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ABSTRACT

Viscoplasticity models allow for the prediction of the inelastic behavior of materials, taking
into account the rate-dependence. In order to model the response under non-isothermal conditions
experienced by many components, such as those in turbomachinery, however, it is necessary to
incorporate temperature-dependence. Additionally, for materials subjected to thermal shock,
temperature rate-dependence is also important. The purpose of this research is to develop a method
of determining Chaboche viscoplasticity parameters that allows for consistent behavior with
changing temperature. A quartet of candidate materials, 304 stainless steel, IN617, DS GTD-111,
and Ti6242S, were chosen for their applications in turbomachinery, such as gas turbines, nuclear,
and aerospace applications. The focus of this research is geared towards establishing the
temperature-dependence of the constants used in the model in order to obtain more accurate
modeling of non-isothermal fatigue loadings than those achieved through linear interpolation of
constants at several temperatures. The goal is to be able to more accurately predict the deformation
behavior of components subjected to cyclic temperature and mechanical loadings which will
ultimately allow for more accurate life prediction. The effects of orientation in directionally
solidified (DS) materials is also examined in order to gain insight as to the expected behavior of

parameters with changing orientation.
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CHAPTER 1: INTRODUCTION

Many high value components of engineering systems, such as those used in reactors and
turbines, are subjected to cyclic mechanical loading. There are generally two types of components:
stationary and rotary. In either case, variable mechanical loading is accompanied via thermal
gradients, cyclic pressure, centrifugal loading, and/or varying temperatures [1, 2]. In order to
withstand the harsh conditions of these environments, numerous high strength materials are used
including steels, Ni-based superalloys, and titanium alloys [3]. Obtaining accurate life predictions
for these components is important for reducing maintenance costs of these parts without increasing
the risk of failure. Constitutive models are often employed to acquire the parameters essential for
modeling such as stress range, Aa, mean stress, o,,, inelastic strain range, Ae;,, and hysteresis
energy, AW. An example of a typical hysteresis loop where a viscoplasticity model may be
explored is shown in Figure 1. Improvements in the abilities of constitutive models to simulate
material behavior under the non-isothermal loading experienced by many components will confer

more accurate life predictions.

Stress (MPa)

Strain (mm/mm)

Figure 1: Example of a typical hysteresis loop used in exploring viscoplasticity models
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In order to examine the temperature-dependence of the cyclic behavior exhibited by
materials, data for cyclic mechanical loading with both isothermal and cyclic thermal loading will
be examined. Candidate materials 304 stainless steel, IN617, DS GTD-111 and Ti6242S were
chosen due to their diversity in creep and fatigue strength as well as their usage in key high value
components. For example 304SS is a common alloy used for springs and steam turbine blades.
The material IN617, a wrought Ni-based alloy, is useful as a combustor basket material. First and
second stage blades are often derived from directionally solidified Ni-based superalloys, like DS
GTD-11. Finally, Ti6242S is a structural alloy used in aircraft engines where the high specific
strength of titanium alloys are desirable. Developing constitutive models across an ensemble of
solids having membership in distinct strength/alloy classes represents a viable approach to
ensuring that said constitutive model can be used ubiquitously throughout a device. Available data

are used to explore temperature-dependence of a candidate thermoviscoplasticity model.



CHAPTER 2: BACKGROUND

When modeling the time-dependent cyclic deformation behavior of materials, with
emphasis on cyclic loading, there are several viscoplasticity models such as those proposed by
Miller [4], Robinson [5], Chaboche [6], Bodner [7], Krempl [8], and Walker [9]. These models all
predict deformation for isothermal conditions, and require different modeling parameters for each
temperature [10]. In many instances, the model parameters are optimized to regress completely-
reversed cyclic data at high temperatures. While these models do not inherently incorporate a
temperature-dependent term, it is possible to apply a temperature-dependence by making the

parameters used in each model a function of temperature.

