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INTRODUCTION

engine parts that operate at temperatures reaching up to 800°C. This alloy belongs to the family of heat- and

corrosion-resistant nickel-based alloys. While it lacks a direct analogue in the international market, its
composition and mechanical properties are comparable to UNS07750 (USA) and NCF750 (Japan). Components
manufactured from such alloys typically function under conditions of significant variable mechanical and thermal loads.
Understanding the mechanisms of damage accumulation in nickel-based alloys is essential for predicting the durability of
highly loaded structural elements, where damage tolerance design prevails. The failure resistance of a material and its
capacity for plastic deformation are fundamentally based on dislocation transfer mechanisms. Modern theories for
fracture prediction in nickel-based alloys comprise complex compilations of models that account for microstructure,
temperature, loading conditions, fatigue effects, creep, and aggressive environments [1-3]. Studying the deformation
behavior of nickel-based alloys, researchers found that as the temperature increases, the failure mechanisms changes from
predominantly transgranular to intergranular cracking [4-0]. Researchers attribute this to changes in the mechanism of
dislocation transfer across the grain boundary. The molecular dynamics methods can be considered as most detailed and

t ] ickel alloy EI698 is utilized in the fabrication of gas turbine blades, disk components, deflectors, and other
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complete [7]. However, at this stage of development, the problems solved by molecular dynamics methods relate to
problems described by units of angstroms and picoseconds. Multi-level material models show good results in damage
accumulation processes modeling [8,9]. These models allow to explicitly describing fracture at different scale levels, but
they are too resource-intensive for solving problems of real structures. The reason is that there is a great variety of
scenatios describing changes in material response at the micro level, which leads to a wide range of parameters at the
macro scale.

Due to the different orientations of crystal lattices in the nucleation sites at grain boundaties, dislocations and
discontinuities inevitably arise. The width of these boundaries is comparable to the size of atoms. Therefore, direct
modeling of the grain boundary is not feasible using the finite element method. The phase-field theory belongs to
nonlocal damage models and allows describing crack behavior at various scales. The considered scale in such models is
defined by a characteristic length within which all processes are approximated by continuous and differentiable functions.
Thus, phase-field models can be classified as multi-scale models, where the characteristic length determines the energy
levels we operate with. On the other side, any modeling of discretized problems is always limited by computational
resources. For scale depended damage accumulation modeling, the phase field fracture method has recently gained wide
popularity. This theory is based on the Griffiths balance with the addition of a non-local region of damaged material [10].
It is a powerful tool for predicting intricate fracture behaviors and significantly expands the applicability of the finite
element method for durability prediction of structural elements. In this paper, an efficient computational method for
modeling the transition from transgranular to intergranular fracture mechanisms based on phase field fracture theory is
discussed.

CONTINUUM MECHANICS

perating conditions of heat-resistant nickel alloys determine the list of effects that must be taken into account

for numerical modeling. For an acceptable result from the point of view of engineering calculations, this list

