applied in loading from points A to B. This 
represents monotonic loading and the stress is "measured" from the coordinate 
axes shown. For this calculation, the backstress is assumed to be zero and the 
maximum stress is -207 MPa (-30 ksi). When the direction of straining is 
reversed (points B to D), and the backstress is again assumed to be zero, 
equation 24 predicts a rapid stress relaxation to approximately zero stress 
(point C) followed by a response which is essentially identical to the 
predicted initial response (A-B). Examination of the figure shows that this 
prediction does not agree wi th the experimental data. Instead, if we assume 
that, upon reversal of the direction of straining, the prior deformation (A-B) 
produced a backstress of -10 Ksi, the predi cted results from poi nts B to E 
agree closely with the experimental response. This shifting of the reference 
for the stress measurement produced an initial relaxation response and a 
reverse yield response more consistent with the data. Equation 23 can now Ile 
written as: 

0* = Eetotal - EAa*n 

where: a* = a - n 

(25) 

(26) 

For the isothermal cycle, a constant value of n was used in the example 
above. During a thermomechanical cycle, the temperature changes throughout the 
cycle will result in a different value of n for each loading increment. 

A summary of all Hastelloy X constants developed for the simplified procedure 
is presented in Table 4.3-1. 
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TABLE 4.3-1 

TEMPERATURE DEPENDENT PARAMETERS FOR APPROXIMATE RESPONSE PROCEDURE 

Temperature Young's Modulus, Yield Stress, n 
°c, (OF) M?a (ksi) MPa (ksi ) A M?a (ksi) 
427 170 03 314 

(800) (24.6 03) (45.6) 

538 170 03 314 
(1000) ( 24.6 03) (45.6) 

649 161 03 303 
(1200) ( 23.3 03) (44.0) 

760 152 03 262 9.4 -09 28.6 
(1100) (22.05 03) (38.0) (4.15) 

815 146 03 207 1.65 -08 32 7 
(1500) (21.15 03) (30.0) (4.75) 

871 137 03 103 2.9 -08 36.2 
(1600) (19.8 03) (15.0) (5.25) 

927 130 03 76 1.9 -05 23.1 
(1700) (18.85 03) (11.0) (3.35) 

982 123 03 48 2.9 -04 21.7 
(lOO0) (17.9 03) (7.0) (3.15) 
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5.0 RESULTS OF CYCLIC THERMOMECHANICAL RESPONSE PREDICTIONS 

The three types of thermomechanical cycles considered in the comparison of the 
model s: a pseudo thermomechanical cycle in which the temperature was rapidly 
changed from one isothermal condition to another (condition d); a simple 
continuous thermomechanical cycle having the mechanical strain and temperature 
in phase (sinusoidal strain and temperature variation) resulting in a linear 
strain-temperature history (condition e); and lithe faithful cycle ll which was 
representative of actual structural component response to thermal loading 
(condition f). Details of the faithful cycle were described in Reference 1 for 
the analysis of a gas turbine engine combustor liner. 

5.1 PREDICTION OF TEMPERATURE STEP CHANGE CYCLE 

This cycle was selected to determine if a temperature rate effect in the 
materi a 1 coul d be observed. Thi s woul d be important in the predi cti on of 
thermomechanical response with a model developed from a seri es of isothermal 
conditions. Tests were run at cyclic rates of 2 cpm and 4 cpm with no 
appreci abl e difference observed in the response immedi ately after the 
temperature change or the subsequent steady-state response. Simulation of one 
of the tests using the time independent plasticity model is shown in Figure 
5.1-1. Since the test results did not appear to have a significant temperature 
rate effect, no additional work with this data was conducted. The assumption 
of an instantaneous change in material properties with temperature was assumed 
valid for the remaining simulations. 