2.1 Chaboche Viscoplasticity

The Chaboche model features a von Mises yield criterion given by [11]
GV=|0—}(|—R 1)

where g, is the von Mises stress in MPa or ksi, o is the current stress value, y is the kinematic
hardening, and R is the isotropic hardening. If the von Mises stress exceeds the yield stress, then
the material yields. This is suitable for isotropic materials due to its equal yield criterion in both

compression and tension prior to kinematic hardening. Hooke’s law is given by [11]
o= Egel (2)

where E is the is the Young’s Modulus which is a property of the material with units of MPa and

€. 1S the elastic strain, is used to calculate the stress based off the elastic strain or vice versa. The



total strain can be broken into both the elastic component used in Hooke’s law, which contributes

to stress, and inelastic strain via [12]
E=¢g,+¢, (3)

In order to calculate the inelastic strain it is necessary to utilize a flow rule. The form used with
the Chaboche model utilizes the von Mises yield criterion and is given in uniaxial form by the
following [6]
o—y—-R-kY
R ESSS 2
where Z is the drag stress, which is a material property with units of MPags% , N is an exponential
term which is a unitless material property, &;, is the inelastic strain rate and (f) are the Macaulay

Brackets of f. If f < 0 then the material behaves elastically and follows Hooke’s Law and if f >

0 then the material behaves plastically.

2.2 Internal State Variables

Internal state variables capture the history, rate, evolution of properties, and other
behavior necessary to track the response of a material. Both the kinematic hardening, y, and the
isotropic hardening, R, act as internal state variables in the Chaboche model. This means that
knowing the loading history of a material is essential to properly modeling it as numerous values

for both variables can exist at a given state depending on how the component was loaded.

The kinematic hardening, which acts as a back stress, acts to move the yield surface which
allows for directional hardening [10]. This means that with kinematic hardening the material will

4



exhibit asymmetric yield strength with a higher yield in either tension or compression depending
on the value of the kinematic hardening. The kinematic hardening develops during the plastic
deformation of the material. Many different forms of kinematic hardening exist, including linear
but one of the more common types is the Armstrong-Frederick non-linear kinematic hardening

rule given in uniaxial form [11], i.e.,
2=C(a%-x8® )

where y; is the kinematic hardening rate, &;,, is the inelastic strain rate, y; is the kinematic
hardening, p is the accumulative inelastic strain rate, C; is a unitless material constant, and a; is a

material constant with units of MPa. The accumulative plastic strain rate is given by [12]
b= &%) (6)

and the kinematic hardening is given by [12]

r=3x )

where j is the number of kinematic hardening terms. Any number of kinematic hardening terms
can be used to increase the model performance, as each kinematic hardening term provides two
additional constants in the model that can be varied. Adding these additional constants, however,
is often unnecessary to fit the data and adds increased complexity. Two or three kinematic
hardening terms are typically used [11, 12, 13, 14]. A visual representation of how linear and non-
linear kinematic hardening laws, such as the Armstrong-Fredrick type, affect the yield surface is

shown in Figure 2, with the lines depicting the movement of the yield surface.



Linear Kinematic Nonlinear Kinematic
Hardening Hardening

F 3 {';.-3 -

-----

Figure 2: Comparison of the effects of linear and nonlinear kinematic hardening on the yield surface

Isotropic hardening allows for the expansion or contraction of the yield surface, depending
on if the material exhibits cyclic hardening or softening behavior respectively, with increased
cycles as seen in Figure 3[10]. When isotropic hardening is employed, the stress range will change
incrementally with each cycle. Hardening is characterized by the increase of flow stress with cyclic
plasticity, and softening is characterized by a decrease. As is the case with kinematic hardening,
numerous forms of isotropic hardening rules exist. One commonly used form is a nonlinear

isotropic hardening given by [11]

R =b(Q - R)p (8)

where R is the isotropic hardening rate and Q and b are material constants [11]. A visual
representation of the effects of both linear and nonlinear isotropic hardening on the yield surface

is shown in Figure 3.



Linear Isotropic Nonlinear Isotropic

Hardening Hardening

Figure 3: Comparison of the effects of linear and nonlinear isotropic hardening on the yield surface

The Chaboche model, as presented, can contain anywhere from 8 to 14 constants depending
on the kinematic hardening formulation. Plasticity methods have not progressed to the level needed
to achieve the constants analytically. As a consequence, heuristic methods are used to initialize the
constants (discussed in section 2.3) and numerical methods are employed to optimize them (see

section 2.4). In both cases, deformation data are needed.

