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Abstract: Fatigue damage, creep damage, and their interactions are the critical factors in degrading the
integrity of most high-temperature engineering structures. A reliable creep-fatigue damage interaction
diagram is a crucial issue for the design and assessment of high-temperature components used in
power plants. In this paper, a new three-dimensional creep-fatigue-elasticity damage interaction
diagram was constructed based on a developed life prediction model for both high-temperature
fatigue and creep fatigue. The total tensile strain energy density concept is adopted as a damage
parameter for life prediction by using the elastic strain energy density and mean stress concepts. The
model was validated by a great deal of data such as P91 steel at 550 ◦C, Haynes 230 at 850 ◦C, Alloy
617 at 850 and 950 ◦C, and Inconel 625 at 815 ◦C. The estimation values have very high accuracy since
nearly all the test data fell into the scatter band of 2.0.

Keywords: damage interaction diagram; high-temperature fatigue; creep fatigue; elastic strain energy
density; mean stress effect

1. Introduction

Many mechanical components for petrochemical and nuclear power plants are operated under
very high temperatures and pressures conditions, high-temperature fatigue damage combined with
creep damage introduced by the dwell time are the main challenges in the structural design and
evaluation stages. Moreover, high reliability and long service life have been continuously pursued
in fossil-fired and nuclear power plants, and reliable creep-fatigue and high-temperature fatigue
design codes from low- to high-cycle fatigue regime (fatigue life is larger than 104 cycles) is strongly
demanded. The damage interaction diagram plays a crucial role in the strength design and reliability
assessment of many high-temperature components. The planar damage diagrams are often adopted
in many high-temperature design codes, such as the ASME-NH [1], RCC-MR [2], and R5 [3]. The
creep damage calculated in ASME-NH and RCC-MR are based on the time fraction rule [4] while the
ductility exhaustion method [5] is adopted in R5. However, a large prediction discrepancy is observed
when using these two methods [6,7], and a large safety margin is needed to ensure the structural
integrity, which may lead to overdesign. Since the determination of failure envelope depends on the
definition of creep and fatigue damage, a reliable damage interaction diagram, which can serve as a
design tool, should rely on a creep-fatigue life prediction model with high prediction performance. In
order to establish an efficient fatigue life prediction model with high accuracy, the damage mechanism
at elevated temperatures were revealed after extensive research. It is well recognized that the creep
damage is time-dependent, whereas the fatigue damage is time-independent. The effects of hold time
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and hold position on the fatigue performance depend strongly on the material properties. For most
high-temperature alloys, such as 316 stainless steel [8], P91 steel [7], and P92 steel [9], the fatigue life
decreases with increasing duration time, in general, but the hold position effect is not as the same
as the duration time. For materials such as P91 and P92 steels [7,9], hold position at valley strain is
more deleterious. But for 316 steel [10], the tension hold is more damaging. Compressive strain hold
induces a tensile mean stress, whereas a compressive mean stress is introduced by tensile strain hold.
Date et al. [11] investigated the environmental effect on the fatigue and creep-fatigue behavior of 316
fire-resistant steel, longer fatigue lives were obtained in sodium than in air, and the hold position also
affected the fracture behavior. In addition to environment and hold position effects, the influences of
dynamic strain aging [12], strain rate [13], strain amplitude [14], and microstructural changes due to
long-term service [15,16] were also pronounced in many cases. Since the material degradation under
high-temperature fatigue loading possesses a very complex interaction process, modeling a reliable
lifetime is still a challenging issue.

