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ABSTRACT

When an anisotropic material is subject to creep conditions and a complex state of stress, an anisotropic
creep damage behavior is observed. Previous research has focused on the anisotropic creep damage
behavior of isotropic materials but few constitutive models have been developed for anisotropic creeping
solids. This paper describes the development of a new anisotropic tertiary creep damage constitutive
model for anisotropic materials. An advanced tensorial damage formulation is implemented which
includes both material orientation relative to loading and the degree of creep damage anisotropy in the
model. A variation of the Norton-power law for secondary creep is implemented which includes the Hill’s
anisotropic analogy. Experiments are conducted on the directionally-solidified bucket material DS GTD-
111. The constitutive model is implemented in a user programmable feature (UPF) in ANSYS FEA soft-
ware. The ability of the constitutive model to regress to the Kachanov-Rabotnov isotropic tertiary creep
damage model is demonstrated through comparison with uniaxial experiments. A parametric study of
both material orientation and stress rotation are conducted. Results indicate that creep deformation is

modeled accurately; however an improved damage evolution law may be necessary.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the power generation and aerospace industries, components
such as pressure vessels, pipes, gas turbine disks and vanes, and
turbine blades experience high temperatures such that creep
deformation will occur. In the case of industrial gas turbines where
the cycle duration and maintenance intervals can be in the thou-
sands of hours, and there are drives to increases temperature and
pressure, careful selection and accurate prediction of material
behavior is paramount; therefore, directionally-solidified (DS)
materials have been implemented to minimize intergranular
(brittle) creep cracking by alignment of long grains with the first
principal stress direction [1]. Typically DS gas turbine blade mate-
rials are transversely-isotropic, consisting of a columnar micro-
structure where there is a plane of “transverse grain (T)” isotropy
and an enhanced “longitudinal grain (L)” orientation. Creep and
stress-rupture properties are one of the more important variables
in the overall life of turbine blades [2].

In the case of welded pressure vessels, welding is a directional
solidification process. A single weld bead consists of a single
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columnar solidification microstructure. Multi-pass welding (used on
pressure vessels) will produce a transversely-isotropic microstruc-
ture [3].

In the case of thin-walled pipes used in power plants, consid-
erable work has been focused around isotropic creep damage
modeling [4,5]. Literature has demonstrated that strength anisot-
ropy in thin-walled tubular elements is common [6].

Accurate, modeling of the creep deformation and damage
behavior of transversely-isotropic materials is important. A novel
anisotropic creep damage model for transversely-isotropic materials
is developed based on the Kachanov-Rabotnov isotropic formulation
[7,8]. Experiments are conducted on uniaxial specimen of the bucket
material DS GTD-111. The constitutive model is implemented in
Finite Element Analysis (FEA) software. A comparison between the
experiments, Kachanov-Rabotnov model, and novel constitutive
model is conducted. An examination of the strain tensor is provided.
A parametric exercise of the constitutive model for various material
orientations and states of stress demonstrates functionality.

2. Continuum damage mechanics

A damage mechanism is a manifestation of the degradation of
the microstructure of a material and can occur in two forms:
transgranular (ductile) damage and intergranular (brittle) damage.
Transgranular (ductile) damage arises where slip bands of plasticity
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form under high stress and low temperature. Intergranular (brittle)
damage is a microcracking process at grain boundaries under high
temperature and low stress [9]. A number of Continuum Damage
Mechanics (CDM) based constitutive models have been developed
for creep damage prediction [10]. An early and often cited attempt
came from Kachanov [7] and Rabotnov [8] in the form of coupled
creep strain rate and damage evolution equations for isotropic
materials as follows

o dey g \"
=g = A7) M
dw MaX
e M 2
dt  (1-w)? (2)

where A and n are secondary creep constants, M, x, and ¢ are
tertiary creep damage constants, and é. and @ are the equivalent
creep strain and von Mises stress respectively [11—13]. This
isotropic formulation regards damage as a scalar state variable, w
that accounts for all microstructural degradations exhibited in
a material. Numerous specialized variations on this isotropic
constitutive model can be found throughout literature [14—20]. The
constitutive model has also been generalized for multiaxial states
of stress in isotropic materials using elastic compliance tensors and
the stress deviator [21].

