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ABSTRACT
The requirements for cleaner energy have driven in-

dustrial gas turbines manufacturers to increase firing tem-
peratures and improve cooling of nozzles. The applica-
tion of high temperature alloys having adequate thermo-
mechanical requirements is critical, as assessed by low cy-
cle fatigue performance. The effect of higher firing tem-
peratures combined with higher cooling efficiencies has
lead to operating cycles where the level of plastic strain
imparted define component life. The capability of ma-
terial models to account for non-linear effects such as
ratchetting or shakedown, cyclic hardening or softening as
well as Bauschinger or relaxation effects have been high-
lighted in this context. Neglecting these effects can lead
to over and under-conservative life assessment analysis,
while accounting for them using standard multilinear ma-
terial models lead to convergence issues in finite element
analysis. In this paper, Chaboche viscoplastic model has
been applied to a transient structural of a first stage gas
turbine nozzle. Fitting of the model based on experimen-

∗Address all correspondence to this author.

tal mechanical test data on MAR-M-247 alloy will be de-
scribed, followed by an overview of how the model may
be implemented to a benchmark nozzle thermo-mechanical
transient analysis. Finally the details how the Chaboche-
type model has provided up to 50% decrease in computa-
tion time when compared to using a standard multi-linear
material modelling approach.

INTRODUCTION
Industrial gas turbine design has seen numerous devel-

opments in the last decade, with advances comprising both
materials employed as well as design optimization leading
to more efficient and higher performance. These changes
have been driven by environmental requirements for lower
emissions. Recent improvements allowing low NOx con-
figurations include the materials available, better cooling
of high temperature hot gas path components, increased
firing temperatures driven by higher pressure ratios. In-
dustrial gas turbines are now seeing different applications
compared to the past, mostly driven by mechanical driver
units (gas turbine installed mainly in oil and gas pipelines
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as centrifugal compressors drivers). Nowadays, industrial
gas turbines are integrated into power generation grids as
well as providing back-up solutions for renewable energy
plants to allow for supply oscillations within the grid it-
self. These new applications have modified life require-
ments and assessments of gas turbine components, espe-
cially those lying on the hot gas path. This section of the
gas turbine now needs to withstand higher temperatures and
more severe cyclic loading leading to thermo-mechanical
fatigue. Nickel/cobalt-based superalloys are predominantly
employed, such as MAR-M-247 and Rene 41. Within this
framework the capability to assess the life of gas turbine
components in a reliable way has become more and more
critical, due to the complexities arising from the higher
loads, higher temperatures and cyclic loads with dwell ef-
fects leading to aggressive low cycle fatigue (LCF).

Start-up and shut-down cycling during operation can
result in crack initiation due to LCF and subsequent
crack growth under non-linear, strain-controlled condi-
tions, which for nozzles, may decrease engine perfor-
mance, increase cost of repair and could possibly pro-
duce risk of forced outage. Standard LCF characterisation
methodology makes use of isothermal strain range versus
cyclic life data in the calculation of the number of cycles to
failure. However, LCF in nozzles is typically produced as a
result of thermally-driven stress cycles. In these cycles, the
stress range is generated by continuous changes in metal
temperature throughout the start-up and shutdown portions
of the operating cycle. Thermal stresses are created by
metal temperature variation within a connected structure,
where the thermal expansion of hot material is constrained
by regions of cooler material. Predominantly in simply
supported nozzles, applied mechanical stresses are a sec-
ondary contributor to LCF. Cantilevered nozzles may have
higher contribution from mechanical stresses in LCF anal-
ysis by virtue of complex 3D stress fields that vary through-
out the operating range, see Fig. 1.

It is therefore necessary to develop analysis techniques
to characterize the material under specific loading condi-
tions based on a transient analysis according to operability
curves and embed them in a finite element analysis (FEA)
framework. Furthermore, there is also scope to address the
calculation methodology by implementing different mate-
rial models within an LCF life assessment, that can account
for secondary non-linear effects, such as ratchetting, shake-
down, hardening or softening or relaxation effects as well

FIGURE 1. Example of the two different nozzles design. On
the left figure, a simply supported nozzle is shown. On the right
picture a cantilevered nozzle configuration is depicted.

as Bauschinger effects.
Nickel/cobalt superalloys will be first discussed and

relevant data on MAR-M-247 will be presented. An
overview on different material models for most common
FEA tools will be discussed in context of this data and will
discuss the capabilities of each. The Chaboche unified vis-
coplasticity theory will be introduced, providing the capa-
bility for handle nonlinear kinematic hardening and creep
effects within a unique low cycle fatigue material model.
The Chaboche parameters will be evaluated for MAR-M-
247 and applied to a transient analysis. A methodology
for fitting the model with available monotonic stress-strain
curves at different temperatures will be demonstrated.