must take into account such effects as isotropic and kinematic hardening, creep and thermal expansion of the
material. Well-known continuum mechanical formalisms are used to describe the generalized model. In this study the
analytical representation of a nonlinear material involves a yield surface. Inside the yield surface the material obeys
Hooke's law. The surface can expand (isotropic hardening) and shift relative to the center (kinematic hardening) in the
space of principal stresses. To describe the yield surface radius, a three-parameter exponential equation proposed by Voice
is used. The shift of the yield surface center description is based on the Chaboche approaches. The calculations take into
account the thermal expansion and viscous response of the material in the nonlinear region. The viscous response is
described by the exponential creep law with strain hardening.
The model parameters characterizing the mechanical properties of the material were determined based on the stress-strain
curve obtained during monotonic static loading and the analysis of hysteresis loops obtained during harmonic cyclic
loading over a wide range of temperatures (20, 370, 400, 450, 550, 650, 700 and 750°C for static loading). The uniaxial
tension tests were carried out in accordance with the requirements and limitations of ASTM standards E8 and E21. It
should be noted that the characteristic parameters of the model are not directly related to the classical mechanical
propetties, except for the matetial's elastic modulus, which is determined from the linear portion of the true stress-strain
curve in accordance with ASTM E111. The yield stress here is the elastic limit defined as 10% deviation of the tangent.
The evolution of back stresses and kinematic hardening parameters were determined from analysis of hysteresis loops
obtained from low-cycle fatigue tests conducted in accordance with the requirements of ASTM EG606 at temperatures 23,
450 and 650°C and strain range 0.4, 0.5, 0.6, 0.7, 0.8 and 1% for fully symmetric tension-compression cycle. At the next
step, the isotropic hardening parameters were determined by maximizing the correspondence of the true stress-strain
diagrams after subtracting the back stresses. The creep model parameters were determined based on the results of tests
conducted in accordance with ASTM E139 at temperatures of 400, 550, 650, 700, and 750°C and applied stress levels
ranging from 200 to 830 MPa. The values of the coefficients of thermal expansion were provided by the material supplier.
The ranges of parameter variations in the conducted experimental studies define the applicability domain of the model
presented below.
As a result of testing smooth cylindrical specimens, all required material parameters were obtained. The dependences of
Young's modulus and elastic limit on temperature were specified in finite element calculations by a piecewise linear
function (Fig.1). For such effects as isotropic and kinematic hardening, creep, and thermal expansion, the most common
models were used. The equations and obtained parameters of the used models are entered into the Tab. 1.
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Figure 1: Young's modulus (a) and elastic limit (b) of EI698 nickel alloy for different temperatures.
Effect Equation Parameters Value
lasti 1
Generalized Hook’s law Elastic modulus, Piecewise (See Fig.1a)
Elasticity o= Fe E ,MPa
o Poisson ratio, V 0.3
Yield stress, 0, . . .
Voce law MPa Piecewise (Fig. 1b)
Isotropic R=0, +R& + R, , MPa R, =19174 - 273010 (T, )
hardening
FR,pe o[ 1= exp(—7&]) ] R.., MPa R =158.82In(T,)—759.28
v y =1782.5-252.7In(T,)
Chaboche law ) 1 _ 8.82:107* Ty,
Kinematic ) 2 a’ =413l
hardening B =Za'e, — bR b PO =1.242,2410 T
o 5e-24
Strain hardenin,
Creep C3g ¢, 4
6'-;4” = Clo-eqﬁcze g 854 C3 -0.5
C, 503
Linear expansion
Thermal P —6 5071077,
expansion gt/) = aﬂ‘e (T - ’I;ej‘) am atlt =9.77-10 e K

Table 1: Models used to describe the behavior of the yield surface.

This paper does not focus on the yield function detailed description, since it can be changed by choose another set of
equations presented in the final element software. For example, the exponential law of isotropic hardening can be replaced
by a power law with the appropriate correction of the parameters. For numerical calculations, only models available in
ANSYS for describing nonlinear material effects of continuum mechanics were used. A detailed description of all possible
combinations of nonlinear effects is presented in the nonlinear materials section of the ANSYS help documentation [11].
The method presented below based on the new finite element will be valid for all allowed.

GRANULAR STRUCTURE

materials (Fig. 2a). The average grain size, determined from the analysis of fractographic studies of the fracture
surfaces of specimens made from the material under consideration, is taken as 100 microns. The width of the
grain boundary region was determined by the characteristic length of the phase field model. This parameter also
determines the mesh size of the finite element model. Convergence of the results is achieved provided that there are 8§
elements per characteristic length. Relatively high values of the ratio of grain size to grain boundary size (0.05-0.1) are used

‘ ’ oronoi tessellation is the most commonly used tool for modeling the structural heterogeneity of crystalline
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to reduce the number of elements of the finite element model (Fig. 2b). Parameters characterizing the mechanical
properties of the material for the intergranular and transgranular space are the same for models of continuum mechanics.
The difference in the material behavior will be regulated only by the energy required to crack propagation in phase field
fracture model.

Figure 2: Granular structure of the material (a) and its simplified Voronoi representation (b).

Thus, in finite element modeling, the material and element type for both the grain and the grain boundary are chosen to
be the same, with differences specified by different sets of element real constants.