Literature shows that under creep conditions, intergranular
damage must be represented by multiple principal damage vari-
ables. Damage can induce an anisotropic creep response [5,22].
Literature shows that damage anisotropy can be indentified in two
material classes, aluminum-like and copper-like [9,23]. For
aluminum-like materials, damage is typically distributed iso-
tropically. Aluminum-like materials with a simple stress state (i.e.,
uniaxial creep tests) can be modeled with isotropic creep damage
models [22—25]. For copper-like materials, damage develops
mainly on the plane perpendicular to the first principal stress.
Copper-like materials and components undergoing a complex
state of stress exhibit damage induced anisotropic creep response
which must be accounted for with more robust modeling tech-
niques [26]. Models have been developed that can account for
both aluminum-like and copper-like materials, and the range of
intermediate behaviors between them [5,27]. These isotropic
constitutive models are unable to model anisotropic microstruc-
ture materials.

A number of researchers have developed constitutive models for
transversely-isotropic materials; however, most formulations do
not accurately model intermediate material orientations (when the
longitudinal grains are not parallel or perpendicular to the load
direction) [3,28,29]. For anisotropic microstructure materials, the
effect of material orientation must be included in the both the creep
strain rate and damage evolution equations [30].

3. Constitutive model

In order to produce an accurate multiaxial representation of the
creep deformation of a transversely-isotropic material it is first
necessary to accurately model the uniaxial x1-x plane of symmetry
and x3 normal represented by T and L specimen, respectively.
Isotropic creep damage models are commonly implemented for
simple cases involving uniaxially loaded isotropic materials. First
the framework for a secondary creep model for transversely-
isotropic materials based on Norton’s power law is outlined. Next,
an anisotropic tertiary creep damage constitutive model for
transversely-isotropic materials based on Kachanov-Rabotnov is
given.

3.1. Secondary creep constitutive model

For anisotropic creeping materials, if creep strain rate tensore;,
and Cauchy stress tensor, ;;, follow Norton’s power law, the creep
behavior can be expressed as follows

where it is assumed that the creep exponent, n, has the same value
in all anisotropic principal directions [31]. Using the appropriate
equivalent stress function this can be reduced to an equivalent
strain function similar to Eq. (1).

écr = Aaniso [Q(Uu)] ! (4)

where Ag,iso 1S an equivalent creep coefficient of the anisotropic
material and q(oj) is equivalent deviatoric stress function. For
isotropic creeping materials, Agpiso and q(o;;) become the isotropic
creep coefficient under multiaxial stress state, A, and the equivalent
stress, de. In this paper the discussion is confined to a case where
the Cartesian coordinate axes coincide with the symmetry axes of
creep orthotropy. For a material of creep orthotropy, the equivalent
deviatoric stress function g(gyj) can be defined as Eq. (5) in analogy
to Hill’s yield function [32].

q(oj) = [F(022—033)2+G(033 —011)2+H(011 —022)+2Lo%,

1/2
+2Mo%5+2No?, (5)

where, F, G, H, L, M, and N are unitless material constants which
describe the current state of creep orthotropy, and o1, 022, etc. are
stress components. During creep deformation of a material, the
state of anisotropy changes; however, it will be assumed that the
change in anisotropy is negligible compared with the initial state of
anisotropy, as assumed in the anisotropic plastic theory [32].
Namely, the state of anisotropy remains constant. Hence, by
substituting Eq. (5) into Eq. (4) and solving for the cases of principal
axes of orthotropy (i =j = 1, 2, and 3) and shear directions (i = 2 and
j=3,i=3andj=1andi=1andj = 2), expressions for the creep
orthotropy parameters can be obtained as shown in Eq. (6) in terms
of creep coefficient ratios. In deriving Eq. (6), the equivalent
deviatoric stress function in shear directions of te=0¢/v/3 was
applied as in the isotropic case.