2.3 Initial Parameter Estimation Approach

Incorporating all of these rules leads a large number of constants, ten when using two
kinematic hardening terms, to be determined. Traditionally, these constants are found for a
material using cyclic isothermal tests. Methods for determining these constants have been outlined
in papers such as those by Gong [12], Tong [13], Brommesson [14], and Schwertel [15]. These
methods involve finding initial values for the isotropic hardening and kinematic hardening
constants, as well as the drag stress and exponential terms and then refining them by means of a
numerical optimization code to refine them. The initial elastic modulus is typically determined

analytically via a tensile test or the first quarter cycle of a cyclic test by fitting a linear regression



to the linear portion of the stress-strain curve. The initial yield stress is found by identifying the
point where the stress-strain curve deviates from linear behavior, known as the proportional limit

[12,13].

The isotropic hardening constants are determined from the change in stress amplitude and
the accumulated plastic strain between cycles in a fully reversed strain-controlled isothermal

fatigue test. Integrating Eq. 8 with respect to time gives

R=Q(-e™) 9)

which shows that R will approach a maximum value, Q [12,13]. The accumulated plastic strain, p,
can be determined by adding the plastic strain range of each cycle. If it is assumed that the
kinematic hardening does not contribute to the change in stress range between cycles, then it can
be assumed that it is all from isotropic hardening. Using this a plot like that in Figure 4 [12] can
be used to determine Q by looking for the value the plot approaches in later cycles. The other
isotropic hardening parameter, b, can be found by choosing a point in the transient region and

solving Eq. 9 for b.

P

Figure 4: Plot of isotropic hardening vs. accumulated plastic strain [12]
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The initial kinematic hardening constants are found from an isothermal tensile test or the
first quarter cycle of an isothermal cyclic test. Integrating the equation for the kinematic hardening

rate with respect to time gives the equation
7. =a (1— e % ) (10)
which when plugged into the flow rule for the first quarter cycle gives
o=a(l-e“)+a,d-e“")+R+k+o, (11)

If it is assumed that the first kinematic hardening term will contribute to most of the kinematic
hardening in the early part of the quarter cycle, and the second kinematic hardening term will
contribute to most of the kinematic hardening in the later part of the quarter cycle then it is possible
to rearrange the equation, differentiate the equation with respect to ,, and take the natural

logarithm to obtain the following:

Jdo OR
In(——-—)=-C.¢. +In(aC, 12
(68 88 ) |gp ( i |) ( )

p

which allows for C, and C, from the slope of a linear regression fit to a plot of the left hand side
of Eq. 12 versus ¢, for the early portion and late portion of the first quarter cycle respectively.
The other two kinematic hardening parameters, a, and a,, can be found from the ordinate-

intercepts of these regressions [12,13]. An example of this type of plot is shown in Figure 5 [12].



In(a,C,)

0o OR
n| ———
6‘5}7 Ggp

Figure 5: Plot used to determine kinematic hardening parameters [12]

Based on these methods certain parameters are best determined by different tests. An
outline of which tests are best for determining each constant can be seen in Table 1. In the cases
where monotonic tests are used the first cycle of a cyclic test can be used in its place. Monotonic
tests can be used to determine the elastic modulus, proportional limit, and kinematic hardening

terms. It is necessary to have cyclic tests in order to determine the isotropic hardening.

Table 1: Outline of which tests can be used to determine material properties

Material Properties Test Used to Determine
E (MPa), Elastic Modulus Monotonic
k (MPa), Proportional Limit Monotonic
a, (MPa), Kinematic Hardening Term Monotonic
a, (MPa), Kinematic Hardening Term Monotonic
C;, Kinematic Hardening Term Monotonic
C,, Kinematic Hardening Term Monotonic
Q (MPa), Isotropic Hardening Term Cyclic
b, Isotropic Hardening Term Cyclic
Z (MPa* S%) , Drag Stress Monotonic
n, exponential term Monotonic

10



2.4 Parameter Optimization

After the initial constants are found, they are typically given to an optimization routine
[12,13]. This routine usually optimizes all of the constants and is done in a software such as
MATLAB. A flowchart that shows how these optimization routines typically work can be seen in

Figure 6 [12].