5.2 PREDICTION OF LINEAR STRAIN TEMPERATURE CYCLES 

Three temperature histories were selected for the evaluation, 760°C to 982°C 
(1400°F to 1800°F), 649°C to 982°C (1200°F to 1800°F) and 427°C to 982°C 
(800°F to 1800°F). Each temperature cycle and a single mechanical strain cycle 
(-0.001 to -0.0045) were imposed on a tubul ar test specimen shown in Figure 
3.1-1 and the resul ting stress and strain response from start up through 
stabi 1 izati on recorded. A descripti on of the cycl e parameters and 1 oadi ng 
sequence for the three cycles is presented in Figure 5.2-1, each test started 
at a constant 982°C (1800°F) - point A, the specimen was than compressed to a 
mechanical strain of -0.0045 in/in, desingated point B in the figure. A 
sinusoidal variation in temperature from 982°C (1800°F) to the minimum value 
of either 760°C (1400°F), 549°C (1200°F) or 427°C (800°F) was then generated 
on the specimen together with a simultaneous sinusoidal variation in 
mechanical strain from -0.0045 in/in to -0.0010 in/in. The period for both the 
temperature and strain histories was 1 minute. Cross plotting of these 
quantities results in the linear paths shown, B-C, B-D or B-E. 
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Figure 5.1-1 Simulation of Step Temperature Tests 

- - - PREDICTION WITH 
TIME INDEPENDENT 
MODEL 

STRAIN 
(INIIN) 

Simulations of the 760 to 982°C (1400 to 1800°F) test using time independent 
plasticity and viscoplastic models described in Section 4.0 are shown in 
Figures 5.2-2 and 5.2-3. Due to the high average temperature, this cycle 
displays the greatest amount of time dependent inelastic response of the 
thermomechanical cycles analyzed. The analytical simulations with the two 
finite ele~ent analyses indicate that the rate dependent model more accurately 
captures the overall response shape. The prediction with the time independent 
plasticity model predicts a stiffer (more elastic) stress-strain response and 
a smaller amount of inelastic strain range. A greater amount of inelastic 
strain could have been predicted by intermittently stopping the loading cycle 
and including a creep period consistent with the elapsed time in the actual 
cycle. However, the uncoupled nature of the elastic, plastic and creep 
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components woul d not have altered the basi c shape of the predi cti on rel ative 
to the data. In addition, analyses described in Reference 1 showed that, under 
conti nued cycl i ng, the model displ ays a tendency for el asti c shakedown as 
opposed to the experiment which stabilized after several loading cycles. 
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Figure 5.2-1 Temperature and Strain Input Hi stories for Linear 
Thermomechanical Cycle 
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As shown in Figure 5.2-4, the prediction using the simplified method, also 
captures the relevant cyclic response characteristics. Implementation of the 
procedure for this cycle is described below. 
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Figure 5.2-4 Simulation of 760 to 982°C (1400 to 1800°F) Test with Simplified 
Response 
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1. Initial Loading A-B. Consistent with 
the analytical simulation from zero 
(-0.0045 in/in) follows the 982°C 
relationship. 

the test procedure described above, 
strain to the minimum strain point 

(1800°F) isothermal stress-strain 

2. Stress Relaxation B-C. This response is produced by a short « 5 seconds) 
hOld time in which the strain is held constant (at -0.0045 in/in) prior to 
the initiation of strain and temperature cycling. Equation 24 was used to 
predict this response by assuming an initial stress of -69 MPa (-10 Ksi) 
and a zero strain rate (i = 0). 

3. Unloading C-D. From point C, the strain and temperature are simultaneously 
changing. This represents movement "away" from a yield surface due to the 
reversal of the direction of loading and the decreasing temperature 
(increasing yield surface size). Equation 24 is used to predict the 
incremental elastic-creep stress history, however, the initial value of 
stress at point C is assumed to be zero. This shift in the stress origin 
is equivalent to assuming that the prior deformation at 982°C (1800°F) 
develops an internal back stress equal to the external stress. Thus by 
equation 26, the effective stress (a*), at the beginning of the 
incremental calculation, is zero. The back stress is assumed to remain 
constant throughout the unloading from points C to D. This is based on the 
notion that the internal stress generated by the deformation at the 
hottest temperature in the cycle, 982°C (1800C)F), tends to get "locked in" 
as the temperatures decrease during the unloading. 

The predicted response is considered as time dependent elastic-creep 
response up to the point where the stress intersects the yield stress 
boundary. Continued loading beyond this point is assumed to produce a time 
independent plastic response as described in Equation 17. 