PHASE FIELD

element was created that implements phase field fracture theory for 2D and 3D problems. According to the

T he phase field fracture approach is implemented using ANSYS user programmable features. A new custom
original phase field fracture theory [12,13] the balance of a potential energy of a cracked body ¥ is presented as

the sum of the stored bulk energy ¥, and the fracture energy dissipated by the formation of a new crack surface ¥ :
Y=Y, +¥,, 1)

where G, - critical value of the energy release rate, i, - is the stored strain energy density, the sum of the elastic, plastic
and creep energy that is not dissipated into heat, @ - the phase field variable. The crack surface density function in

perpendicular to the crack surface direction y (@, V@) is presented in the following form [14]:

1( , 1 2)
Vo)y=—| o> +=|V , 2
7(@, V) 2/((/) 2| ?| @

where / - is the length scale parameter.
The minimization problem of ¥ governs crack initiation and propagation. Coupled balances of the external (O,

) and

Xt

internal (OW,,, ) virtual works must be satisfied:

- o,

ext

Wit

=0 3)
The external mechanical loading is defined by the variation of the external work increment as:

oW, = [ b+ Sudl” + Iﬁﬂ;, h-SudA | )

where u - displacement field, b - is a prescribed body force field per unit volume, while h - is a boundary traction field
per unit area.
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The general energy functional (1) is quadratic and convex for # and ¢ separately. For a fixed value of ¢, the functional
W(u,) can be efficiently minimized by solving a linear system of equations. For fixed # , the functional ¥(,@) is

minimized in a similar manner. Thus, the numerical implementation of the phase field model is relatively simple and can
be done using a robust algorithm that minimizes each field alternately. The fracture energy balance equation for finite
element implementation in simplest elastic case is [13,14]:

G, B«p—/w} = s(@Wo(®) ©)

where ,(e) - the elastic strain energy density, g(@)=(1—@)* +% - material stiffness degradation function, £ - is a

parameter to prevent numerical instabilities due to zero stiffness. For numerical calculations presented below £ = 107,
More detailed information about the numerical implementation methods and their verification in ANSYS finite element
software can be found in [14].

In this study, the both sides of the balance equation are modified. The right side is expanded to account for elastic (v, ),

plastic () and creep () parts of the total strain energy density. On the left side it is assumed that the critical energy

release rate G, depends on temperature Ty . Finally, the fracture energy balance equation is written in the following form:

GADB(D—/A(/J} =@, +y, ) +hew,, ©)

where A(¢) - plastic degradation function. This function can take in to account the energy dissipation as heat during

plastic deformation. The necessity of introducing this function is due to the fact that the phase-field model in the
presented formulation does not distinguish between plastic deformation along slip lines and the breaking of interatomic
bonds, as it operates solely on the values of the local strain energy density. This, in turn, leads to incorrect crack
propagation trajectories when most of the energy is consumed in the formation of new slip bands. The plastic degradation
function follows the same quadratic form as the stiffness degradation function when dissipation is not considered and it is
represented for consistency in the following form [15]:

Wo)=PB,(1-9) +1-5,, )
where [, - weight factor for the plastic contribution to damage. For S, =1 all plastic work going to new crack

formation and A(¢) = g(¢),in case f, =0 all plastic work dissipated as heat.

| Global system of FEM linear equations n I
J

\ 4
Element Material

For each integration Trial elastic Decomposition

oint at each iteration strain of strain vector
v A

Approximation of the displacement
and phase field increments by
shape functions

Strain energy

| Stiffness matrix of the element |<—,7 density

v
| Assembly of the global matrix l_l

| Global system of FEM linear equations n+1 |

Figure 3: Simplified scheme of interaction between the user-defined element and nonlinear material in the ANSYS finite element
software.
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The interaction between the developed element implementing phase-field fracture and the nonlinear material can be
schematically represented by the simplified algorithm shown in Fig. 3. Proposed realization of user defined element allows
for the use of any nonlinear material available in ANSYS finite element software, since the interaction between the
element and the material is based on the function calls of the respective libraries.

CRITICAL ENERGY RELEASE RATE

t is well known that crack growth resistance characteristics are temperature dependent. The methods to introduce the

dependence of critical energy release rate G, from temperature in phase field fracture models is discussed in [16—18].