L
/]nitial parameters x.;./

| Input: 0™ data &, Emp. Emer. LB JUB, A, Ag |

| Call Data-Identification: (& .g"% ). (=1, M) |

| Call ODE45: (g olxg )7, ( =1.M ) |

rn

Fix, )=13¥(a(x, )" —a™ )’

/ Optimized parameters x* /

End

Figure 6: Flowchart of a typical optimization code for material properties [12]
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In order to accurately model non-isothermal loadings, it is necessary to have a method for
finding constants at intermediate temperatures where no data is available. Linear interpolation for
all temperature-dependent constants is the most common way of finding these constants. This
method of modeling non-isothermal loadings has demonstrated the ability to achieve a reasonable
fit [16]; however, it is unlikely that all of the temperature-dependent parameters exhibit this
behavior. Another investigation into adding temperature-dependence to the Chaboche model

employed using an Arrhenius-type temperature effect [17], i.e.,
_k2
K(M) =k eXp(T) (13)

where K(T) is a multiplier of the flow rule given in Eq. 4, T is the temperature, and ki and k. are
material constants. This was shown to work well over a narrow range of temperatures [17]. Neu
examines the temperature-dependence of parameters for a different unified constitutive model
using a titanium alloy [18] and Karl examines life prediction techniques for 304 stainless steel
using damage based and phenomenological models [19]. There have also been investigation to
adding temperature-dependence to other models. It is also worth noting that many materials show
a temperature-rate dependence and methods for modeling this dependence often require smooth
and continuous functions for these parameters. Exploration into the temperature-dependence of
Chaboche constants is not seen in literature. Furthermore, viscoplasticity modeling of the
candidate materials across a wide range of temperatures and comparisons of Chaboche constants

across materials have not yet been explored.
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The purpose of this research is to determine which mathematical models can be used to
better describe these parameters for the candidate materials in order to achieve more accurate
thermomechanical fatigue simulations and allow for the addition of temperature-rate dependence
into the model. In order to find these mathematical models, isothermal constants will be acquired
at a variety of temperatures and math models will be regressed to describe their behavior with

respect to temperature.

13



CHAPTER 3: MATERIALS

The materials examined in this study, namely 304SS, IN617, DS GTD-111, and Ti6242S,
have a variety of base materials, strength classes, and applications. The applications of each

material along with their chemical composition are outlined in this chapter.

3.1 Stainless Steel 304

Type 304 stainless steel is a widely used alloy with many varied applications. Due to the
presence of chromium it offers better oxidation resistance than other steels allowing making it
ideal for a wide range of applications. Stainless steel 304 can be seen in many applications from
the manufacture of medical devices [20] to repair seals in pipe clamps [21]. Some of its uses subject
it to thermomechanical fatigue (TMF) such as in certain turbomachinery components. The
chemical composition of 304 stainless steel is shown in Table 2 [22]. The material is nominally

69% iron. It is assumed to be isotropic and has a melting point of 1400°C.

Table 2: Composition of 304 stainless steel in wt%

Element C Cr Mn Ni P S Si Fe
Min - 18 - 8 - - - Bal.
Max 0.08 20 2 10.5 0.045 0.03 1 Bal.
3.2 IN617

Due to its excellent strength and creep resistance at higher temperatures IN617 has seen
use in turbine engines, nuclear reactors, and aerospace applications. Its nickel content provide it
good tensile strength and fatigue resistance at higher temperatures. The chemical composition of
IN617 is shown in Table 3 [23]. It has a melting temperature of 1350°C and a face-centered-cubic

(FCC) crystal structure.

14



Table 3: Composition of IN617 in wt%

Element Al B C Co Cr Cu Fe Mn Mo Si Ti Ni
Min 0.08 - 0.05 10.0 20.0 - - - 8.0 - - Bal.
Max 1.5 0.06 0.15 15.0 24.0 0.05 3.0 1.0 10.0 1.0 0.6 Bal.

3.3DSGTD-111

The directional solidification of materials such as DS GTD-111, a Ni-base superalloy,
produces long columnar grains that improve corrosion, creep, thermal fatigue, and impact
resistance. Due to the directional solidification, the properties of DS GTD-111 differ depending
upon orientation. It is often used in gas turbines. Similar to IN617 it has an FCC structure and a

high melting point [24]. Its chemical composition is shown in Table 4 [24].