NICKEL/COBALT-BASED SUPERALLOYS
Nickel/cobalt-based superalloys are widely used in gas

turbines where high temperature resistance, toughness and
high stress and strain resistance are expected. MAR-M-
247 have been used for applications where average metal
temperatures are 70% of the alloys melting temperature.

Blades and nozzles in gas turbines are mostly manufac-
tured by investment casting, allowing for control of grain
size and alloy microstructure. Both of them are funda-
mentals for providing good mechanical behaviour. Grain
boundaries are critical locations for crack nucleation and
initiation, and single crystal alloys are mostly used in first
stages of high pressure turbines, while equiaxed alloys are
used in the later stages. Face-centered cubic (FCC) nickel
is the primary structure of these alloys, while other 5 to 10
chemical elements constitute up to 40% in weight of the
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alloy, as is the case for one of the more commonly speci-
fied variants: MAR-M-247. Mechanical performance data
on MAR-M-247 are available in the open literature, most
recently from Brindley, Halford, Kaufman and Martin-
Meizoso [1], [2], [3] and [4]. Tensile properties are most
strongly related to γ’ precipitates and the strength of the γ

matrix, see Fig. 2.
Yield, as well as tensile strength are inversely propor-

tional to the size of γ’ precipitates. Unlike many other al-
loys, the yield stress does not decrease as it would be ex-
pected with increasing temperatures: an increase in yield
strength is instead appreciable to a temperature of∼ 800◦C,
after which a large drop in yield can be observed, as per
Fig. 3. This behaviour is related to the strength of the γ’
phase which improves with temperature up to that point.
Liao and Gasko [5] and [6] have studied the influence on
the microstructure on the MAR-M-247 mechanical prop-
erties and the influence of the eutectic γ-γ’ phase. Fig. 3
depicts these aspects.

For what has been depicted in this section, MAR-M-
247 in its applications at high temperatures, as for first stage
nozzles, will show incipient plastic effects which will tend
to be more and more important within a small increment
in temperature or stress. This is a very important aspect to
reproduce in any assessment and that can have large impact
on component life predictions.

CONSTITUTIVE MODELS
The elasto-plastic materials behaviour as effect of ex-

ternal loads has been widely studied in materials science,
leading to different constitutive models. Most models are
accurate enough to predict stresses and strains in case of
monotonic loading and in case of isotropic or kinematic
hardening rules. However, to account for cyclic plasticity,
two approaches have been used. The first one, has the hy-
pothesis that the actual state of material only depends on the
present value of observable variables and adopts a further
set of internal-state variables. The other approach instead
accounts for the time history of the component.

Whenever local stress is below the yield limit, then the
relation between local stress and local strains can be con-
sidered to be rate independent, meaning that the material
behaviour is still elastic and Hookes law is valid. Once
this limit is crossed, a certain amount of strain will be re-
tained despite stress relief. The total strain of the material

can therefore be decomposed into an elastic and a plastic
part. In case the local strain evolution is function of the
time and the yielding limit is past, the material behaviour is
called viscoplastic. The typical yield stress definition can-
not be used in the viscoplasticity model because the yield
stress value is higher than an applied stress in a creep test
which produces creep strain. The model represents plastic
and creep strain in one parameter namely the inelastic strain
[7]. This is in fact the starting assumption of the majority
of constitutive models: the separation of the total strain into
a reversible, elastic part denoted as εe and an irreversible,
inelastic part denoted as ε p, e.g.ε = εe + ε p.

In a standard analysis, plastic effects may be taken into
account by applying the Multilinear Kinematic Hardening
(MKIN) material model which will be shortly depicted in
the next section.

Multi-linear approach
In most commercial FEA tools, two approaches are

readily available for studying plasticity effects including
kinematic and isotropic hardening. In the former, the cen-
tre of the yield surface of material simply translates towards
the principal axes, without any change in size of the yield
locus. In the latter, the centre of the yield surface remains
constant but the radius will change. Two simple models
allow for studying such cases. The bilinear kinematic hard-
ening model can be applied whenever there is a paucity of
data, or whenever a simple model that gives only a first ap-
proximation of the behavior of metals subjected to cyclic
loading is required, while a multilinear kinematic harden-
ing model is applied in case the monotonic stress-strain
curves of the material are well characterized. As the elas-
tic and inelastic domains are distinctly separated, the in-
troduction of a stress level that defines these two fields is
demonstrated by the following:

Eσ = {σ ∈ R| f (σ) = |σ |−σy ≤ 0} (1)

where the function f : R −→ R is the yield function
and is used to compare against the yield condition, where
f (σ) < 0 is the elastic domain and f (σ) = 0 is inelastic.
Adding a rigid motion that acts as as translation operator
to the elasticity domain, Eσ , mean introduces a kinematic
hardening model:
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FIGURE 2. Temperature distribution from FEA versus the microstructure at specific points. It is noteworthy the influence of temper-
ature on the γ− γ ′ matrix structure.