For the nickel alloy under consideration, these dependencies were experimentally obtained in two ways. In the first
case, the method proposed in the work [6] was used. Moreover, the same material was considered in the mentioned work,
therefore, in this study there will be many references to it. In the second case, a correlation between the critical value of
the strain energy density and critical energy release rate is assumed. Critical strain energy density here is the area under the
stress-strain curve in true stress-strain coordinates.
According to [6] the change in the work AWV in each cycle of deformation can be calculated as the area of the hysteresis
loop created in load (P ) and crack opening displacement (#.,) coordinates (Fig.4):

AW =W, -V, ®)

ﬁP

Crack tip

eon———

wy

$

Figure 4: Change of work in each cycle.

For experimental values of P and #,, the Gauss equation was used to obtain the area of the each hysteresis loop:
1 n—1 n—1
ALVN:EZ”z'P;'+1+”n'P1_Z”i+1'Pz_”l’Pn ®
i=1 i=1

where P. and #; experimentally obtained from tests of the precracked specimens under cycle loading coordinates of

hysteresis loop points, # - points count in the cycle IN . Finally, the critical energy release rate for compact tension
specimen calculated from:

NS

- 10
Aay 4B (10)

Gy

where Aay =ay —ay_, is the crack length increment, B - specimen thickness.
In the second case there is a direct correlation between critical fracture energy release rate G, and critical strain energy
density y, for initial conditions @ =0. For true stresses and true strains on the strain energy determination, the

accumulation of the phase field before the initialization of the macrocrack can be neglected:

G =fy.) (1)

25



4 4
0/ (o
f' A. Tumanow, Frattura ed Integrita Strutturale, 74 (2025) 20-30 DOI: 10.3221/IGF-ESIS.74.02 (‘

Considering the dimensions in (11) determines the form of the function f(y,). It is necessary to bring the strain energy
density to a dimensional strain. Then, taking into account the extensometer base in tensile tests of smooth specimens I,

and specimen thickness B (10):

G =Lw,B (12)

45
G. = 47139 T, 151

g
£ 30 This work
&
> (0]
g 15
Shlyannikov et al. ¢
0 —o
256 512 1024

Temperature, K

Figure 5: Dependence of the critical fracture energy release rate on temperature.

The energy release rate during crack growth depends on the presence of a stress concentrator. However, in the context of
this study, only the critical energy release rate is considered, which is treated as a material property dependent on
temperature. At the same time, the critical value of the strain energy density is also a temperature-dependent material
property. In Fig. 5, the red citcles show the values of the critical energy release rate determined by (10) for the first cycles
of harmonic loading at different temperatures [6]. The black rhombs correspond to the critical release rate determined
from tests of smooth cylindrical specimens through the strain energy density (12) at the same temperatures. The obtained
results showed that the qualitative distributions of these parameters coincide and, when normalized to a common scale,
can be approximated by a single curve. A simple power law was used to approximate these results:

G, =47139T, " (13)

where Ty is a temperature in Kelvin scale.
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Figure 6: Dependence of the critical fracture energy release rate on temperature for intergranular and transgranular space.
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The crystallization process leads to the fact that the dislocation density is maximum at the grain boundary. Moreover, with
increasing temperature, the mechanism of dislocation transfer across the grain boundary slows down, leading to an even
greater accumulation of dislocations at the grain boundary during deformation. Based on this, it is assumed that the value
of the critical energy release rate for the grain boundary will be significantly lower in contrast to grain body. Parametric
studies conducted by the author showed, when a crack going from one grain to other thru grain boundary the additional
energy is needed to transfer the crack growth process into the grain boundary field. Thus, in order for the crack to always
bypass the grains and grow only in the intergranular space, it is necessary for the critical value of energy release rate to be
at least 2 times lower than that for the grain body for monotonic static loading. This is well aligned with the fact that even
with a concentration of dislocations at the grain boundary, the crack does not always propagate into the intergranular
space. According to fractographic studies of heat-resistant nickel alloys [5,6,19], a transgranular fracture mechanism is
observed at room temperatures for all types of cyclic loading. For these conditions, it is reasonable to neglect the
difference in critical energy release rate and consider the material as isotropic. At high temperatures, the material
predominantly exhibits an intergranular fracture mechanism. In this regard, the following dependence for the critical
energy release rate is proposed by analogy with (13):