Fol ( Az )2/”+( As3 )2/" A11 2/n
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2 Aaniso ’ 2 Aaniso 2 Aamso

Assume that the orthotropic creeping material has identical
properties in both transverse directions. This transversely-isotropic
material has three independent stress components. In order to
derive these stress components mathematically, a plane consisting
of axis 1 and 2 which is perpendicular to axis 3 is defined as an
isotropic plane. Derivation of theses stress components is similar to
that of the orthotropic plastic material [32]. The following rela-
tionship among the parameters can be obtained,
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G=F N=G+2H, andM = L (7)

inserting these relationships into Eq. (6) gives the following

A 2/n
A]] = Azz, andA23 = A]3./ and 2N = 3( 12 )

Aaniso

_ 4< A )2/”_( As3 )2/’1 (8)
Aaniso Aaniso

Since the creep orthotropy parameters were defined in terms of
the ratios of the creep coefficients as shown in Eq. (6), it can be
argued that the equivalent creep coefficient A,;s, be equal to A3z on
the longitudinal direction which is perpendicular to the 1-2 plane
(i.e., transverse microstructure plane). Hence, the equivalent
deviatoric stress function for the transversely-isotropic creeping
material becomes as follows,

~ 1 2 1 2 (Azz)z/n 1
0ii) = |=(03y — 033)°+=(033 —011)"+L (22])  —=
q(oy) [2( 22 — 033)"+5(033 — 011) { Ass 3
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33 33
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Consequently, for the transversely-isotropic material the
equivalent deviatoric stress function can be determined if only
three coefficients, Ay, (transverse specimen), Asz (longitudinal
specimen) and A13 (45°-oriented specimen) are known. Then, creep
behavior of the transversely-isotropic material can be predicted as
follows

b = Ass [Q(a,-j)]" (10)

3.2. Tertiary creep damage constitutive model

The novel anisotropic tertiary creep damage model for
transversely-isotropic materials is based on the isotropic
Kachanov-Rabotnov creep damage constitutive model [7,8]. The
influence of the state of damage, w is accounted for via the effective
(net) stress tensor, 6. A number of formulations for the effective
stress have been proposed [9]. Murakami [25] and Murakami and
Ohno [33] proposed the symmetric effective (net) stress, ¢ and
damage applied, Q as

Q=>1T-w!

6:%(69+Qo‘), (1
where ¢ is the Cauchy stress tensor and Q is damage applied.

For anisotropic materials, the orientation of the material grain
structure relative to the general coordinates system can significantly
alter the damage developed. Thus to account for material orientation
the material damage constants need to be formulated into a tensor
that alters each tensorial term based on a material orientation vector,

v where the vector represents the direction of longitudinal grains.
The rotated damage constant tensor, B is defined here as

B = [MZ(JHill)XZ (1 - WT) + My (o)™ (WT)],

where My, My, x1, X2 are damage constants and oy is the Hill
equivalent stress [32] from the Cauchy stress defined as

(12)

ayin = s'Ms

T
S=[011 03 033 012 023 013]

G+H -H -G 0 0 0 (13)
“H F+H -F 0 0 O

M_| G -F F+G 0 0 0
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where s is the vector form of the Cauchy stress tensor, & and M is
the Hill compliance tensor consisting of the F, G, H, L, M, and N
unitless material constants that can be obtained from creep tests
[34]. The rotated damage constant tensor, ® is defined as

O — gy (I = W) + ¢y (WT)] 14
- ABS(@R) or &; — |®F] (14)
where ¢, and ¢, are damage constants. The rotated damage
constant tensor, ® is used as an elementwise exponent in later
mathematics so it is necessary to ensure each element remains
positive. The ABS function is introduced which represents an ele-
mentwise absolute value of the argument tensor. This is necessary
to prevent possible inversion in later analysis that would depend on
the selected plane of isotropy. The rotated damage constant tensors
allow the creep material properties to be directly related to the
orientation of the material grain structure.

In the isotropic damage formulation Eq. (2), it is observed that
previous scalar-valued damage is related by (1 — w)~®. An equiva-
lent tensor form is produced by use of the elementwise Schur (or
Hadamard) power of the damage applied tensor, £ and the rotated
damage constant tensor, ® as follows

D-_0Q%_ Q@

ofpr ey oy (15)
— (I)Zl q)ZZ ‘I)ZB
D= Q%] Qéz 9%3
31 32 33
QB] QBZ Q33

where the convenient tensor, D is later implemented in the damage
rate tensor [35,36]. To account for both aluminum and copper-like,
the damage control variable, v is introduced. This term is applied in
the first principal stress influence tensor as follows

X = [(1-7)I+7y(mn])

00<y<1.0 (16)

where nq represents the first principal stress direction vector.
When y = 0.0 isotropic damage is isotropically distributed while
when v = 1.0 damage induced anisotropy is allowed to occur.