Eσ = {σ ∈ R| f (σ) = |σ −X |−σy ≤ 0} (2)

where X is the kinematic hardening variable. In order
to account for changes to the yield surface, a further vari-
able P is introduced into Eqn 1 and 2. This is referred to as
the isotropic hardening variable.

Eσ = {σ ∈ R| f (σ) = |σ −X |− (σy +P)≤ 0} (3)

Chaboche approach
The Chaboche model as presented by Hart et al. [8]

and Chaboche [9], uses a flow rule to describe the material
inelastic flow, a backstress equation describing the evolu-
tion of the yield stress surface center, and governing equa-
tions for yield surface size evolution. This model contains
an elastic domain and needs to have material parameters
fit directly as they change with temperature. Chaboche ex-
plicitly accounts for isotropic hardening through means of

an isotropic hardening resistance parameter that describes
the change in size of the yield surface. A temperature rate
term is included within the model back stress formulation.
The basic difference with plasticity models previously pre-
sented is that within Chaboche model (as well for other vis-
coplastic models), there is no explicit stress state inequality.

According to Hart et al. [8], the most simple viscoplas-
tic model is represented by a friction element with constant
σy connected in parallel with a non linear dashpot given by
the equation:

σ = Jε̇
1
m (4)

where the constants J and m are free parameters. This
viscoplastic model is valid in the event that only overstress
is responsible for the evolution of plastic strain. The flow
rule which models the plastic strain is given by:

g(σ) = ε̇
p =

(
f (σ ,σy)

J )m sgn(σ), |σ |> σy

0
(5)
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FIGURE 3. MAR-M-247 Tensile Properties from available lit-
erature review, [1], [2], [3] and [4]. Both Yield and UTS look
constant up to a a temperature of ∼ 800◦C after which they drop
drastically to about 1/4 of their maximum value.

with f (σ ,σy) = |σ |−σy. This means that, within vis-
coplasticity framework, the plastic flow is determined by
the overstress. Whenever f > 0, then plastic strain occurs.

From theory it is known that the yield stress is not a
constant value but it is dependent on the loading history
[8]. This means that hardening or softening effects take
place whenever a tension-compression cycle is performed.
If tension is held in first step, then the material hardens in
tension and softens in compression and vice-versa. This
results in lowering the yield stress, that is, a different elas-
tic threshold has been set. This limit will be higher than
the yield stress which would have been expected in a com-
pression test only. This phenomena is recognized as the
Bauschinger effect.

The overall result of the above depicted effect is that
the elastic domain does not only change in size (isotropic
hardening), but it can also be translated (kinematic harden-
ing) [8]. The kinematic hardening behaviour is dependent
on the plastic strain, whereas the isotropic hardening is a
function of the accumulated plastic strain. For a material
which has not undergone any load history the center of the
elastic domain is initially zero with the limits σy in tension
and −σy in compression. Whenever hardening effects are
in place, the incipient plastic flow defined by f > 0 is rep-

resented by the equation

f (σ ,X ,P) = |σ −X |−P−σy (6)

where X and P are kinematic and isotropic hardening
parameters, respectively. High temperatures materials may
show another phenomenon to be taken into account by ma-
terial model. The softening of the material as function of
time may be observed in relaxation tests. This is a recov-
ery process, which is time dependant. This effect has to be
taken into account only for high temperatures. Within the
evolution equations for both kinematic and isotropic hard-
ening variables, this is translated into a decrease in the size
of the elastic region as function of the time. Therefore, the
flow rule of a Chaboche model [8] is defined by equation
5 with hardening variables as in equation 6. Thus, the flow
rule of this model is given by:

ε̇
p = 〈

|σ −X |−P−σy

J
〉m sgn(σ −X) (7)

with 〈 |σ−X |−P−σy
J 〉 = max(0,x) and the isotropic hard-

ening variable P is defined by the differential equation:

Ṗ = b(q−P)ṗ (8)

