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A true-stress creep model has been developed based on well-recognized deformation mechanisms, i.e.,
dislocation glide, dislocation climb, and grain boundary sliding. The model provides a physics-based
description of the entire creep deformation process with regards to the strain-time history (primary, sec-
ondary, and tertiary creep), rupture strain and lifetime, which finds good agreement with experimental
observations for Waspaloy. A deformation-mechanism map is constructed for Waspaloy, and a creep failure
criterion is defined by the dominant deformation mechanisms leading to intergranular/transgranular
fracture. Thus, the model is a self-consistent tool for creep life prediction.
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1. Introduction

Because of the relentless desire for higher efficiency, lower
emission, and economic reasons, industrial gas turbines are
operating for longer uninterrupted hours and at higher firing
temperatures. These factors are pushing the gas turbine
materials closer to their operating envelope. Particularly, for
industrial gas turbines, the desired operating hours are often
beyond the realm of laboratory testing. Therefore, it requires a
reliable creep deformation model and life prediction method to
ensure the safe-life operation limit.

Generally speaking, exertion of loads at high temperature
can invoke a plethora of dislocation/vacancy activities confined
within the particular microstructure of the material. Therefore,
creep deformation is generally microstructure dependent. To
accurately describe the creep behavior, a generic creep model
needs to link material deformation behavior to the underlying
deformation mechanisms with the constraint of microstructure.

Creep phenomena have been studied over a century, since
Andrade�s first observation was made on the viscous flow
behavior of metals (Ref 1). Several creep modeling approaches
have been proposed to describe the commonly observed three-
stage creep phenomenon that consists of: (I) a decelerating
strain rate stage (primary creep), (II) a steady or minimum
strain rate stage (secondary creep), and (III) an accelerating
strain rate stage (tertiary creep), Fig. 1, as summarized below.

First, Norton (Ref 2) and Bailey (Ref 3) proposed a power-
law equation to describe creep strain as a function of time (t),
stress (r), and temperature (T) in the form of

e ¼ Ctmrn ðEq 1Þ

where C is an Arrhenius-type temperature-dependent constant,
m and n are power indices (m< 1 for time-hardening, m = 1
for the steady-state condition, and m> 1 for time-softening
phenomena, as observed during the primary, secondary, and
tertiary creep stages, respectively). Graham and Walles (Ref
4) expanded the Norton-Bailey equation into a series form,
setting m = 1/3, 1, and 3, and n = (2m, 4m, 8m, 16m, …) for
each creep stage (m), to mathematically match the observed
creep phenomenon.

Second, Evans and Wilshire (Ref 5) proposed a h-projection
method, which takes the form:

e ¼ h1½1� expð�h2tÞ� þ h3½expðh4tÞ � 1� ðEq 2Þ

where h1, h2, h3, and h4 are stress- and temperature-dependent
parameters. The h parameters need to be determined through
linear regression via polynomials of stress and temperature.

Third, continuum damage mechanics (CDM) formula were
also developed to describe creep. Using a scalar parameter, x,
to represent the total cross-sectional areal loss in a creeping
material, the effective stress in a specimen during creep would
be equal to r/(1�x), as originally proposed by Kachanov
(Ref 6) and Robotnov (Ref 7). Then, the general form of the
creep-damage equation can be written as:

_e ¼ A
rn

ð1� xÞp ðEq 3aÞ

_x ¼ B
rm

ð1� xÞq ðEq 3bÞ

where A, B, m, n, p, and q are temperature-dependent mate-
rial constants, and x is the damage parameter in the value
range of 0 to 1. Equations 3a and 3b couple the creep strain
with accumulation of creep damage, x, and Eq 3a and 3b is
often used to depict tertiary creep under constant load, i.e.,
r = P/A0 = const. (P is the load, A0 is the initial cross-
sectional area). Multiple damage-variable CDM equations
were later developed with the considerations of cavitation
damage, dislocation multiplication, and strain hardening, etc.
(Ref 8-10).
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Both the Graham-Walles and h-projection methods provide
descriptions of the continuous creep curve without failure
criteria. The CDM approach implies creep failure at x = 1, or a
critical value xr. In reality, creep ductility varies with stress,
temperature, microstructure, and environment, depending on the
dominant failure mechanism, and so is the creep life. The
aforementioned models, except mathematically mimicking the
creep behavior, do not provide a coherent explanation of the
physical interplays of various rate-controlling deformation
mechanisms, the resulting damage accumulation and the micro-
structural effects. Therefore, they have difficulties to relate creep
deformation and lifetime to physics/metallurgy-defined factors
for a wide stress and temperature range, e.g., stress from zero to
the ultimate strength, and temperature from room temperature to
themelting point. This is perhaps the deeper reasonwhy creep life
prediction needs to be supplemented with empirical correlations
such as the Larson-Miller plot (Ref 11) or the Monkman-Grant
relation (Ref 12), etc. for extrapolation of the creep rupture test
data. For example, Harrison and Homewood used the Graham-
Walles approach to construct stress versus time diagrams for
specific creep strains (Ref 13). Recently, Wilshire and Scharning
(Ref 14) proposed an exponential correlation of stress with
rupture life, to supplement the h-projection creep equation for
creep life prediction.

This article, based on the well-understood deformation
mechanisms operative in polycrystalline materials, outlines a
generic approach for creep deformation and life prediction
modeling. Creep data on Waspaloy over a broad range of stress
(240-990 MPa) and temperature (600-800 �C) are analyzed to
validate the model. It is shown that all the characteristics of the
creep process (creep strain, creep ductility, and creep life) can
be described using the proposed approach. By virtue of the
generality of the physical deformation mechanisms, the pro-
posed modeling approach can be applicable to all polycrystal-
line engineering alloys.

2. Deformation Mechanisms and the True-Stress
Creep Model

2.1 Deformation Mechanisms

Frost and Ashby (Ref 15) presented deformation-mechanism
maps that summarize deformation mechanisms operative over a
stress range from zero to the ideal material strength, and a
temperature range from room temperature to the melting point
of an engineering material. A schematic deformation-mechanism

map is shown Fig. 2. At low temperatures (i.e., T< 0.3 Tm,
where Tm is the melting temperature), the deformation response
is mainly elastic-plastic. In the high-stress regime, the control-
ling deformation mechanism is understood to be dislocation
glide, looping around or cutting through the obstacles along the
path, resulting in strain-hardening plastic deformation. As
temperature increases, dislocations can be freed by vacancy
diffusion facilitating bypass of obstacles so that time-dependent
deformation manifests. Time-dependent deformation at ele-
vated temperatures is basically assisted by two diffusion
processes—grain boundary diffusion and lattice diffusion, the
former assists dislocation climb and glide along grain bound-
aries, resulting in grain boundary sliding (GBS), and the latter
assists dislocation climb and glide within the grain interior,
resulting in intragranular deformation (ID) contributing to the
power-law and power-law-breakdown regimes shown in Fig. 2.
Diffusion flow (Nabarro-Coble creep) may also occur at
extremely high temperatures and low stresses.

2.1.1 Grain Boundary Sliding. GBS is a deformation
mechanism that proceeds by grain boundary dislocation glide
plus climb at temperatures above 0.3 Tm. In a polycrystalline
material, grain boundary dislocation glide does not always
proceed along perfect planes: it is often obstructed by grain
boundary triple junctions or grain boundary precipitates.
Vacancy flow along the grain boundary helps dislocations to
climb around the obstacles to continue on the present grain
boundary or to move onto adjacent grain boundary plane. Wu
and Koul (Ref 16, 17) developed a transient creep model
involving GBS in the presence of grain boundary precipitates
and along wavy grain boundaries. The GBS-controlled creep
can be expressed as:

eGBS ¼
r

b2H
1� exp � b2H _est

rðb� 1Þ

� �� �
þ _est ðEq 4aÞ

where

_es ¼ A0 exp �
QA

RT

� �
r
ru

� �p

ðEq 4bÞ

_es is the steady-state GBS rate, p is the power exponent of
GBS, b is the material parameter, A0 is the proportional constant
which has explicit dependence on the grain size and grain

Fig. 2 A schematic deformation-mechanism map
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boundary precipitate size and morphology (Ref 16), QA is the
activation energy of GBS, H is the work hardening coefficient
of GBS, ru is the ultimate tensile strength (UTS), R is the
universal gas constant, 8.32 J/K Æmol, and T is the absolute
temperature, K.

