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Annotation. Using single-crystal nickel-base superalloys for the gas turbine blades allows
significantly increase the operating temperature and consequently the economy of gas turbine
engine. At the microscopic level, the single-crystal nickel base alloys are structures consisting
of two phases: γ'-phase, forming on the basis of Ni3Al, which is dispersed in a matrix of γphase, representing a solid solution of alloying elements in nickel. On the basis of finite element
homogenization the analysis of the influence of phase composition on the stress-strain diagram,
as well as study the effect of the shape evolution of γ'-inclusion, occurring during the formation
of raft structures, on the creep curves are performed. The results of simulations demonstrate a
good agreement with experimental data for a single crystal nickel-base superalloy ZhS32.

1. Introduction
The blades of modern gas turbines must have a very high resistance against the high temperature
inelastic deformation, so single-crystal nickel-base superalloys are widely used for blade production.
The high temperature strength, toughness and durability of single-crystal nickel-base
superalloys is attributed to the two-phase composite microstructure consisting of a γ- matrix and
of γ'- precipitates (Fig. 1a). Cubic γ'- precipitates (Ni3Al) have a typical size of 0.5 μm, and are
more or less regularly distributed in a Ni-matrix (γ-phase). The typical distance between the
precipitates is only 60 nm [1]. Single-crystal nickel-based alloys have a tendency to change the
microstructure during operating at the high-temperature creep. Initially the cubic γ' phase
particles are spliced together in a plate, perpendicular to the loading direction.
a)

b)

Fig. 1. Nickel-based superalloy microstructure: a) initial [1], b) after rafting [2].
Nowadays there is a wide range of phenomenological and physical material models for
the simulation of inelastic behavior [3] and thermal fatigue [4, 5] of single-crystal turbine
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blades. Most of models (see for example [6, 7]) are formulated on a macroscopic level and they
do not take into account two-phase structure of the nickel base superalloys. Several models [8,
9] take into account the microstructural morphology (shapes and sizes of both phases), but their
use requires great computation efforts for the modeling real turbine blades. The intermediate
approach based on using micromechanically motivated phenomenological models obtained by
homogenization is considered in the paper.
2. Representative volume element
The effective mechanical properties are defined on the base of finite element (FE)
homogenization within the representative volume element (RVE) of the material. The RVE can
be introduced for the material with a statistically uniform distribution (ergodic hypothesis)
taking into account the scale separability of heterogeneities. In this case the least volume
containing all the a priori statistical information on the distribution and morphology of the
material heterogeneities can be correctly introduced. The three-dimensional variants of
idealized RVE (whole and 1/8 unit cell), which are used below in FE computations, are
presented in Fig. 2 by the rectangular γ' inclusion with rounded edges embedded in γ matrix.

γ'
γ

Fig. 2. FE model of two-phase RVE of nickel-base superalloy.
3. Constitutive equations
For the prediction of stress-strain state of both two-phase RVE and single-crystal blades it is
rational to use micromechanical (physical) models of inelastic deformation, taking into account
that the inelastic deformation occur in accordance with the slipping in the active slip systems.
It is assumed that plastic flow occurs as a result of possible slip in N slip systems, which
are characterized by a normal to th slip plane m and a slip direction s (1, ... , N). For the
considered case of single crystals with face-centered cubic lattice we have N=12 octahedral slip
systems 111 011 . The description of inelastic deformation processes for large strains is based
on application of the concept of multiplicative decomposition of the strain gradient F:

F  F*  F p ,

(1)

where the plastic part of velocity gradient is defined by the equations
N
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and elastic part is defined using equations
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In equations (2) and (3) σ and S * denote Cauchy and second Piola-Kirchhoff stress
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tensors respectively; E is a Green-Lagrangian strain tensor, D is a tensor of elastic moduli.
For the creep model multipliers   that characterize inelastic deformation intensity in
-slip system are calculated based on the equation:
n

   A  sign(  ) ,

(4)

where A and n are material parameters depending on a temperature.
For the elasto-plastic model multipliers   are calculated based on the yield criteria:

f      R   0  0 ,

(5)

where the variables that characterize isotropic hardening, are defined by equations [10]:

R   bQ h  r  ,

r   (1  br  )  ,

h   H q  (1  q) ab  ,

(6)

where b, Q, H and q are material parameters, coefficients h are introduced for account of the
latent hardening [11].
The stress-state analysis of RVE is performed using the finite element software package
PANTOCRATOR [12], where the constitutive equations (1)-(4) have been implemented.
3. Results of finite element modeling of deformation processes of RVE
Influence of γ' phase volume fraction on the creep. In order to evaluate the influence
of γ' phase volume fraction on the creep behavior of RVE the FE computation are carried out
with different γ' phase volume fractions from 0 % to 100 %. Used in computations the finite
element models are shown in Fig. 3. The results of FE homogenization of RVE creep are
shown in Fig. 4. Creep constants for (4) used in computations for alloy ZhS32 at 1050 oC are
given in Table 1.
Table 1. Creep constants for (4) used in computations for alloy ZhS32 at 1050 oC.
units
constants
γ-phase
γ'-phase
(MPa)-n/s
-

A
n

0.611051
5.36

1.99 10 41
4.24

Multivariant computational experiments show that the increasing of the γ' phase volume
fraction leads to decreasing the creep rate (see Fig. 4). The comparison of finite element
results with experimental data [2] for the creep curves of alloy ZhS32 under 1050 oC for 58 %
and 70 % γ' phase volume fractions shows a good agreement (see Fig. 5).
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Fig. 3. Finite element models of RVE for different γ' phase volume fractions.
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Fig. 4. Creep curves for the different γ' volume fractions.
0,6
58%, computation
58%, experiment
70%, computation
70%, experiment

c,%

0,4

0,2

0,0

0

10000

20000

t, s
Fig. 5. Comparison of finite element results with experimental data [2].
Influence of γ' phase volume fraction on the plastic behavior. In order to evaluate
the influence of γ' phase volume fraction on plastic behavior of RVE the FE computations are
carried out with different γ' phase volumes varying from 0 % to 100 %. Plastic constants for
(5)-(6) used in computations for alloy CMSX2 are shown in Table 2. The results of numerical
computations of uniaxial tension of RVE is shown in Fig. 6. Increasing the proportion of γ'
phase leads to growth of the yield stress and decrease of deformation diagram slope that
qualitative und quantitative corresponds to that effects observed in experiments [8].
Table 2. Plastic constants for (5)-(6) used in FE computations for alloy CMSX2 at 650 oC.
constants

units

γ-phase

γ'-phase

Y   0 2

MPa

400

1146

H
q
b
Q

GPa

1
0.7
0.001
5276

1
0.7
0.001
1704
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Fig. 6. Deformation diagram for the different γ' volume fractions.
Influence of the superalloy microstructure evolution on the creep. In this study the
high temperature creep of the single-crystal nickel-base superalloy at different stages of
microstructure evolution during rafting is considered. It is assumed that coalescence of
particles of gamma phase has a diffusion character [13]. Three typical stages of alloy
morphology changing are analyzed: the initial stage of evolution (particles have a cubical
form) with vertical h and horizontal w thickness of γ phase equal to 0.067 μm; the transitional
stage of evolution (distance between the γ' particles in perpendicular to loading direction is
decreased by a half) with h = 0,129 μm and w = 0,033 μm; the final stage of evolution, at
which the particles γ' are fused, with h = 0,180 μm and w = 0 μm. The FE models of RVE
corresponding to the described above rafting stages are shown in Fig. 7. It is assumed that the
loading is applied in the vertical direction.

γ

γ

γ'

γ'

a)

γ

γ'

b)

c)

Fig. 7. FE models of nickel-base superalloy RVE for different stages of microstructure
evolution: a) γ'-particles have a cubic form, b) distance between the γ'-particles in
perpendicular to the loading direction is decreased by a half, c) the γ'-particles are fused.
Multivariant computational experiments show that the microctructure evolution during
rafting process under high temperature creep leads to increasing the creep rate. Fig. 8 presents
the creep curves for the different stages of microstructure evolution. The obtained results of
FE simulations for the creep behavior have demonstrated a good qualitative agreement with
experimental data for the durability [14].
Obtained results point out on the possibility to apply the proposed approach for the
analysis of stress-strain state of the single-crystal nickel-based alloys with account of the
rafting processes under high temperature creep.
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Fig. 8. Creep curves for three different stages (see RVE in Fig. 7) of microstructure evolution.
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