Table 4: Composition of DS GTD-111 in wt%

Element| Al B C Co Cr Cu Fe | Mn | Mo P S Si Ta Ti w Zr Ni
Min 2.8 - 0.08 9.0 13.7 - - - 1.4 - - - 2.5 | 4.7 ] 3.5 | 0.005 | Bal.
Max 3.2 [0.020| 0.12 | 100 | 2143 | 0.1 | 035 0.1 | 1.7 | 0.015|0.015| 0.3 | 3.1 | 5.1 | 4.1 | 0.040 | Bal.

3.4 Ti6242S

The titanium alloy Ti6242S exhibits good creep and fatigue resistance at temperatures of
up to 500°C. This combined with its low density makes the material suitable for aerospace
applications. The chemical composition of Ti6242 is shown in Table 5 [25]. It has a melting point

of 1700°C.

Table 5: Composition of Ti6242S in wt%

Element| Al C H Fe Mo N 0 Si Sn Ti
Min 5.5 - - - 1.8 - - 0.08| 1.8 | Bal.
Max 6.5 | 0.05 | 0.015| 0.25 22 [ 005|015 0.1 | 2.2 | Bal.

15



CHAPTER 4: PARAMETER DETERMINATION

The documented methods of finding parameters for the Chaboche viscoplasticity model
work well for achieving fits for isothermal tests; however, they do not typically lead to consistent
behavior for many of the parameters across temperatures. In order to allow for modeling of TMF

loadings, it is necessary to modify these techniques.

4.1 General Parameters

The Chaboche viscoplasticity model and associated I1SVs (shown in Egs. 4-8), as
implemented in this research requires ten parameters. The elastic modulus, E, can be found from
the slope of the linear portion of either a monotonic test or the first quarter cycle of a cyclic test,
as shown in Figure 7. In the case of a cyclic test it can also be found from the linear portion after
a reversal in the direction of the change of strain, the point in a test at which the strain switches

from increasing to decreasing or vice versa.

A J

g

Figure 7: Example of finding an elastic modulus from data
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The yield stress, k, can also be easily found from a monotonic test. There is a desire for an
analytical method to find this value to allow for repeatable results. While typically this is done by
finding the point where a line with a slope equal to the elastic modulus and an x-intercept of 0.2%
strain intersects the monotonic test, since the yield stress acts as the proportional limit this tends
to extend the linear portion of the curve much too far. As a result an offset of 0.01% was used
instead. An example of this is shown in Figure 8. The red circle where the line and blue curve

intersects represents the yield stress.

A J

g

Figure 8: Example of finding the 0.01% offset yield stress

Once initial values of all of the parameters have been developed it is typical to run them
through a numerical optimization routine [12, 13]. A flowchart of the numerical optimization
routine, implemented in MATLAB, used for this research can be seen below in Figure 9. It utilizes
the built in MATLAB function fminsearch which searches for the constants that provide a

minimum in the error [26]. The error is defined as

17



Err=3(c¥ -o9 ) (14)

i=1

where err, is the error, " is the stress calculated using the Chaboche viscoplasticity model, and
ae(‘x)p is the stress value of the data. In order to avoid interpolation for this error calculation, a stress

was calculated at each of the strain points for the test data.

Input Initial | | Calculate Error
Constants ' '
fminsearch
Errorisata Yes End
minimum? 1

" Calculate axial
‘ strain increments

from data
. Update ‘
Call Function to Constants .
Calculate Stress —_— : :

Figure 9: Flowchart of MATLAB optimization routine

While it is common to run all ten parameters through the optimization code this can lead
unnecessarily long run times for the optimization code and, in some cases, lead to a wide variation
in the parameters seen between temperatures. For example the constants for 316 stainless steel
found by Gong, as shown in Table 6, seem to show no clear behavior for parameters other than k

and E [12].