Equation 4a naturally contains two components: one depicts
the exponentially rising of creep strain in time, attaining to a
constant level; and the other depicts a steady increase of creep
strain that is linearly proportional to time. The former
constitutes primary creep, while the latter merges with ID as
part of the secondary creep phenomena, as elucidated later.

2.1.2 Intragranular Deformation. ID proceeds by ID
glide plus climb. For simplicity, we use power-law functions to
express the stress dependence of both dislocation glide and
climb. For dislocation glide (DXNG),

_eg ¼ B0 exp �
QB

RT

� �
r
ru

� �n

ðEq 5Þ

whereB0 is the proportional constant of dislocation glide, QB

is the activation energy of dislocation glide, n is the power
exponent of dislocation glide.

For dislocation climb (DXNC), dislocation multiplication is
included (Ref 18, 19) as

_ec ¼ ð1þMeÞ _ei ðEq 6aÞ

_ei ¼ C0 exp �
QC

RT

� �
r
ru

� �m

ðEq 6bÞ

where m is the power exponent of dislocation climb, M is the
dislocation multiplication factor, C0 is the proportional con-
stant of dislocation climb, QC is the activation energy of dis-
location climb.

It is noted here that dislocation multiplication has been
recognized as a significant contributing factor to tertiary creep
(Ref 20, 21).Generally speaking, dislocationmultiplication should
occur over the entire range of intragranular dislocation glide and
climb. Perceivably, dislocations are mostly mobile in the DXNG
region, so it is naturally taken into account by the average DXNG
strain rate. In the DXNC region, however, deformation mainly
proceeds by dislocation climb releasing the obstacle-holdup
dislocations; therefore, dislocationmultiplicationwith strain needs
to be included as a multiplication effect. Indeed, this phenomenon
is significant as often observed in the power-law regime.

2.1.3 Diffusion Flow. In polycrystalline material at high
temperatures, the deviatoric stresses on different facets of grains
may create a chemical potential gradient that induces diffusion
flow of mass or vacancies, either through the grain interior or
along grain boundary paths. When interacted with dislocation
multiplication, it behaves similar to dislocation climb, but has a
stress dependence exponent of 1. Pure diffusion flow mecha-
nisms such as Coble creep and Nabarro-Herring creep usually
occurs in pure metals at stresses below the level of engineering
concern for gas turbine component design.

2.2 The True-Stress Model

To develop a generic engineering creep model for complex
polycrystalline alloys, one needs to set out the deformation
rules based on fundamental physics of deformation and
henceforth bring various contributions of relevant deformation
mechanisms into consideration.

First, by deformation kinetics, for a polycrystalline material,
it is straightforward to decompose the total strain rate _e into the
sum of GBS and ID strain rate components (Ref 19), where the
latter is comprised of DXNG and DXNC. Hence, the total strain
rate can be expressed as:

_e ¼ _eGBS þ _eg þ _ec ðEq 7Þ

Equation 7 does not mean to undermine the complex interac-
tion between deformation processes at grain boundaries and that in
the grain interior (particularly near triple junctions). In the light of
discussions in the literature on GBS (Ref 16, 22, 23), and in
keeping with the assumption that grain deformation is uniform in
an engineeringmodel,GBS (sometimes referred as grain boundary
shearing) can be regarded as an independent deformation mech-
anism, uniformly proceeding along the grain boundaries (orwithin
the grain boundary layer zone for that matter). Obviously, in the
multi-scale spectrum of physics, the present model is meant to
apply for material coupons, or representing a material-point
response in amacroscopic continuum.Onewould expect that in an
atomistic simulation model, the local response would be different.