In Figure 5.2-5, the intial stress at point C in the 982C)C (1800°F) to 
760°C (1400°F) cycle is -34.5 MPa (-5Ksi). The incremental prediction 
using the elastic-creep equation results in a final stress at point 0 of 
+262 MPa (+38.7Ksi) that lies on the yield stress vs. temperature 
boundary. Thus, plastic action is not predicted on this leg of the cycle. 
At the intermediate point CI

, the stress history does penetrate the yield 
stress boundary, this is consistent with the area in the stress-strain 
response (Figure 5.2-4) where the predicted stress is greater than the 
experi mental response. Reduction of the predicted stress in thi s area, 
consistent with the yield stress boundary, would improve the correlation. 
This implies that in a thermomechanical cycle plastic action can occur at 
an intermediate strain as a function of the rates of strain and 
temperature change. 

A summary of the incremental calculations for the predicted response 
between parts C and 0 is presented in Table 5.2-1. 
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TABLE 5.2-1 

PREDICTION OF STRESS I'RO~l C TO 0 :1: nGLh .2-4 

Ave. Tlme Stra1n 
(1) StraHl Temp. Temp. Increment Rate E A 

/I o{it:l d olr (2) Aolr (3) 0 

E .Dl .Dl (hr) 1 nli n/hr (kS1) (ksO i..£... (ks1) (ksO (ksO (ksi) 

-0.0045 1800 7.5 -5.0 - 0.0 - 5.0 (C) 

1770 2.08-03 +0.243 1B.2+03 1.25-04 3.2 +B.1 

-0.0040 1740 9.5 -5.0 + B.1 + 3.1 

1710 9.36-04 +0.534 1B.75+03 25-04 3.32 +7.4 

-0.0035 1580 11.5 -5.0 +15.5 +10.5 

1653 7.94-04 +0.630 19.3+03 1.02-06 4.15 +6.3 

-O.DOsO 1625 14.0 -5.0 +21.B +16.8 

1598 7.61-04 +0.657 19.8+03 2.B-08 5.3 +2.4 

-0.U025 1570 20.5 -5.0 +24.2 +19.2 

1540 7.9b-04 +0.630 20.6+03 2.05-0B 5.0 +5.2 

-0.OU20 1510 33.5 -5.0 +29.4 +24.4 

1483 9.36-04 +0.534 21.3+03 1.5-08 4.65 +6.B 

-0.0015 1455 36.5 -5.0 +36.2 +31.2 

1428 2.0B-03 +0.243 21.75+03 1.1-0B 4.3 +7.0 

-0.0010 1400 38.0 -5.0 +43.2 +38.2 (D) 

(1) Backstress assumed constant -34.5 MPa (-5 kS1) 

(2) ~ = a-{l 

(3) Four sublncrements used for each 1ncrerwnt shown 



TABLE 5.2-1 (SI Units) 

PREDICTION OF STRESS FROH C TO D HI FIGURE 5.2-4 

Ave. Tlme Straln 
(1) at (2) Acid 3) Straln Temp. Temp. Increment Rate E A 

n 0r~eld a 
£ .rrL 1:fL (hr) 1 n/f n/hr (NPa) (~'Pa) _( _a_ (t4Pa) o-IPa) HIPa) (MPa) 

-0.O04!l 982 58 -34 - 0.0 - 34 (C) 

965 2.08-03 +0.243 125+03 1.25-04 22 +56 

-0.0040 948 66 -34 +56 + 21 

932 9.36-04 +0.534 129+03 25-04 23 +51 

-0.0035 915 79 -34 +107 + 72 

900 7.94-04 +0.630 133+03 1.02-06 29 +43 

-0.0030 885 97 -34 +150 +116 

070 7.61-04 +0.657 136+03 2.8-08 37 +17 

-0.0025 854 141 -34 +167 +132 

837 7.95-04 +0.630 142+03 2.05-08 34 +36 

-0.0020 821 231 -34 +208 +168 

806 9.36-04 +0.534 147+0J 1.5-08 32 +47 

-0.0015 790 252 -34 +250 +215 

775 2.08-03 +0.243 150+03 1.1-08 30 +48 

-0.0010 760 262 -34 +290 263 (0) 

(ll Oac-kstress assumed constant -34 NPa 

(2) r:I' = 0- n 

(J) Four sublflcrements u:.ed for each 1l1Crement shown 



4. Reloading D-F. From point D, the direction of straining is reversed and 
the temperature is increasing from 760°C (1400°F) to 982°C (1800°F). This 
represents movement toward a yield surface with the increase in strain and 
the decreasing size of the temperature dependent yield surface. Prediction 
of the elastic-creep response again uses equation 24 and is tabulated in 
Table S.2-II. Here, the internal stress (backstress) varies to reduce the 
effective stress at the cooler temperatures (early in the unloading) and 
increase the effective stress at the hotter temperatures to produce a more 
nonlinear response. The function used to estimate the value of the 
backstress in these calculations is: 