Many fatigue and creep-fatigue life evaluation methods have been proposed in the past decades,
and the time fraction [4] and ductility exhaustion [5] methods, which are based on the traditional linear
cumulative damage in nature, were developed and incorporated in many high-temperature design
codes. However, as mentioned above, there was a large prediction discrepancy between experimental
data and model predictions. Moreover, the time fraction rule and ductility exhaustion method are
not suitable for pure high-temperature fatigue conditions. The inelastic strain is also often adopted
in the life evaluation of fatigue and creep-fatigue, such as the frequency-modified Coffin–Manson
equation [17,18] and strain range partition method [19]. Though these methods can account for the
loading waveform effect, the damage interaction diagram, which is very crucial in the design and
safety assessment of high-temperature structures, cannot be established. Since experiments and
theory [20,21] have revealed that a stable value of hysteresis energy is arrived after a short initial
cycle, even the materials possess the cyclic hardening or softening behavior, many energy-based
fatigue life prediction methods have been proposed, and good prediction accuracy is obtained [22–28].
For example, Wang et al. [26,27] proposed a modified strain energy density exhaustion model for
creep-fatigue life prediction in which the mean stress effect is considered. Zhu et al. [29] established an
energy damage function model which can account for the frequency and mean stress effects, and better
prediction performance was observed compared to some traditional models. Fan et al. [30] proposed
an energy-based life evaluation method for both fatigue and creep-fatigue, and a good correlation
was observed between model predictions and experimental data. Though the energy-based methods
mentioned above can give good predictions at some conditions, some limitations are also observed.
Some of them are just applicable to creep-fatigue life evaluation, and there are many parameters
that need to be determined. Moreover, the fitting procedures are very complicated in many cases.
More importantly, many energy-based methods are mainly applicable to low-cycle fatigue (LCF),
and the damage interaction diagram, which is indispensable in engineering application, cannot be
constructed. Hence, in this paper, a new total tensile strain energy-based damage parameter for both
high-temperature fatigue and creep-fatigue was established, and a three-dimensional (3D) damage
interaction diagram was constructed.

In the present investigation, a new 3D damage interaction diagram was constructed based on
a newly developed fatigue and creep-fatigue life evaluation model. The paper was constructed as
follows: Firstly, a total tensile strain energy-based damage parameter for both high-temperature fatigue
and creep-fatigue was developed, in which the elastic strain energy density and mean stress effect were
considered. Then, a new 3D damage interaction diagram, in which the virtual elastic damage was
introduced, was constructed. In addition, the fatigue damage and creep damage was constructed based
on the developed model. Finally, the proposed method was verified by using fatigue and creep-fatigue
data of four materials with various loading waveforms.
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2. The Proposed Total Tensile Strain Energy-Based Life Prediction Model

In many energy-based models, only the inelastic component is considered as a damage parameter.
However, a very low inelastic strain energy density was induced in the high-cycle fatigue regime,
and the corresponding inelastic strain energy density even tended to be zero. In such case, though
the deformation that occurred at the microstructural level may be plastic, mechanical response at
the macroscopic level was quasi-elastic. Hence, the traditional plastic strain energy density concept
may not be a suitable damage parameter for both low- and high-cycle fatigue life evaluation. Ellyin
et al. [31–33] proposed a new damage parameter (i.e., total strain energy density) for both low- and
high-cycle fatigue life evaluation, and the total strain energy density is the sum of the cyclic plastic strain
energy density and the tensile elastic strain energy density. Moreover, the new damage parameter can
describe the fatigue crack initiation and subsequent growth phases, i.e., the fatigue crack initiation is
associated with plastic strain energy density while the tensile elastic strain energy density can facilitate
crack propagation [32,33]. Since the long and even ultra-long service life of many high-temperature
components is continuously pursued, a unified low- and high-cycle fatigue damage parameter is
also needed for the reliability assessment of high-temperature components. Hence, the total strain
energy density concept is introduced in this paper to evaluate the fatigue and creep-fatigue life at
elevated temperatures.