Second, by the incompressibility of viscoplastic flow, the
true-stress in the material changes with change of shape of the
loaded body. For a cylindrical specimen with uniform cross
section (the shape of most creep specimens), the true-stress-
strain follows the following relationship:

e ¼ lnð1þ eÞ
r ¼ r0 expðeÞ

ðEq 8Þ

where e is the engineering strain and r0 is the initial stress.
Then, for small-strain deformation, say <5% for discussion

purpose, the creep rate equations, Eq 4b, 5, and 6b, can be
rewritten as:

_es ¼ A
r
ru

� �p

¼ A
r0

ru

� �p

epe � ð1þ peÞA r0

ru

� �p

¼ ð1þ peÞ _es0

ðEq 9aÞ

_eg ¼ B
r
ru

� �n

¼ B
r0

ru

� �n

ene � ð1þ neÞB r0

ru

� �n

¼ ð1þ neÞ _eg0 ðEq 9bÞ

_ec ¼ ð1þMeÞC r
ru

� �m

¼ ð1þMeÞC r0

ru

� �m

eme � ð1þMeþ meÞC r0

ru

� �m

¼ ð1þMeþ meÞ _ec0

ðEq 9cÞ

where _es0; _eg0; _ec0 are the initial strain rates at r0.
Substituting Eq 9a to 9c into 7, we have

_e ¼ _es þ _eg þ _ec ¼ ð1þ peÞ _es0 þ ð1þ neÞ _eg0
þ ð1þMeþ meÞ _ec0 ðEq 10Þ

Equation 10 can be integrated into the form:

e ¼ 1

M 0
expðM 0ktÞ � 1½ � ðEq 11aÞ

where

M 0 ¼ p_es0 þ n_eg0 þ ðmþMÞ _ec0
� ��

k ðEq 11bÞ
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k ¼ _es0 þ _eg0 þ _ec0 ðEq 11cÞ

Then, adding the primary creep component of Eq 4a and
11a together, as warranted by the deformation kinetics rule of
Eq 7, we obtain the total creep strain equation, as:

e ¼ e0 þ ep 1� exp � t

ttr

� �� �
þ 1

M 0
expðM 0ktÞ � 1½ � ðEq 12Þ

where e0 is the initial elastic-plastic strain (in creep experi-
ments, it may also include the initial compliance of the test
machine and specimen fixture).

The total creep rate is given by:

_e ¼ ep
ttr
exp � t

ttr

� �
þ k expðM 0ktÞ ðEq 13Þ

Here it should be noted that intragranular dislocation activities
may also produce primary creep, as observed in single crystal Ni-
base superalloys (Ref 24, 25). A plethora of mechanisms may be
involved to drive this phenomenon, including formation of
dislocation ribbons, cutting of c¢ precipitates, and relaxation of
misfit stress, and in the presence of c¢ rafts. Ma et al. (Ref 26)
further considered thesemechanisms in theirmodelling for single
crystal Ni-base superalloys. Pronounced and undelayed primary
creep in single crystal Ni-base superalloys mostly occur in the
temperature range of 750-800 �C and at high stresses above
550 MPa. It has been reasoned with metallurgical evidence that
c¢-strengthening remains to be effective up to 750 �C before
significant rate-dependent deformation occurs (presumably by
dislocation climb, releasing hold-up dislocations). Therefore, in
single crystal Ni-base superalloys, stress has to be sufficiently
high to form dislocation ribbons within the c channels and drive
super-dislocations to cut c¢ precipitates. Besides, at low temper-
atures, the initial dislocation density is too low to give rise to
primary creep at the time of loading, such that the phenomenon is
often delayed. Whereas in polycrystalline Ni-base superalloys,
such as Waspaloy, grain boundaries may serve as sinks of
intragranular dislocations and they are themselves sources of
abundant dislocations. Thus, GBS-led primary creep can occur at
lower temperatures and lower stresses, as often observed (e.g.,
600-700 �C in Waspaloy). By the weakest link postulation, the
intragranular primary creep mechanisms may not necessarily be
invoked, as deformation proceeds along the grain boundaries (the
weakest paths) in a polycrystalline Ni-base superalloy. At
750 �C, few polycrystalline materials could hold a 550 MPa
stress for long. This perhaps attests that primary creep in
polycrystalline materials is primarily due to GBS, which is
perhaps the very reason why grain boundaries are desirably
eliminated in materials for turbine blade applications.