{2 = O'max - O'yield for O'max S2xO'yield 

{2 = O'yield for O'max> 2xO'yield 

(27) 

(28) 

where: O'max = maximum stress at start of unloading 

This is equivalent to considering a series of temperature dependent 
circular yield surfaces "pinned" at the maximum tensile stress in the 
cycle and the backstress as the centers of the yield circles. The limiting 
condition occurs when the diameter of the yield circle equals the maximum 
stress, then a smaller (hotter) yield circle would predict reverse 
plasticity at the same sign of stress as the maximum stress (in this case 
positive). This is generally considered not possible, so the backstress is 
limited to the value of the yield stress for these temperatures. 
Prediction of the stress-temperature history is shown in Figure 5.2-4. At 
poi nt E, the stress 1 i es on the yi el d boundary, conti nued 1 oadi ng from 
point E to F with the corresponding increase in temperature from 932°C 
(1710°F) to 982°C (l800°F) follows the yield boundary as described in 
secti on 4.3. Usi ng thi s approach, the predicted stress-strai n response 
shown in Figure 5.2-4 is in good agreement with the stabilized 
experimental data. 

A summary of the key equations of the simplified procedure is included in 
Appendix B. 

A program written for the incremental solution of equation 24 using a 
Hewlett Packard HP67 programmable calculator is presented in Appendix C. 

Simulations of the 649 to 982°C (l200 to 1800°F) test by the three models are 
shown in Figures 5.2-6 and 5.2-7. The time ind~pendent model again predicts a 
stiffer response with less inelastic strain range than the experimental data. 
The simulation with the simplified procedure shows good correllation with the 
data. For this cycle, reverse yielding is predicted during the unloading 
portion of the cycle at a stress of 276 MPa (40 ksi) at 721°C (1330°F), Figure 
5.2-8. Prediction with the time dependent model (Figure 5.2-7) shows good 
agreement with the experimental data, especially at the high temperature end 
of the cycle. ~t the lower temperature end, the prediction is more elastic and 
does not display the distinct reverse yield point. Further development of this 
model is in progress and should impr0ve future predictions. 
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TABLE 5.2-11 

PREDICTION OF STRESS FROM 0 TO E IN FIGURE 5.2-4 

EffectlVe External 
Ave. Tlme Strain 

S!!"?H 
Stress 

StraHl Temp. Temp. Increment Rat!! E A n 
(~!fld 

(1) Aak(3) a 
£ rr.L r!L (hr) i nil n/hr (kSl) (~) (kSl) (kSl) (kSl) (kSl) 

-0.0010 1400 +38.0 + 0.2 +38.0 +38.2 (D) 

1428 2.08-03 -0.243 21.75+03 1.1-08 4.3 -12.4 

-0.0015 1455 +36.5 + 1.7 +24.10 +25.8 

1483 9.36-04 -0.534 21.3+03 1.5-08 4.65 -10.9 . 

-0.0020 1510 33.5 + 4.7 +10.2 +14.9 

1540 7.95-04 -0.630 20.61+03 2.05-08 5.0 -10.3 

-0.0025 1570 20.5 +17.7 -13.1 + 4.6 

1598 7.61-04 -0.657 19.8+03 2.8-00 5.3 - 8.7 

-0.0030 162:1 14.0 +14.0 -18.1 - 4.1 

1653 7.94-04 -0.630 19.3+03 1.02-06 4.15 -5.6 

-0.0035 1680 11.5 +11.5 -21.2 - 9.7 

1710 9.36-04 -()J.534 18.75+03 2.5-04 3.32 -0.9 

-0.0040 1740 9.5 + 9.5 -19.2 _10.6(4) 

1770 2.08-03 -0.243 13.2+03 1.25-04 3.2 

-0 .0045 1800 7.5 + 7.5 (E) 

(1) n = "max- "YlelJ for 2"Y1Cld ?; 0max (omax= +38.2 kSl) 

n = "Ylcld for 20yleld < om ax 

(2) ak = 0- n 

(3) Four SUbl n.:rements used for each 1 ncrement shown 

~ (4) Tlme ll1dcpendent plasticlty prcdlcted beyond thlS pOlnt VI 
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TABLE 5.2-11 (SI Unlts) 