18



Table 6: Constants for 316 stainless steel found by Gong [12] at various temperatures

T(°C) | k (MPa) |E (MPa) |b Q(MPa) |a, (MPa)|c, a, (MPa)|c, Z (MPa.s")|n
300 28.99| 159.066] 19.92 2679 55.47| 16343.00] 211.22] 12154 116.06 7.21
so0| 37.98| 135.467] 16.77] 32.79]  36.66| 19963.66] 160.59] 1506.58 70.6 40
sso|  27.29] 146.936] 11.29] 36.93| 70.17| 11744.56] 171.01] 1396.05 39.72] 1138
600| 18.98| 149.69| 4245 2868 87.56] 7285.00| 16353 13287 129.12 3.72

Since both the elastic modulus and the yield stress are well defined values that can easily
be found analytically, they were not run through the optimization code. In order to ensure
consistent behavior for parameters across a range of temperatures, holding certain parameters
constant proved effective. It was seen that there were enough constants to be able to hold Z and n
constant without adversely affecting the ability to fit data as will be seen in chapter 5. Furthermore,

it resulted in more consistent behavior with respect to temperature for the other parameters.

4.2 Kinematic Hardening

After finding optimized constants for isothermal tests at available temperatures, the
parameters were examined for trends. In the event that the kinematic hardening constants had many
inflection points with changing temperature, C; and C> where designed so that they would produce
a smoother curve when plotted against temperature and allow for a more simple math model to fit
the isothermal values found for the constants. The values for a; and a» were then iterated through
the optimization routine again with the new values for C; and C> held constant. This allowed for

more consistent behavior with changing temperature for all kinematic hardening constants.

4.3 Isotropic Hardening
For the isotropic hardening a similar method to that used with the kinematic hardening was

employed. In the event that the parameter Q showed unexpected inflection points, it would be
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designed to get rid of the inflection points, and then b would be optimized with the new value for
Q held constant. Once again, this allowed for more consistent behavior with changing temperature,

which allowed for fitting better behaved math models.
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CHAPTER 5: MODELING

The four candidate materials were compared to available data at various temperatures. The
constants were then found for each material using the methods described above. The resulting

curves are shown in this section.

5.1 Isothermal LCF

For 304 stainless steel, low cycle fatigue (LCF) data was available at 200°C and 600°C.
Both of these tests were conducted at a strain rate of 1.0e—3 s with strain ranges of 1.4%. The
fit for the 200°C data can be seen in Figure 10 and the fit for the 600°C data can be seen in figure
Figure 11. Good fits were obtained for both temperatures, with some amount of tensile

compressive asymmetry that wasn’t captured due to the von Mises yield criterion
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Figure 10: Comparison of data and simulated curve for 304SS at 200°C
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Figure 11: Comparison of data and simulated curve for 304SS at 600°C

For IN617 the data was fit to fully reversed simulated data based on the Ramberg-Osgood
constants available at various temperatures. This meant that isotropic hardening had to be ignored
for this data, as there was no cyclic data from which to obtain values for the parameters.
Comparisons of these are shown below in Figure 12-Figure 18. For all temperatures the plastic
strain range was calculated very accurately. For the most part, the stress was calculated well with

some variation upon initial yielding seen in the temperatures between 648°C and 815°C.

600

.015 0.015

—Simulated Curve
< Ramberg_Osgood

Figure 12: Comparison of Ramberg-Osgood and Simulated curves for IN617 at 21°C
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Figure 13: Comparison of Ramberg-Osgood and Simulated curves for IN617 at 287°C
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Figure 14: Comparison of Ramberg-Osgood and Simulated curves for IN617 at 648°C
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Figure 15: Comparison of Ramberg-Osgood and Simulated curves for IN617 at 760°C
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Figure 16: Comparison of Ramberg-Osgood and Simulated curves for IN617 at 815°C
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Figure 17: Comparison of Ramberg-Osgood and Simulated curves for IN617 at 871°C
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Figure 18: Comparison of Ramberg-Osgood and Simulated curves for IN617 at 982°C
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For Ti6242S the same methods were used with fitting the constants to simulated Ramberg-
Osgood curves. Once again since there was no cyclic data available, the isotropic hardening was
turned off. The comparisons of these curves are shown in Figure 19-Figure 25. The plastic strain
range was predicted well for all temperatures. The stress range was predicted well for all

temperatures, with the exception of some variation seen at 371°C
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Figure 19: Comparison of Ramberg-Osgood and Simulated curves for Ti6242S at 21°C
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Figure 20: Comparison of Ramberg-Osgood and Simulated curves for Ti6242S at 204°C
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Figure 22: Comparison of Ramberg-Osgood and Simulated curves for Ti6242S at 426°C
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Figure 23: Comparison of Ramberg-Osgood and Simulated curves for Ti6242S at 482°C