To balance the mathematical simplicity and metallurgical
complexity, the present formulation in the context of Eq 12
may prove to be suffice, as demonstrated later in creep analysis
of Waspaloy. Interestingly, Eq 12 takes the same mathematical
form as the h-projection method, Eq 2, but it is now derived
based on contributions from the identified deformation mech-
anisms as discussed above.

3. Creep-Curve Analysis for Waspaloy

It should be emphasized that the two premises of the present
model: (i) deformation decomposition rule, Eq 7 and (ii) the
incompressibility of viscoplastic flow; are physics based.

Thermally activated rate equation forms are introduced for
each participating deformation mechanism, Eq 4a to 6b. These
rate equations are integrated to obtain a creep strain expression,
Eq 12, for constant-load cases. For engineering application,
determination of the parameters of the model follows a fitting
scheme, combining regression with physically based reasoning.
It is essentially similar to determination of elastic modulus for
an engineering alloy from the initial stress-strain response,
albeit with variant forms and in multiple steps.

3.1 Step 1

As observed in most engineering materials, creep deforma-
tion undergoes a transient stage comprising the primary and the
secondary stages followed by the tertiary stage, as schemati-
cally shown in Fig. 1. The primary stage (I) can be described
by the first term in Eq 12. The slope k corresponds to the
minimum creep rate. In the tertiary stage (III), beyond the
minimum creep rate point, the creep rate accelerates, according
to Eq 13, and the creep rate can be approximately represented
by the second term of Eq 13, i.e.,

ln _e ¼ ln k þM 0kt ðEq 14Þ

Then, k and M¢ can be determined from the intercept and
slope of the linear relationship on a logarithmic creep rate
versus time plot.

In this study, creep data for Waspaloy (Ref 27) are used to
illustrate the application of the model. To maintain the
proprietary of the data, the creep strain is normalized by a
random scale. Using Eq 12 to analyze the creep data, we need
to divide the creep curve into transient and tertiary stages. For
the tertiary stage, plotting the creep rates versus time, we obtain
the values of k and M¢, by linear regression using Eq 14 for the
material under the given creep test condition. An example is
shown in Fig. 3 for Waspaloy at 510 MPa/700 �C. Note that
the linearization of true-stress in Eq 9a to 9c under-estimates
the actual true-stress near the end of the tertiary creep with large
creep elongations.

3.2 Step 2

Once all the creep rate constants, k, are obtained. Delinea-
tion of deformation mechanisms can be performed via piece-
wise linear regression on a log k versus log r0 plot. Such a rate

Fig. 3 Creep rate versus time relationship for Waspaloy at
510 MPa/700 �C
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diagram is shown in Fig. 4 for Waspaloy. Using the rate plot, in
combination with the Arrhenius plot, the rate equation param-
eters for GBS, DXNG, and DXNC can all be determined (p, n,
m, A0, B0, C0, QA, QB, QC). Then, dislocation multiplication
factor M can be extracted from M¢ via Eq 11b (usually, one
would choose a creep curve in the DXNC regime; or taking
average from several curves at the same temperature).

3.3 Step 3

The last step is to determine the primary creep parameters
associated with GBS. Choose a creep curve that exhibits a
pronounced transient stage, measure the primary strain ep and
the transient time ttr, as shown in Eq 12, from which, H and b
can be determined, in comparison with Eq 4a. More details of
GBS governed transient creep can be seen in Ref 16. Transient
creep responses under other stress/temperature conditions
should be reproducible, using Eq 4a and 4b with theses
parameters.