PREOICTIOIl OF STRESS FRON 0 TO E IN FIGURE 5.2-4 

EffectlVe Externd 1 
Ave. Tlme Straln Stress Stress 

Straw Temp. Temp. Increment Rate E A n o~lt!ld 
(1) 0* (2) 60*(3) 0 

£ DL DL hr lII/ln/hr (NPd) (~Pa) (Pa) (NPa) (liP a) (tPa) HiPa) --
-0.0010 760 +262 + 1.4 +262 +263 (0) 

775 2.00-03 -0.243 150+03 1.1-08 30 -85 

-0.lJ015 /':)0 +252 + 12 +166 +178 

!:lOu 9.311-04 -0.534 147+03 1.5-08 32 -75 

-0.0020 821 231 + 32 +70 +103 

" 837 7 .95-04 -0.630 142+03 2.05-08 34 -71 

-0.OO~5 b54 141 +122 -90 + 32 

870 7.61-04 -0.657 137+03 2.8-08 37 - 60 

-0.0030 8b5 97 +97 -125 - 28 

900 7.94-04 -0.630 133+03 1.02-06 29 -39 

-0.0035 91~ 79 +79 -146 - 67 

932 9.31>-04 -0.534 129+03 2.5-04 23 -6 

-0.0040 94d 66 +65 -132 _ 73(4) 

~65 2.08-03 -0.243 126+03 1.25-04 22 

-0.0045 9\)2 52 + 52 (E) 

(1 ) o = ~max-gylt!ld for 2oy1e l u ~ 0mdx (om<.lx= +263 IIPa) 

o = "jlt!lu fur lOYlelu < 0max 

(2 ) 0* = ,,-0 

(3) FOur s ... U11I(.rt!I,]t;!n\.s u!>ca fur CdCII 1 ncrenu.nt shown 

(4) THIt! llldept::ndelit plastlclty predlcteu ueyollo tillS pUlnt 
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Predicted results for the 427 to 982°C raoo to 1800°F} test are shown in 
Figures 5.2-9 and 5.2-10. With the overall lower temperatures, the time 
independent model (Figure 5.2-9) more closely agrees with this cycle than the 
previous two. Prediction with the simplified procedure closely agrees with the 
experimental data. Again reverse yielding is predicted on the unloading by the 
method described above (See Figure 5.2-11). Calculation of the response with 
the time dependent model (Figure 5.2-10) reproduces the cycle's major 
characteri stics. 
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5.3 PREDICTION OF FAITHFUL CYCLE THERMOMECHANICAL RESPONSE 

Final evaluation of three models considered the combustor liner faithful cycle 
defined in Reference 1. The predicted strain-temperature response at the end 
of the louver lip differs from the previously defined conditions in that the 
strain and temperature are not continually in phase and the heatup and 
cool-down portion of the cycle are not identical. The strain-time and 
temperature-time conditions for this cycle are presented in Figures 5.3-1 and 
5.3-2. Application of these loading functions on the thermomechanical specimen 
shown in Figure 3.1-1 produced a stress-strain response considered to be 
representative of the local louver lip response. Figure 5.3-3 shows a 
compari son between input and measured hi story obtained duri ng the specimen 
test. 
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Figure 5.3-1 Strain History for Faithful Cycle Specimen Test 
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Prediction of the faithful cycle with the time independent plasticity and 
creep mode' is shown in F'igure 5.3-4. To account for the time dependent 
material response, a creep solution was included. In determining at what point 
in the loading cycle creep should be included, the variation in strain rate 
throughout the cycle was considered. Figure 5.3-5 shows the predicted 
variation in strain rate at the end of the louver lip for the thermal loading 
cycle. The strain rate was evaluated based on the predicted mechanical strain 
increments and the time associated with the temperature change for that 
increment. The results show a rapid (faster than 0.01 min-1) initial strain 
rate, a peak value occurring at 6 seconds and a dramatic drop in strain rate 
after 10 seconds. Since the predicted response during most of the first 10 
seconds of the cycle is elastic and less rate sensitive, only the remaining 50 
seconds of the heatup was considered for the creep simUlation. The 50 seconds 
of creep time was arbitrarily divided into three segments and applied as 
foll ows: 