The variable p take into account the accumulated plas-
tic strain, i.e. ṗ = |ε̇ p|. The parameter b is the term
that evaluates the speed of stabilization. The asymptotic
value, as per the evolution of the isotropic hardening, is
the value of the parameter q. To obtain a more accu-
rate model of kinematic hardening the approach of Harth
[8] is to consider more than only one variable. We apply
a sum of three non-linear kinematic hardening variables
X = X1 +X2 +X3.Their evolution is given by Armstrong
and Frederick [9] type equations:

Ẋi = ciε̇
p−αiXi ṗ,(i = 1,2,3) (9)
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TABLE 1. Chaboche constitutive behaviour

Strain: ε(t) = εe(t)+ ε p(t)

Elastic Law: σ(t) = Eεe(t)

Flow Rule:
ε̇(t) =

(
1
J
(|σ(t)−X(t)|− . . .

P(t)−σy)

)m

sgn
(
σ(t)−X(t)

)

Hardening:
X(t) = X1(t)+X2(t)+X3(t)

Ẋi(t) = ciε̇
p(t)−αiXi(t)|ε̇ p(t)|

Ṗ(t) = b
(
q−P(t)

)
|ε̇ p(t)|

Initial Conditions: ε
p(0) = 0,X1(0) = 0,X2(0)

X3(0) = 0,P(0) = 0

Parameters: σy (Yield Stress)

J,m (Flow Rule)

a1,a2,a3,c1,c2,c3,b,q (Hardening)

The values of the parameters α1, α2 and α3 denote the
speed of saturation and according to these values the pa-
rameters c1, c2 and c3 are asymptotic values of the kine-
matic hardening variables [8]. A complete depiction of the
model is given in Table 1.

The superposition of three kinematic hardening vari-
ables leads to a more accurate description, as each vari-
able covers its own strain range. This means that, while
one variable describes hardening for rather large strains, the
other one permits the transition from elastic to plastic do-
mains. The third one instead is added to optimize the accu-
racy at lower strain ranges. The complete Chaboche model
is presented in Table 1. It has 11 material parameters. In
this framework, it has been considered the hypothesis that
the Young’s modulus is a fixed value. The inelastic part of
the models consists of a system of four ordinary differential
equations.

MATERIAL MODEL DEVELOPMENT
In describing the material model development for

MAR-M-247, only kinematic hardening effects will be aco-
cunted for, both because they are easily obtained from
monotonic stress-strain curves and because they are readily
implemented into the majority of available FEA tools. To
determine parameters at different temperatures of interest,
the first step is to calibrate the coefficients from appropriate
flow stress curves at different temperatures. It is therefore
important to define an elastic limit. In this study two ap-
proaches have been implemented. A 0.2% yield point was
first used and then a 1E-6 difference in strain deciding this
limit. This second approach has been implemented in order
to take into account for yield stress effects. 0.2% yield is
a conventional way to define this parameter. According to
the data for monotonic stress-strain curves of MAR-M-247
available within proprietary material database, a different
approach has been evaluated. It has been calculated the dif-
ference between total and elastic strains and 1E-6 has been
taken as threshold for yield stress definition, due to data
point accuracy. The elastic limit is fundamental to evaluate
the backstress, that is the parameter that takes into account
for the translation of the yield surface in stress space. It
is defined as the difference between the stress in a uniaxial
stress state of a tension specimen and the initial yield stress
at the elastic limit, previously defined. So that once the
backstress is defined, the inelastic strain curves are defined
(Fig 4).

According to Kalnins et al. [10], a minimum of three
Chaboche parameters can interpolate the backstress curves
at the different temperatures. Once the backstress curves
are available, the parameters can be fit with a a Levenberg-
Marquardt (LM) algorithm. First, the αNLK backstress is
described by the following equations:

αk = (
ak

ck
)[1− exp(−ckε

p)] (10)

αNLK =
N

∑
k=1

ck (11)

where K refers to each of the N components applied,
and ε p is the uniaxial plastic strain. ak and ck are the
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FIGURE 4. Example of the the different curves at 980◦C. The
monotonic stress-strain curve is the curve as found in Baker and
Hughes material database. The monotonic stress-plastic strain
curve is the one applied commonly in MKIN anlysis. The back-
stress curve is the curve applied in the paper for obtaining the
Chaboche parameters as per Kalnins et al. [10].

Chaboche parameters that are determined by the calibra-
tion process (Fig. 5).