4. Discussion

4.1 Deformation Mechanisms

Generally speaking, dislocation glide (DXNG) mechanism
predominates in the high-stress region at low temperatures, e.g.,
550-650 �C, the creep rate behavior of Waspaloy in this
temperature range can be fitted with a power-law of high
exponent. At temperatures above 700 �C, DXNC mechanism
may become dominant with a lower power-law exponent,
typically in the range of 3 to 8, as reported for many metal/alloy
systems. The two mechanisms have been well recognized and
represented in Ashby�s deformation-mechanism map (Ref 15).
In the intermediate stress region and at intermediate tempera-
tures, i.e., between 600 and 700�C, both dislocation glide and
climb mechanisms do not make up the observed creep rate by
extrapolation, which indicates that another deformation mech-
anism—GBS—operates in this range. Creep curves under these
conditions often exhibit a pronounced transient behavior.
Having considered all the possible deformation mechanisms,
i.e., DXNG, DXNC, and GBS, the creep rates k are matched
with the present model as shown in Fig. 4. The parameter

values for each deformation-mechanism model are given in
Table 1. The activation energy and power-exponent values are
close to those reported by Wilshire and Scharning (Ref 14) (an
apparent activation energy value of 276 kJ/mol and power
indices from 4 to 18) for the minimum creep rate in Waspaloy.
Under the test conditions presently concerned, diffusion flow
(DFN) (with a power index �1) was not observed.

4.2 Creep Behavior

The present true-stress creep model (with parameter values
given in Table 1) is used to compute creep responses of
Waspaloy under various conditions (temperature: 600-800 �C;
stress: 240-990 MPa), exhibiting typically the three-stage
behavior. The predicted creep curves are compared with the
experimental data as shown in Fig. 5 to 9. In general, the
present model is in good agreement with observed material
behavior, except near the very end of the tertiary stage where,
especially with large deformation, the true-stress increases with
strain exponentially rather than linearly as Eq 9a to 9c
formulated for the simplification of constant-load creep anal-
ysis. In addition, internal voids may grow extensively in the
creeping material towards the end of the tertiary stage such that
material deformation becomes unstable. Since the true-stress
effect, as dictated by the incompressibility of viscoplastic flow,
occurs by the law of nature, the overall agreement of the present
model with experimental observation (at least up to 5% strain in
the true scale) shows the general validity of the model for
engineering application (in gas turbine components, local true
creep strain would certainly not be allowed to be above 5%).

Mathematically, linearization of the true-stress in Eq 9a to 9c
would introduce an error that increases with the stress exponent

σ

Fig. 4 Creep rates versus applied stress relationships for Waspaloy

Table 1 Deformation mechanisms and parametric values
of the models for Waspaloy

Deformation
mechanism Parameters

GBS A0, h
�1

1.92E + 15
QA, J/mol
300831

p
10.1

b
1.03

H (MPa)
13800

DXNG B0, h
�1

2.73E + 25
QB, J/mol
424045

n
23.85

DXNC C0, h
�1

4.34E + 16
QC, J/mol
337276

m
7.07

M
100

Fig. 5 Experimental and predicted creep curves for Waspaloy at
600 �C
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and the accumulated strain, it does not alter the physical basis of
the model though. Given the simplified framework of the model,
parameters thus determined would compensate for the effect of
simplification. The main focus of this article is to present an
engineering creep model that should have both the mathematical
simplicity and the accuracy to cover the engineering application
domain as wide as possible. It seems this objective has been
achieved with Waspaloy as a test case.

4.3 Creep Life Prediction

As stated in section 1, most existing creep-curve models do
not have built-in life prediction algorithms, they rather rely on
empirical correlations in this regard. For example, the param-
eters of the Larson-Miller relationship have nothing to do with
the creep model. Even the damage mechanics models, which
seem to embody a failure criterion based on the areal loss in the
cross section perpendicular to the stress, as it is formulated, fail
to give due considerations with respect to grain boundary
cavitation or intragranular void growth. Thus, a single ‘‘damage
evolution’’ equation cannot be physically appropriate to cover
both damage accumulation mechanisms. In short, previous
creep models have separated the physics of deformation and
material failure. It has been longing for a generic creep model
that can accurately describe/predict both creep deformation
behavior and its rupture ductility/lifetime. For gas turbine
component analysis, accurate stress-strain response model
would be needed to capture the stress relaxation and redistri-
bution involving time-dependent deformation such as creep.
With regards to this aspect, transient creep is of particular
importance. The present model, in its true-stress form, Eq 4a to
7, can serve as a constitutive law for component analysis, since
the finite element method (FEM) always evaluate Cauchy stress
by the least-energy principle for a deformation process. On the
other hand, for creep test analysis, it can also reduce to
constant-load formulation, Eq 12, such that the creep coupon
behavior is analyzed in terms of the engineering stress r0 per
test condition.