It is well recognized that the hold position will affect the creep-fatigue behavior, and the
compressive hold strain induces a tensile mean stress while a compressive mean stress is introduced
by the tensile hold strain. Studies have shown that the mean stress can account for the hold position
effect [34,35], hence the mean stress effect should be taken into account. More importantly, the damage
interaction diagram can be constructed to guide the strengthen design at elevated temperature when
the creep damage occurs. Moreover, since the number of cycles to creep-fatigue failure decreases with
the introduction of hold duration, for some materials the decrease is very large. However, the change
of the area of hysteresis loop was little in our present investigation. Hence, considering the above
factors, only part of the hysteresis loop was adopted for damage evaluation, which is similar to the
Ostergren damage function model [36]. Considering the mean stress effect and the construction of
damage interaction diagram, a fatigue damage stress, σd, is introduced and only the hysteresis loop
above σd is considered to contribute to the fatigue damage, i.e., shaded area in Figure 1. It can be seen
from Figure 1 that the fatigue damage stress, σd, is very similar to the crack open stress concept in
crack closure theory. The σd is defined as

σd = λσm = λ
σmax + σmin

2
(1)

where σm is the mean stress, and σmax and σmin are the peak tensile stress and peak valley stress,
respectively. The λ is a material parameter and it can be a positive or negative, and λ is assumed to be
a positive in Figure 1.

For creep-fatigue, the mean stress and elastic strain energy density concepts were employed in
addition to the plastic strain energy density, as shown in Figure 1. In the present investigation, the
total tensile strain energy density was divided into three components, i.e., plastic component ∆wp+,
creep component ∆wc+, and elastic component ∆we+, as shown in Figure 1. The partition of the total
tensile strain energy density into different components makes it convenient and possible to calculate
creep, fatigue, and elastic damages, respectively.

For the tension-hold creep-fatigue, the plastic component ∆wp+, as shown in Figure 1a, can be
calculated by

∆wp+ =
1− n′

1 + n′
σmax∆εp − σd∆εp (2)
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where σd∆εp is the mean stress correction term, 4εp is the plastic strain range, and n’ is the cyclic
hardening exponent and can be determined by the cyclic stress and strain relation, i.e.,

∆σ
2

= K′
(

∆εp

2

)n′

(3)

where K’ is the cyclic hardening coefficient.

Metals 2019, 9, x FOR PEER REVIEW 4 of 14 

 

( )
2 2

c+ 0 r
d in p

σ -σΔ = +σ Δε -Δε
2

w
E

 (4) 

where σ0 and σr is the stress at the start and final stage of the stress relaxation, respectively. E is the 
elastic modules. 

The elastic component Δwe+ is calculated by 

( )2
r de+ σ -σ

Δ =
2

w
E

 (5) 

For the compression-hold creep-fatigue, the plastic component ∆wp+ is calculated by 
'

p+
max p d p'

1-Δ = σ Δε -σ Δε
1+

nw
n

 (6) 

The creep component ∆wc+ can be expressed by 

( )( )max d in pc+
σ -σ Δε -Δε

Δ =
2

w  (7) 

where ∆εin is the inelastic strain range. 
The elastic component Δwe+ is given by 

( )2
max de+ σ -σ

Δ =
2

w
E

 (8) 

For symmetry-hold condition, the calculation of total tensile strain energy density is similar to 
that in tension-hold and compression-hold conditions. The total tensile strain energy density ∆wt+ is 
the sum of ∆wp+, ∆wc+, and ∆we+. 

A power law relation was assumed between total tensile strain energy density and fatigue life, 
which is consistent with the traditional energy-based model, and the relation is written as 

( )t+Δ
b

N = a w  (9) 

where a and b are model constants and can be fitted by experimental data. 

 
Figure 1. Schematic illustration of total tensile strain energy density in different loading waveforms . 
(a): tension-hold creep-fatigue loading; (b): compression-hold creep-fatigue loading. 

3. Construction of 3D Damage Interaction Diagram 

Figure 1. Schematic illustration of total tensile strain energy density in different loading waveforms.
(a): tension-hold creep-fatigue loading; (b): compression-hold creep-fatigue loading.

The ∆wc+ can be considered as creep component [24], and is expressed as

∆wc+ =
σ2

0 − σ
2
r

2E
+ σd

(
∆εin − ∆εp

)
(4)

where σ0 and σr is the stress at the start and final stage of the stress relaxation, respectively. E is the
elastic modules.