G =680372T " (14)

The coefficients in Eqn. (14) were chosen so that the transition temperature from intragranular to intergranular fracture
mechanism would be around 400°C. The relative positions of the approximating functions for intergranular and
transgranular space are shown in Fig. 6. Finally, to minimize the deviations of the calculated values from the experimental
ones, a dependence of the characteristic length of the phase field on temperature has also been introduced:

B 0.122
exp(0.00175Ty)

(15)

As previously noted, all the presented equations types are included in the custom element for the ANSYS software
package. The source code and documentation of the created finite element can be found here [20] as an open source
project.

RESULTS AND DISCUSSION

hen definition the parameters of the generalized model of continuum mechanics, the conformity between the

experimental uniaxial stress-strain diagrams and the numerical results was checked first. Fig. 7 shows the curves

corresponding to the two extreme points of the temperature range under study. The analysis of the modeling
accuracy for tests under monotonic static loading showed a root mean square deviation of 32.79 MPa. The general trends
in the change of the material behavior with increasing temperature are in good agreement with the changes of the
modulus of elasticity and the elastic limit shown in Fig. 1. In this regard, intermediate results are not presented here and
below in order to focus on the main effect.

1600
s 1200
o
=
s 800
7]
&
# 400 Experiment
0 ---- FEM

0 0.1 0.2 0.3 0.4
Strain, mm/mm
Figure 7: Uniaxial tension diagrams of EI698 nickel alloy.
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The finite element modeling of the smooth cylindrical specimen in a 2D axisymmetric configuration made from the alloy
under study is presented on Fig. 8. The results demonstrate that by specifying the overall mechanical properties of the
grain and the intergranular boundary, the desired difference in material behavior can be achieved solely by manipulating
the critical value of the energy release rate. For the above parameters at room temperature (Fig. 8a) the location of crack
initiation is the grain body, at the same time, for high temperature (Fig. 8b), location of crack initiation is the grain border.
The presented results do not account for the expenditure of plastic energy on heating the material, and crack growth
occurs in a plane that coincides with the plastic slip planes. Parametric studies have shown that, in order for the macro
crack growth plane to coincide with the experimental one, it is usually necessary to dissipate about 90 percent of the

plastic energy as heat. The value of the coefficient S, =0.1 was chosen according to the recommendations presented in

[15].

Crack starts on the grain
border

a) b) )
Figure 9: Different crack paths for different percentages of plastic energy dissipation. a) — no dissipation of plastic energy at room
temperature, b) — dissipation 90% of plastic energy as heat at room temperatute, ¢) — dissipation 90% of plastic energy as heat at
400°C.

Fig. 9 shows the calculated crack trajectories in precracked compact tension specimen under conditions where all plastic
work contributes to the formation of new interfaces (Fig. 92) and under conditions where 90 percent of the energy is
dissipated as heat (Fig. 9b). One of the important aspects of the obtained results is that the process of transitioning from
intragranular failure to intergranular failure can be absent with a significant difference in the values of the critical energy
release rate. For transition temperatures (Fig. 9¢), the difference in absolute values of the critical energy release rate was
about 35%, yet a purely intragranular failure mechanism can still be observed. This allows us to conclude that the
investigated method takes into account the fact that additional energy is required to change the crack trajectory from its
initial path. At the same time, the initiation of damage sites in the grain boundary region, which are not directly connected
to the main crack, can be found. This also aligns well with material structure studies, where a field of microcracks can be
observed around the tip of the main crack.
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CONCLUSIONS

mechanisms based on phase field fracture theory is proposed. The method is based on the implementation of a

new finite element for phase fields fracture model. The proposed finite element implementation allows for
accounting the decrease in the critical energy release rate with increasing temperature, as well as the dissipation of energy
as heat during plastic deformation. The obtained results correlate well with previously conducted fractographic studies.

ﬁ n efficient computational method for modeling the transition from transgranular to intergranular fracture
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