With regards to damage accumulation, the present model
presumes that creep deformation proceeds by both ID and GBS,
leading to a mixed mode of intergranular/transgranular creep
rupture. Now, let us examine the role of GBS/ID in creep
rupture. As it is observed from the creep tests, Waspaloy fails at
a strain level close to the present relative scale of 1 in high-
stress/low-temperature and low-stress/high-temperature
regions, except in the intermediate stress/temperature region,
where creep ductility is dramatically reduced to a low level of
0.2 (in the relative scale). In this region, transient creep
behavior is very pronounced, and therefore it is suspected that
GBS plays the dominant role, leading to ‘‘brittle’’ creep
rupture. We use Eq 4a to estimate the pure GBS component
(setting the initial experimental strain e0 = 0) and the results are
given in Table 2. It can be seen that at intermediate temper-
atures (600-700 �C) and stresses (650-810 MPa), the material
failed with maximum GBS at a fairly constant level �0.08 (in

Fig. 6 Experimental and predicted creep curves for Waspaloy at
650 �C

Fig. 7 Experimental and predicted creep curves for Waspaloy at
700 �C

Fig. 8 Experimental and predicted creep curves for Waspaloy at
750 �C

Fig. 9 Experimental and predicted creep curves for Waspaloy at
800 �C
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the present relative scale) (note that the model over-estimated
GBS for the 810 MPa/600 �C condition, because it over-
predicts the GBS rate, as compared with the experimental
observation); therefore, the fracture mode would be predom-
inantly intergranular in this region. In both the high-stress/low-
temperature and the low-stress/high-temperature regions, GBS
is below this critical level, and hence the material would
presumably fail by a mix mode or ID. In the high-stress/low-
temperature region, dislocation glide would dominate the
deformation, thus the material would fail with a fracture mode
of mixed grain boundary and slip-plane facets during creep. In
the low-stress/high-temperature region, on the other hand,
dislocation climb/multiplication would dominate, such that the
creep fracture occurs with ductile dimples mixed with grain
boundary facets. As GBS contribution decreases with temper-
ature, as shown in Table 2, it is expected that more ductile type
of intragranular failure mode would occur. A recent creep
failure analysis (Ref 28) has confirmed the above model
predication, whereas previous creep models could not offer
such an explanation for the above creep ductility phenomena.

In light of the above analysis and discussion, it is natural to
propose a two-component creep rupture criterion, which
presumes that creep rupture occurs either by GBS reaching a
critical level or exhaustion of granular ductility (due to
intragranular void growth), whichever comes first in time.
Therefore, mathematically, the creep rupture time, tr, can be
expressed as:

tr ¼ min
tðeGBS ¼ eGBS;crÞ
tðeg=c ¼ eg=c;crÞ

	
ðEq 15Þ

The critical GBS, eGBS,cr, is a microstructure-dependent
quantity, as GBS is dependent on the grain size, the grain
boundary precipitate size and morphology (Ref 16, 17), whereas
the critical intragranular strain, eg/c,cr, is equal to the granular
ductility. Figure 10 shows a snapshot of damage accumulation
in Waspaloy crept for 24 h to 2% strain under stress of 680 MPa
at 650 �C, where it can be seen that crack nucleation has
occurred at grain boundary precipitates, but damage in the grain
interior appears to be minimal. Environmental effects are also
most likely to affect the GBS fracture strain. This mix-mode
failure criterion explains the variation of creep ductility with
temperature and stress. With creep failure defined, as outlined in

Eq 15, creep lifetime can be accurately estimated as to be
associated with exact strain level(s), as shown in Fig. 5 to 9. The
deformation-mechanism-based model also allows the material
engineers to estimate the relative risk of intergranular cracking
or intragranular failure for the application of the component.