Table 1

Nominal chemical composition (wt.%) of DS GTD-111 superalloy [37].
Element Cr Co Al Ti W Mo Ta C Zr B Fe Si Mn Cu P S Ni
Min 13.7 9.0 2.8 47 3.5 14 25 0.08 0.005 - - - — — - — Bal.
Max 14.3 10.0 3.2 5.1 4.1 1.7 3.1 0.12 0.040 0.020 0.35 0.3 0.1 0.1 0.015 0.005 Bal.
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Fig. 1. Creep test rig.
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where Aaniso, NManiso are secondary creep material constants found
via creep tests, M is the Hill compliance tensor, s is the Cauchy
stress vector, and ayy;); is the Hill equivalent (net) stress due to the
effective stress tensor, 6. To ease the implementation of the model
into finite element code, the symmetric stress and strain tensors are
converted back and forth to stress and strain vectors (e.g. G235,
€T =), Material rotation can be performed in the creep strain
rate equation as follows

TMTIs

Naniso
€7 = Amiso\/S'TMTTS  ———— 19
aniso \/m ( )

where T represents a material orientation transformation tensor
about the x; axis of the form

1 0 0 0 0 0
0 cos(a)? sin(a)? 0 0 cos(a)sin(a)
o sin(a)? cos()? 0 0 —cos(a)sin(a)
T=1o 0 0 cos(a) —sin(a) 0 (20)
0 0 0 sin(a)  cos(a) 0
0 —2cos(a)sin(a) 2cos(a)sin(e) 0 0 cos(a)?—sin(a)?

To produce the damage rate tensor, ®, a multiplicative super-
position of the rotated damage constant tensor, B and the conve-
nient tensor, D which both account for material orientation is
performed. This is followed by a symmetric product with the first
principal stress influence tensor, X. The elementwise Schur (or
Hadamard) product is used

® = %[(BoD)-X+X-(BoD)]

B11D11 Bi2D12 Bi3Di3 (17)
BeD = | B1Dy1 ByyDyp ByzDos
B31D31  B3Ds3p; BssDss

The B and D tensors are both rotations of the material orienta-
tion [35,36]. As discussed earlier, undesirable terms develop in
tensor D. The Schur product with B eliminates them. The damage
rate tensor is coupled with the anisotropic creep strain rate equa-
tion defined as follows

4. Experiments

The subject material for this study is DS GTD-111, a directionally-
solidified Ni-based superalloy commonly used for first and second
row blades and vanes of gas turbines. It has a columnar-grained
microstructure that manifests transversely-isotropic behavior. The
longitudinal axis of the grains is associated with axis x3, while the
transverse plane is x;—x2. The nominal chemical composition in
weight percentage is given in Table 1. The superalloy DS GTD-111 is
a dual phase y —y’ FCC material, where the y matrix is FCC austenitic
Nickel (Ni), and the primary and secondary Yy’ precipitated particles
are L1, structured nickel-aluminde (NizAl) with a bimodal distri-
bution [38]. Additionally, y—y’ eutectic, carbides and small amounts
of topological close-packed phases o, §, n and laves are found in the
material [38,39]. The creep deformation and rupture test were per-
formed to ASTM standard E-139-96 [40]. Specimens were machined
with gage lengths and diameters of 25.4 and 4.064 mm respectively.
A lever-type, dead-weight creep machine was used during testing
with a ratio of the lever arm of 20:1 as shown in Fig. 1. Test were

Table 2
Creep deformation and rupture data for DS GTD-111 [38].
Temperature (°C) Stress MPa Rupture Strain (%) Rupture Time (hr) A (hr'1) n M (MPa—*hr~—') x10~1! % ¢

L 871 241 18.8 2149.0 5.764E-21 6.507 96.015 2.022 7.161
L 871 289 11.7 672.2 5.764E-21 6.507 131.010 2.054 9.698
T 871 241 7.6 980.2 3.480E-21 6.516 263.010 2.098 2.296
T 871 289 5.1 635.3 3.480E-21 6.516 345.840 1919 6.823
45° 871 244 14.1 68.7 1.374E-23 7.6 53.286 2.156 20.933
45° 871 244 3.8 62.5 1.374E-23 7.6 53.286 2.156 20.933
45° 982 145 9.1 301.7 1.374E-23 7.6 53.286 2.156 20.933
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Table 3
Hill constants for DS GTD-111 at 871 °C.
F G H L M N
0.5 0.5 0.3866 1.6413 1.6413 1.2731

performed on longitudinal (L), transverse (T), and 45°-oriented
specimen. A list of the creep deformation and rupture tests with
secondary and tertiary creep damage constants is provided in
Table 2. In all cases, the primary creep that arose was small
compared to the final rupture strain and is neglected. The micro-
structure of all the samples will be left for future work.