The elastic component ∆we+ is calculated by

∆we+ =
(σr − σd)

2

2E
(5)

For the compression-hold creep-fatigue, the plastic component ∆wp+ is calculated by

∆wp+ =
1− n′

1 + n′
σmax∆εp − σd∆εp (6)

The creep component ∆wc+ can be expressed by

∆wc+ =
(σmax − σd)

(
∆εin − ∆εp

)
2

(7)

where ∆εin is the inelastic strain range.
The elastic component ∆we+ is given by

∆we+ =
(σmax − σd)

2

2E
(8)
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For symmetry-hold condition, the calculation of total tensile strain energy density is similar to
that in tension-hold and compression-hold conditions. The total tensile strain energy density ∆wt+ is
the sum of ∆wp+, ∆wc+, and ∆we+.

A power law relation was assumed between total tensile strain energy density and fatigue life,
which is consistent with the traditional energy-based model, and the relation is written as

N = a
(
∆wt+

)b
(9)

where a and b are model constants and can be fitted by experimental data.

3. Construction of 3D Damage Interaction Diagram

The creep-fatigue damage diagram accompanied with life prediction model is indispensable for
engineering application. Figure 2 is the damage diagram of P91 steel in time fraction model, and
it can be seen that bilinear damage envelopes were adopted by the ASME-NH [1] and RCC-MR [2]
design codes. At high-temperature components design stage, all the calculated damage data should be
below the failure envelope to ensure the structural safety in their service life. The failure envelope
is determined based on the creep and fatigue test data. The common way to determine the failure
envelope is to plot the creep damage and fatigue damage calculated by the corresponding definition in
the life evaluation approach, and the lower bound line is chosen as the failure envelope. It should be
noted that the differences in determining the failure envelope are mainly due to the different definitions
of creep and fatigue damage. Moreover, a reliable failure envelope should be chosen based on a large
set of failure data.
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Figure 2. Damage interaction diagram of P91 steel in time fraction method.

Since the damage diagram plays a key role in the structural integrity assessment, a
three-dimensional damage diagram was constructed based on the present model in which the
virtual elastic damage was introduced in addition to fatigue and creep damages. The fatigue damage
df per cycle is defined as

df =
1

Nf
(10)

where Nf is the pure fatigue life obtained at the same test condition as the creep-fatigue test.
The creep damage dc per cycle is defined as

dc =
∆wc+

∆Wc (11)

where ∆Wc is the creep failure energy density and can be calculated by

∆Wc = σaεr (12)
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where σa is the applied stress and εr is the creep rupture elongation obtained at the same test
temperature.

In this paper, the elastic strain energy was also assumed to contribute to the fatigue damage.
Hence, the virtual elastic damage should be introduced and defined in addition to fatigue and creep
damages. It can be seen from Equations (10) and (11) that the definitions of fatigue and creep damage
are mainly based on the linear cumulative damage theory. Hence, the linear cumulative damage
theory was also employed in defining the virtual elastic damage per cycle. Moreover, considering the
dimensional consistency and engineering measurability, the material toughness, which is defined as
the product of ultimate tensile strength σu and fracture elongation εf, was adopted in determining
the virtual elastic damage. It assumed that the material failure occurs when the accumulated elastic
strain energy density reaches the material toughness. Hence, the virtual elastic damage per cycle can
be calculated by

de =
∆we+

σuεf
(13)

It should be added that since the effects of temperature and strain rate on the tensile properties
cannot be neglected [37,38], the ultimate tensile strength, σu, and fracture elongation, εf, should be
obtained at the same temperature and strain rate as the creep-fatigue test. The accumulated fatigue
damage, Df, creep damage, Dc, and virtual elastic damage, De, can be obtained by multiplying df, dc,
and de by creep-fatigue life, respectively, and the total damage, Dt, is the sum of Df, Dc, and De.