26



—Simulated Curve
* Ramberg_Osgood
-800 858

g, mm/mm

Figure 24: Comparison of Ramberg-Osgood and Simulated curves for Ti6242S at 537°C
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Figure 25: Comparison of Ramberg-Osgood and Simulated curves for Ti6242S at 593°C

For DS GTD-111 data was only available at 871°C; however, the primary interest here was
determining the dependence of orientation in directionally solidified materials. In trying to find a
set of constants, it was determined that kinematic hardening constants could be held the same
across orientations, while isotropic hardening constants had to be different. The fits for DS GTD-

111 in both the L and T orientation are shown below in Figure 26 and Figure 27 respectively.
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Figure 26: Comparison of data and simulated curve for DS GTD-111 in the L-orientation
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Figure 27: Comparison of data and simulated curve for DS GTD-111 in the T-orientation
5.2 Non-isothermal Fatigue

For 304 stainless steel there were data available for a TMF loading case [19]. Both linear
interpolation methods, as well as more complex math models were compared to this data. The
results of both are shown in Figure 28. In the case of the non-linear models, power laws were used

to define C1 and Co. It can be seen from the figure that deviating from linear interpolation provides
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a better fit to the data in this case. If there were more isothermal data points available for this

material, it would be possible to better define the math models used in this simulation.
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Figure 28: Comparison of data and curves simulated by linear interpolation and non-linear math models for
Chaboche parameters of 304 stainless steel
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CHAPTER 6: TEMPERATURE EFFECTS
Due to the wide range of temperatures for which there is data available, the temperature

dependence of the Chaboche parameters was looked at extensively for IN617 and Ti6242S. In the
case of Ti6242S a good fit could be achieved using a linear regression, while for IN617 it was
necessary to use a parabolic fit. The plot of elastic modulus with respect to temperature is shown

in Figure 29 for IN617 and Figure 30 for Ti6242S.
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Figure 29: Elastic modulus behavior with respect to temperature for IN617
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Figure 30: Elastic modulus behavior with respect to temperature for Ti6242S
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The yield stress for IN617 exhibits a linear downward pattern until it reaches a value at
which point the behavior is parabolic. This is expected of this material, however, as there is a phase
shift that causes the yield strength to rise with rising temperatures over certain ranges, which is

consistent with the yield strength of IN617. The yield strength of Ti6242S follows a power law.
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Figure 31: Yield stress behavior with respect to temperature for IN617
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Figure 32: Yield stress behavior with respect to temperature for Ti6242S
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The C1 parameter for IN617 follows an exponential law, as seen in Figure 33. The behavior
of C2, Figure 34, follows a linear model over the same temperatures as the yield stress, and switches
to a parabolic model. The phase shift again explains why this would occur. The C1 and C2

parameters for Ti6242S follows a power law, as seen in Figure 35 and Figure 36 respectively.
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Figure 33: Behavior of C1 with respect to temperature for IN617

IN617 - C2
25

20

15

c2/c2,

10

w

-20 -10 0 10 20 30 40 50 60 70
/Ty

Figure 34: Behavior of C2 with respect to temperature for IN617
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Figure 36: Behavior of C2 with respect to temperature for Ti6242S

For IN617 the behavior for both al and a2 is linear as shown in Figure 37 and Figure 38
respectively. The behavior for al and a2 of Ti6242S has a power law relation as shown in Figure
39 and Figure 40 respectively.
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Figure 38: Behavior of a2 with respect to temperature for IN617
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CHAPTER 7: CONCLUSIONS

The goal of this research is to provide a method for obtaining better results simulating non-
isothermal loading using the Chaboche viscoplasticity model. By utilizing a unique method of
optimizing parameters, developed in the present work, it is possible to obtain consistent behavior
of material properties with changing temperature. This consistent behavior helps to find
mathematical models to describe each parameter, which in turn allows for more accurate results in
non-isothermal loadings. As the behavior of the various Chaboche parameters becomes better
known, it will be possible to achieve accurate modeling for TMF loadings with far fewer test
results than current linear interpolation methods. The methods can be observed to perform
satisfactorily for a variety of materials across a number of strength classes. The ability of the model
to capture the orientation dependence of a material with Chaboche parameters was also explored

in an effort to better understand what behavior to expect for these parameters.
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