5 seconds (10 to 15 seconds) applied at the 12.5 second point 

15 seconds (15 to 30 seconds) applied at the 20 second point 

30 seconds (30 to 60 seconds) applied at the 45 second point 

A creep solution was not included on the unloading portion of the cycle 
(increasing strain and decreasing temperature). The resulting elastic slope is 
steeper than the experiment and the stress 1 evel s are 1 arger. Prediction of 
the reverse yield point with the combined hardening model occurs at a stress 
level of 287 MPa (+41 ksi) versus the experiment at 248 MPa (+36 ksi). On 
reloading, (decreasing strain and increasing temperature), the prediction is 
not as steep as the experiment. These di fferences between the predi cti on and 
the experimental results are consistent with the idea of an integrated elastic 
and creep response i ncl uded in the development of the simpl ified procedure. 
Yielding on reloading (heating) is predicted by the combined hardening model 
at a stress of -165.5 MPa (-24 ksi) versus -131 MPa (-19 ksi) from the test. 
While these results for the second analysis cycle agree reasonably well with 
the experimental data, the prediction after 10 analytical cycles, shown in 
Figure 5.3-6, is beginning to have significant variation with the data. This 
is produced by the increase in reverse yield point, from 283 MPa to 317 MPa, 
(+41 ksi to +46 ksi) predicted by the cycl ic hardening model and the lower 
temperature stress-strain curves. The resulting increase in peak tensile 
stress and reduction in inelastic strain range is not consistent with the 
experimental data which stabilized after the first few loading cycles. The 
uncoupling of the creep and plasticity and the cyclic shakedown at the lower 
temperature response are considered to be the major deficiencies of this model 
in predicting thermomechanical stress-strain response. 
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Figure 5.3-4 Prediction of Faithful Cycle Response by Time Independent 
Plasticity and Creep Model (2nd Cycle) 
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--- TEST DATA 
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Figure 5.3-6 Prediction of Faithful Cycle Response by Time Independent 
Plasticity and Creep Hodel (lOth Cycle) 
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Prediction of the faithful cycle thermomechanica1 response with the rate 
dependent model is shown in Figure 5.3-7. Overall, the model predicts a more 
accurate response than the prediction generated by the rate independent model. 
Both the loading and unloading slopes closely agree with the data and the 
loading yield point is overpredicted by approximately 10 percent in stress, 
-145 MPa versus -131 MPa, (-21 ksi versus -19 ksi). The model predicts the 
non1 i near re sponse on un1 oadi ng, but at a lower temperature than observed in 
the experiment. This results in the greatest discrepancy between the 
prediction and the data. The predicted stress levels are lower and the reverse 
yield point is not as well defined. In this area, the temperatures are 
decreasing and the material is becoming less rate sensitive. Further 
development of the model to improve the rate independent response prediction 
is in progress. This should improve the overall thermomechanica1 cyclic 
response prediction. 

The prediction using the simplified procedure is presented in Figure 5.3-8. 
The results are of comparable accuracy to the results predicted by the other 
two models. Reverse lie1ding on the cool-down is predicted at 276 MPa (+40 
ksi) at 721°C (1330 F) as shown in Figure 5.3-9 (Point B). The area of 
greatest discrepancy, on the cool-down, is also implied in Figure 5.3-8 where 
the stress history comes close to, but does not penetrate, the yield surface 
boundary. The stress at which yielding occurs on the heatup is also closely 
predicted by the method, -152 Mpa versus -131 MPa (-22 ksi versus -19 ksi) 
(Point 0). Consistent with the other simulations using the simplified 
procedure, only the first complete loading cycle is considered in the 
prediction of the stable response. 
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--- TEST DATA 
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Figure 5.3-7 Prediction of Faithful Cycle Response by Time Dependent Model 

60 



--- TEST DATA 
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Figure 5.3-8 Prediction of Faithful Cycle Response by Simplified Procedure 
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6.0 SUMMARY OF RESULTS 

A simplified analytical procedure for estimating the local stress-strain 
response in a high temperature structural component has been developed. 

The simplified procedure relies on the assumption that local inelastic 
response in a high temperature structure is constrained by the surrounding 
elastic material. The mechanical strain-temperature history can then be 
approximated wi th a 1 inear e1 asti c ana1ysi s. The procedure further assumes 
that the local response is composed of elastic, time independent plastic, and 
creep components. A conventional yield surface concept is used to determine 
the onset of plastic action. At all other times within a loading cycle, the 
response is assumed to be a combi nation of creep and e1 asti c action. A 
nonlinear differential equation is used to predict an incremental history 
recognizing the elastic and creep response. Short time (primary) creep data is 
used in the creep model development. 