4. Results and Discussions

4.1. Data Collection

The fatigue and creep-fatigue data of four materials (P91 steel at 550 ◦C [39,40], Inconel 625 at
815 ◦C [41], Alloy 617 at 850 ◦C [42,43], and Haynes 230 at 850 ◦C [43]) were collected to verify the
prediction results of the proposed model, as shown in Table 1. It should be added that the testing data
of cyclic stress amplitude and cyclic plastic strain amplitude, which are used to determine the cyclic
hardening exponent n’, were also available in the above reference. T, C, and S in Table 1 represent
tension-hold, compression-hold, and symmetry-hold, respectively. It can be seen from Table 1 that
different loading waveforms were incorporated in the present investigation. The creep data and
tensile properties of P91 steel [40,44], Inconel 625 [45,46], and Alloy 617 [43,47] were also collected for
calculating creep and virtual elastic damages. Since the elastic modules of Inconel 625 at 815 ◦C was
not available in [41], the elastic modulus was assumed to be a linear function of temperature, as shown
in Figure 2 [48]. A value of 157 GPa was derived from Figure 3 at 815 ◦C for Inconel 625.
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Table 1. Collected high-temperature fatigue and creep-fatigue test data.

Material T (◦C) ∆εt (%)
th (min) Life Ranges (cycles) Reference

T C S

P91 steel 550 0.50–1.50 0/10/60 10/60 10/60 488–10120 [39,40]

Inconel 625 815 0.37–1.22 0/1/5/10/15/30 5/15 0 170–57342 [41]

Alloy 617 850 0.30–1.50 0/3/10/30 0 0 332–10631 [42,43]

Alloy 617 950 0.30–1.00 0/3/10/30/150 0 0 308–9641 [42]

Haynes 230 850 0.50–1.50 0/3/10/30 0 0 340–2295 [43]

4.2. Fitting Procedure and Prediction Results

The cyclic hardening exponent n’ should be determined first by Equation (3) in order to calculate
strain energy density. Figure 4 shows the cyclic stress and strain relation of Inconel 625 at 815 ◦C,
where n’ is 0.171. The values of n’ and K’ for all the materials investigated are summarized in Table 2.
The model constant γ was determined by trial and error when the optimum fit was achieved. Figure 5
shows the relation between fatigue life and total tensile strain energy density. The optimum fit was
obtained when γ was chosen as 0.3, and the corresponding model constants a and b were 672.0 and
−1.218, respectively. All the model constants employed in the present model are listed in Table 3.
The model prediction results by the present model are shown in Figure 6a, in which 82% of the data
points fall a scatter band of 1.5, and only one data point among the total 111 points lies outside the
scatter band of 2.0. Hence, the present method can give reliable prediction results. The prediction
result by the traditional energy method, in which the total hysteresis loop area was employed as
a damage parameter, was also added for comparison and is shown in Figure 6b. Large prediction
discrepancy can be observed, especially for Inconel 625, as shown in Figure 6b, since the predicted
lives even were outside the scatter band of 4.0. Figure 6b indicates that the entire hysteresis loop was
not a suitable damage parameter for both fatigue and creep-fatigue life evaluation. The main reason
for the large prediction discrepancy may be attributed to the different damage mechanism at low- and
high-cycle fatigue regime, since the life cycles of Inconel 625 investigated in this paper ranged from
170 to 57,342. The plastic strain was mainly applicable to low-cycle fatigue regime. The elastic strain
energy component should be not neglected when they are adopted for both low- and high-cycle fatigue
life evaluation.
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Table 2. Cyclic hardening exponents and coefficients.

Material T (◦C)
.
ε (%/s) n’ K’

P91 steel 550 0.1 0.0899 479.38

Inconel 625 815 1.0 0.1710 1338.40

Alloy 617 850 0.1 0.0645 360.34

Alloy 617 850 0.025 0.0352 294.48

Alloy 617 950 0.1 −0.1100 117.77

Haynes 230 850 0.025 0.0463 376.02
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Table 3. Model constants in the present model.