5. Results

Previous research using the isotropic Kachanov-Rabotnov
constitutive model has produced both secondary and tertiary
creep damage constants that can be used directly in the novel
constitutive model. The novel anisotropic tertiary creep damage
constitutive model requires material constants found through
uniaxial creep test in L, T, and 45°-orientations. This is due to the
use of Hill's analogy as both a compliance tensor and equivalent
stress in the creep strain rate Eq. (19). To determine the Hill
constants, the creep strain rate, Eq. (19), is taken with the damage
rate, Eq. (17), disabled via M; = 0.0 and M = 0.0. Various stress
transformations and material orientation transformations (about
the x1 normal) are performed. The Hill constants are found to be
dependent on the uniaxial Norton-power law for L, T, and 45°-
oriented specimen. Subsequently, the Hill constants can be referred
back to the minimum strain rates found for L, T, and 45°-oriented
specimen. For this study, L, T, and 45°-oriented specimen creep
tests were conducted at a temperature of 871 °C and 289 MPa
uniaxial load. The Hill constants for DS GTD-111 required by the
novel anisotropic creep damage formulation under these condi-
tions are found in Table 3.

Verification of the secondary creep behavior can be achieved
using the creep strain rate, Eq. (19), with the damage rate, Eq. (17),
disabled. In general, the secondary creep response of the material is
controlled by the Aaniso, Naniso and Hill constants F, G, H, L, M, and N.
Disabling damage (M1 = M = 0.0) leads to the minimum creep
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Fig. 2. Material orientation study of x3 normal minimum creep strain rate at 871 °C for
various DS Ni-based materials.

07—
L FEM ANI
06 +| —=— TFEMANI ]
—=——=—45°FEM ANI
L FEMISO
05+ | =—=— TFEMISO ]
—=—=—=—45°FEM ISO
S 04+ h
[
>
©
£
8 03+ 1
[}
02+ /' gz 4
/ - ~
/= Col
0.1+ b ]
0.0 t t t
0 200 400 600 800
Time, t (hrs)

Fig. 3. Damage evolution on the x3 normal of the isotropic and novel anisotropic creep
damage formulations under 289 MPa uniaxial load and 871 °C.

strain rates found in Fig. 2. The observed curve follows the trend
expected of a Hill potential based model compared to other DS Ni-
based superalloys [41—44]. The FEM prediction of minimum creep
strain rates pass through the known rates for L, T, and 45°-oriented
specimen at 289 MPa. The material behavior observed in the
279 MPa experiment at « = 0.0° is inconsistent with the study
response. Pre-existing flaws in the specimen account for the
observed high minimum creep strain rate.

Accurate estimates of damage evolution lead to high quality fits
of the creep deformation data. For these purposes, the damage rate
Eq. (17) is enabled. Simulations of L, T, and 45°-oriented specimens
are executed and compared with those developed using the
isotropic creep damage formulation. Fig. 3 shows that the novel
anisotropic formulation produces similar damage evolution to the
isotropic Kachanov-Rabotnov damage evolution for L and T-
oriented specimen; however, the behavior of the 45°-oriented
specimen is not accurately modeled. This disconnect is expected.
Not directly including the tertiary creep damage constants associ-
ated with the 45°-oriented specimen will naturally lead to a less
than ideal estimation of damage evolution when compared to the
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Fig. 4. Creep deformation on the x3 normal of novel anisotropic and isotropic creep

damage formulations compared with creep test data for DS GTD-111 under 289 MPa
uniaxial load and 871 °C.
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isotropic creep damage model. The damage behavior embedded in
the novel anisotropic model considers a linear relationship
between the L and T-oriented specimen based on material orien-
tation transformation; however, the behavior of DS GTD-111
exhibits a maximized creep strain rate at an orientation between
35° and 45°. While, the predicted damage evolution is not neces-
sarily the same, it is found through examination of the available
creep tests data that only slight tertiary creep behavior is found at
45° allowing for a good prediction of the creep strain rate at this
orientation.