Once the rate equations for the identified deformation
mechanisms are established, we can follow Ashby�s approach
to construct a deformation-mechanism map for Waspaloy, as
shown in Fig. 11, for the tested range. The stress is normalized
with the material�s temperature-dependent UTS to show the
entire application field, and the temperature is normalized with
Waspaloy�s melting temperature, as the absolute homologous
temperature, T/Tm (Tm = 273 + 1330 K). This field is then
divided into three (DXNG/DXNC/GBS) stress-temperature
regions over which a particular deformation mechanism is
predominant. Extension of the map field can be done in
principle based on additional tests. Information such as creep
rate, and strain/time to rupture can be superimposed onto the
map to provide engineers a design tool for selecting the optimal
application condition for the material/component in consider-
ation. In single crystal materials with the elimination of grain
boundaries, GBS is absent and hence the material would exhibit

Table 2 Predicted GBS in Waspaloy at creep rupture

Temperature,
�C

Stress,
MPa

Rupture
time, h

Rupture
strain GBS

600 990 20.03 0.90 0.073
600 920 144.86 1.02 0.050
600 810 1010.02 0.25 0.095
650 870 7.98 1.17 0.068
650 770 113.23 0.86 0.082
650 650 670.4 0.22 0.076
700 750 8.47 1.00 0.080
700 630 47.2 0.82 0.070
700 510 493.5 0.88 0.065
750 610 6.04 0.48 0.082
750 490 43.4 1.00 0.065
750 370 314.14 0.81 0.039
800 450 6.85 0.62 0.069
800 340 39.4 0.59 0.037
800 240 450 0.80 0.022 Fig. 10 Grain boundary microcracks nucleation in Waspaloy crept

for 24 h to 2% strain under stress of 680 MPa at 650 �C

Fig. 11 Deformation-mechanism map for Waspaloy
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a lower creep rate and longer creep life than its polycrystalline
version at intermediate stress levels. With the understanding of
deformation-mechanism map, it may be realized that traditional
creep life prediction by extrapolation of short-term creep tests
conducted either at high stresses fixing the temperature or at
high temperatures fixing the stress is problematic, because if the
material service condition falls into a different deformation-
mechanism operating domain than the test conditions, such
extrapolation is not warranted. The present model offers a
deformation-mechanism-based approach to track the evolution
of both ID and GBS. Then, using the proposed failure criteria,
the lifetime and failure strain can be predicted at the same time.
In regard to this, the present model may help material engineers
to design microstructures that suppress the potentially danger-
ous deformation mode for particular application.

5. Conclusions

A deformation-mechanism-based true-stress creep model has
been developed and validated for Waspaloy. The model summa-
rizes contributions fromGBS, dislocation glide, dislocation climb,
and diffusion mechanisms, and it has been shown to provide a
physics-based description of the creep deformation process with
regards to the strain-time history, time to creep rupture, and rupture
strain. The model agrees well with the experimental observations
up to 5% engineering strain, which takes a great majority part of
creep life for engineering concern. The present model offers
distinct advantages over the traditional creep models and lifing
methods mainly in three aspects as follows.

1. The deformation-mechanism-based true-tress creep model
provides an accurate mathematical description of the tran-
sient, steady-state and tertiary creep behaviors. While its
integration form in the context of Eq 12 is suitable for
analyzing constant-load creep, its true-stress rate form
Eq 4a to 7 can be used as a constitutive law for compo-
nent creep analysis with FEM.

2. The model defines a creep failure criterion by the under-
lying deformation mechanisms. Creep rupture would
occur either by GBS reaching a critical level or by
exhaustion of granular ductility, whichever comes first in
time. Therefore, the model is useful for creep life predic-
tion without the need of additional correlation of stress-
temperature-rupture time.

3. The model allows the construction of deformation-mech-
anism map, where the dominance of each deformation
mechanisms is shown in the stress and temperature field.
It will guide material engineers to tailor the microstruc-
ture to suppress the undesired failure mode and assist test
engineers to efficiently evaluate the material for the right
application condition.
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