APPLICATION
To demonstrate and benchmark material models, the

first stage nozzle of a high pressure gas turbine was anal-
ysed with a sequentially-coupled thermomechnical FEA.
Representative start-up of the nozzle up to the steady-state
conditions was modelled followed by shut-down. The full-
size component is made up of 22 identical sectors that are
separated by a small gap where seals are mounted. This al-
lows for simplified modelling efforts as only one single sec-
tor needs to be considered. A tetrahedral mesh was then ap-
plied to a simplified geometry of this single sector (Fig. 6).
The mesh resulted contained 800000 nodes and more than
1000000 elements.This is made by simply providing the
FEA tool with monotonic stress-plastic strains curves. The
results obtained through this model have been then used as
the baseline to compare the Chaboche model with.

Boundary conditions were applied to the chordal hinge
of the nozzle, which, in a complete model would represent

FIGURE 5. Example of the the different curves at 640◦C. Pic-
ture here is showing the good fitting found through the applica-
tion of the three Chaboche components.

the contact surface with the inner ring and the gas turbine
casing, see Fig.6.

Temperature fields were directly applied stemming
from a parallel gas flow analysis. These were employed
as input conditions for pressure and temperature. In Fig.
7 and 8, pressures and temperatures are given as contour
plots.

RESULTS AND DISCUSSION
The analysis described above provided 20 points in

time along the duty cycle to compare material model per-
formance (Fig. 9).

The nozzle mesh has been kept constant in each
of the model applied (bilinear kinematic hardening and
Chaboche), as well as the constrains (simply supported
nozzle). Cyclic symmetry has been applied to the gas tur-
bine casing and to the inner ring, and nonlinear contacts
have been used to simulate the contacts between these el-
ements and the nozzle itself. No appreciable differences
between Chaboche and MKIN were noted as per Fig. 10
which plots the difference in stresses resolved by each ma-
terial model.

The main advantages demonstrated by the Chaboche
model were as follows:
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FIGURE 6. Mesh applied to the nozzle geometry and cordal
hinge contacts. These will simulate the displacements imposed
to the nozzle from inner ring and outer casing.

FIGURE 7. Nozzle airfoils pressure map at steady state con-
dition.

1. Expedited convergence of the FEA. It took in fact very
few steps for the entire nozzle model to converge and
this showed to be much faster, saving up to 50% of
computational time as compared to MKIN.

2. The results with both models applied (the model con-
sidering the 0.2% yield stress and the model with recal-
culation of the yield value), provided comparable re-
sults. Fig 11 highlights stress and strain results for one
single node at the trailing edge of the nozzle in a crit-

FIGURE 8. Nozzle airfoils temperature map at steady state
condition.

ical zone and there is only one time step where larger
differences (up to 5% in stress) are shown.

3. While with bilinear or multilinear kinematic hardening
model it has shown to be hard to evaluate more than one
cycle, an analysis with eight cycles easily converged,
see Fig 12. This may be related to the specific applica-
tion considered in the present paper, specifically to the
boundary conditions, loads and specific material itself.
The simple bilinear models fails in considering cyclic
hardening and ratchetting effects while the multilin-
ear kinematic hardening showed stability issues parti-
coularly in the second cycle analysis.

4. The Chaboche model showed the capability of taking
into account for such effects as ratchetting or shake-
down and hardening or softening of the material, see
Fig. 13. It is evident here that the hardening of the ma-
terial results in a drop in the stress of the component.
It is also evident that the hysteresis cycle has not yet
come to stabilization.

It is also noteworthy that after 8 cycles a drop of about
5% in stress is evident. This may lead to strongly influ-
enced crack propagation assessments due to a reduction of
alternate stress effects as differing predicted LCF lives due
to a reduction in mean stress, which is of predominant im-
portance in crack nucleation.

FUTURE DEVELOPMENTS
After this first application of the Chaboche model

through monotonic stress-strain curves and the interesting
results obtained by considering only the kinematic harden-
ing part of the model itself on both calculation time reduc-
tion and accuracy capability, in the next future it will be
worth to investigate the following:
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FIGURE 9. Points selected for the transient structural assessment on the entire engine mission. These points have been selected by
taking into account for peaks and drops as per the rainflow methodology.

1. Application of cyclic stress-strain curves in order to re-
evaluate the kinematic hardening part by the applica-
tion of more appropriate data and to include isotropic
effects;

2. Application of relaxation data in order to include the
viscous part of the model and to evaluate the capability
of taking into account for cyclic and time based effects;

3. Add further cycle steps to the analysis in order to eval-
uate when the hysteresis cycle of the material reaches
stabilization and evaluate the whole hardening effects;
and

4. Evaluate the model capability through LCF tests with
long (10 minutes or 30 minutes) holds to test the accu-
racy towards defined solutions
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