With the aid of available the creep test data, the creep strain
versus time from experimental data is compared with both
isotropic and novel anisotropic creep damage formulations. Fig. 4
shows the novel anisotropic formulation performs very well in
modeling the creep test experimental data. The accurate prediction
of creep strain for a 45°-oriented specimen demonstrates that
despite a damage evolution that diverges from the isotropic solu-
tion, the novel anisotropic creep damage formulation can accu-
rately predict the creep deformation that develops in transversely-
isotropic materials under arbitrary material orientations. Thus the
relationship between creep behavior, material orientation, and
state of stress are taken into account.

The tensor creep strain behavior of the novel anisotropic creep
damage model is of high importance. An accurate creep strain
tensor for the subject material proves considerably improved
estimations of creep deformation for directionally-solidified
components compared to the isotropic creep damage formulation.

Assuming v = 0.0, the creep strain tensor response of L, T, and
45°-oriented specimens are presented in Fig. 5. In the case of an L
specimen (Fig. 5a), the creep strains found on the x; and x» normals
are equivalent. This is suitable as it shows that isotropy is found on
the x3 axis as expected of an L specimen. In the case of a T specimen
(Fig. 5b), the creep strain on the x; normal is higher than what
develops on the x3 normal. This is suitable because isotropic
behavior is now found on the x;-x3 plane. The L grains produce
a higher creep strain rate thus the x, normal is higher than the x3
normal. In the case of a 45°-oriented specimen (Fig. 5¢), the creep
behavior on the x, normal and x3 normal is the same, however; due
to uniaxial loading the creep strain that develops in the x; normal is
compressive due to the deviatoric response.

In the case of the isotropic creep damage formulation, most FEM
codes generalize a full strain tensor via isotropic material proper-
ties [45]. In the case of a transversely-isotropic material this would
not produce an accurate result. Thus, the novel anisotropic model is
found to produce a more accurate strain tensor.

6. Parametric study

A parametric study of the damage and creep strain that develops
on the x3 normal under different material orientations about the x4
axis was conducted. Under 289 MPa tensile loading and 871 °C, the
damage evolution and creep deformation is shown in Fig. 6. In case
of creep deformation that difference in creep strain rates between
the various orientations follows the material behavior fairly well. In
the case of damage evolution, some shortcomings are noticed.
Particularly that the trajectory of damage evolution of intermediate
orientations does not change much compared to the L and T-
oriented specimen. This would produce rupture predictions that do
not follow experimental trends. When damage evolution is maxi-
mized, the creep deformation is minimal.

A parametric study of the damage and creep strain that develops
on the x3 normal under different stress transformations on L, 45°,
and T-oriented specimen was performed. The stress transformation
takes the following form

00 O
o =QoQ’' = |0 0 0
00 (Uh)
1 0 0

Q= [0 cos(8) sin(g) (21)
0 —sin(f) cos(B)

where rotation occurs about the x; axis and og equals 289 MPa. It
should be noted that v = 1.0, thus the material is assumed to behave
like a fully anisotropic damaging material where damage coincides
with the first principal stress direction. In all three specimen, the
damage reduces to zero as stress transformed from fully on the x3
normal to the x; normal. In the case of creep strain, all three
specimens at § = 0.0 begin at earlier predicted creep strain rates
(Fig. 7); however, due to TMT's found in the creep strain rate Eq.
(19), at a certain angle between 45° and 60°, tensile creep defor-
mation changes to a compressive deformation due to the deviatoric
response. Further examination of shear creep terms finds that the
novel anisotropic model is able to account for elongation and
angular distortions.

7. Conclusions

It was observed that the aforementioned constitutive model
performs well at predicting the creep deformation behavior of
a directionally-solidified Ni-based superalloy. The constitutive
model was found to accurately, predict the creep deformation of L,
45°, and T-oriented uniaxial specimen of DS GTD-111. Additionally,
parametric material orientation and stress rotation simulations
inform that the creep strain model can account for multiaxial states
of stress and intermediate orientations. In terms of modeling
damage, damage evolution at intermediate orientation was found
to not correspond well with experimental trends. A better damage
evolution model would be necessary to produce accurate rupture
time predictions and damage contour plots. Future work will focus
on normalization of the damage criterion in all orientations to unity
and developing an improved damage evolution model.
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