Simulations of a series of Hastelloy X thermomechanica1 uniaxial specimen 
tests have shown that the simp1 i fi ed procedure accurately predicts the major 
characteristics of the cyclic stress-strain response. Simulations of the same 
thermomechanica1 cycles with nonlinear finite element analysis using time 
independent plasticity and creep, and unified time dependent material behavior 
models have also been conducted. The time dependent material model produced 
the better overall prediction of the cyclic response. Prediction results with 
the simp1 ified procedure are of comparable accuracy to the two finite element 
sol uti ons. 

Further development of the simplified procedure should consider application to 
a higher strength, less time dependent, high temperature material. The current 
calculation procedure has been demonstrated for the prediction of cyclic 
response after the first complete loading cycle. Development of a relaxation 
model to predi ct the shift in the mean stress associ ated with continued 
cycling of the high strength materials is desirable. 

A Hastelloy X unified data base has been developed and is presented in 
Appendix A. The data base includes stress-strain response for both isothermal 
and thermomechanica1 loading cycles of varying degrees of loading complexity. 
The data has been used in the evaluation of the three models discussed in this 
report. It may also be useful in the development and simulations of alternate 
model s. 
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APPENDIX A 

EXP&RIMENTAL DATA GENERATED FOR DATA BASE 
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Figure A-6 
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APPENDIX B 

SUMMARY OF KEY EQUATIONS FOR SIMPLIFIED PROCEDURE 

~£ = ~£plastic + ~£elastic + creep 

~aplastic = aYi+1 - aYi for ai = aYi and Ti+1 ~Ti 

Epi+1 + Epi 
~aplastic = 2 ~£ for ai = aYi and Ti+1 < Ti 

~aelastic + creep = E~£total - EAan~t 

a = Eitotal - EA/aln-1a 

a =-nEA lal n-2aa 

°aO= -n(n-1) EAlal n-3aa2 - nEAlaJn-2aa 

For cyclic loading 

~a*elastic+creep = E~etotal - EAa*n~t 

a* = a - n 

n = am ax - ayield for amax ~ 2ayield 

n = ayield for amax > 2ayield 

(1)numbers refer to equations in texto 
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APPENDIX C 

HEWLETT PACKARD HP67 PROGRAM FOR INCREMENTAL 
SOLUTION OF EQUATION 24 

Input: E (KSI) - SI01 a;(KSI) - ST04 
€TOTAL (hr- ) - ST02 n - ST05 
A - ST03 ~t (hr) - STOS 

.: 

STEP 

;-
1 fLBL A 26 RCL 4 51 hyx 76 3 
2 RCL 1 27 X 52 RCL 4 77 hyX 

3 ~CL 3 28 RCL 3 53 X 78 X 
4 X 29 X 54 RCL 8 79 6 
5 RCL 5 30 RCL 1 55 X 80 -.-

6 X 31 X 56 RCL 0 81 RCL 8 
7 STO 0 (nEA) 32 CHS 57 X 82 RCL 6 
8 RCL 5 33 RCL 2 58 CHS 83 gi 
9 1 34 RCL 1 59 RCL 7 84 X 
10 - 35 X 60 gi 85 2 
11 STO A (n-1) 36 + 51 RCL 4 96 + 
12 RCL 5 37 STO 7 (cr) 62 X 87 + 
13 2 38 RCL D 63 RCL D 88 RCL 7 
14 - 39 RCL B 64 RCL C 89 RCL 6 
15 STO B (n-2) 40 hyx 65 hyx 90 X 
15 RCL 5 41 RCL 4 66 X 91 + 
17 3 42 X 67 RCL 0 92 RCL 4 
18 - 43 RCL 7 68 X 93 + 
19 STO C (n-3) 44 X 69 RCL A 94 STO 4 
20 RCL 4 45 RCL 0 70 X 95 hrtn 
21 hABS 46 X 71 CHS 
22 STO D (la1) 47 CHS 72 + a;+l output 
23 RCL D 48 STO 8 (en 73 STO 9 ("cr") 

24 RCL A 49 RCL D 74 RCL 9 
25 hyx 50 RCL B 75 RCL 6 
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