Material T (◦C)
.
ε (%/s) γ a b

P91 steel 550 0.1 −2.2 2450.4 −1.392

Inconel 625 815 1.0 0.3 672.0 −1.218

Alloy 617 850 0.1 11.7 1156.1 −0.800

Alloy 617 850 0.025 30.0 1766.9 −0.861

Alloy 617 950 0.1 3.2 658.4 −1.365

Haynes 230 850 0.025 0.1 1243.5 −1.047
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The ratios of predicted life to tested life were adopted and calculated to evaluate the applicability,
and the results were plotted against inelastic strain and test life, as shown in Figure 7. The inelastic strain
range of the investigated deformed materials ranged from 0.00021 to 0.01308, and the life cycles ranged
from 170 to 57,342. The lowest inelastic strain and life cycles were two orders of magnitude smaller than
that at the highest values. However, good prediction performance was achieved with a wide range of
inelastic strains and life cycles, which indicates the robustness and applicability of the proposed model.
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4.3. Damage Interaction Diagram by the Present Model

The creep failure energy density ∆Wc calculated by Equation (12) and applied stress amplitude σa

is plotted in Figure 8, and a good linear relation was obtained between ∆Wc and σa within a certain
stress range. Hence, the ∆Wc in this paper was assumed as a linear function of σa for calculation
simplification. The results of accumulated fatigue damage, creep damage, and virtual elastic damage
are plotted in Figure 9. The x axis, y axis, and z axis in Figure 9 represent the accumulated creep
damage Dc, the accumulated fatigue damage Df, and the accumulated virtual elastic damage De,
respectively. The accumulated creep damage for P91 steel at 550 ◦C and Alloy 617 at 850 ◦C in Figure 9
was significant since most creep damage values were larger than 1. The values of accumulated virtual
elastic damage for P91 steel at 950 ◦C and Inconel 625 at 815 ◦C were relatively very small compared
with that of Alloy 617 at 850 ◦C and P91 steel at 550 ◦C. The failure envelope surface was determined
based on the test data and the definition of fatigue, creep, and virtual elastic damages. For Alloy 617 at
850 ◦C and 950 ◦C and Inconel 625 at 815 ◦C, the failure envelope surface Dc + Df + De = 0.5 can be
adopted as a lower bound since all the data points were outside the proposed envelope surface, as
shown in Figure 9a. For P91 steel at 550 ◦C, the surface Dc + Df + De = 1 can be adopted as the failure
envelope surface, as shown in Figure 9b. It should be noted that a reliable and conservative failure
envelope surface was chosen based on a large set of failure data, and the chosen failure envelope
surface should be different for different materials.
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The total damages were also calculated and plotted against the creep-fatigue life in Figure 10. The
total damages for all the materials investigated tended to increase with increasing creep-fatigue life,
and a linear relation was observed between total damage and creep-fatigue life for Alloy 617 at 850
and 950 ◦C. Several reasons can account for the above phenomenon. The fatigue damage per cycle, i.e.,
Equation (10), at a given test condition was invariable. Hence, the accumulated fatigue damage df was
proportional to creep-fatigue life. The creep damage per cycle dc in this paper was defined as the ratio
of creep energy density per cycle to accumulated creep failure energy density, and the values of dc

were plotted against creep-fatigue life in Figure 11. The four bold, dashed lines in Figure 11 are the
average values of dc. Though the values of dc fluctuated with creep-fatigue life, the fluctuation range
was relatively very small for most data points, which can be seen in Figure 11. Moreover, the fatigue
damage and creep damage accounted for a major part of total damage for the materials investigated.
All of these may account for the increased total damage with increasing creep-fatigue life.
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5. Conclusions

A new 3D creep-fatigue-elasticity damage interaction diagram was constructed based on a total
tensile strain energy-based life prediction model for both high-temperature fatigue and creep-fatigue.
The following conclusions can be concluded:

A new 3D creep-fatigue-elasticity damage interaction diagram was established based on a total
tensile strain energy life prediction model, and the virtual elastic damage which can account for the
high-cycle regime at elevated temperature was introduced. The total damage tended to increase with
increasing creep-fatigue life.

The availability of 3D creep-fatigue-elasticity damage interaction diagram was verified by many
high-temperature materials (Alloy 617 at 850 ◦C and 950 ◦C, Haynes 230 at 850 ◦C, P91 steel at 550 ◦C,
and Inconel 625 at 815 ◦C).

The elastic strain energy component and mean stress effect were considered in the newly developed
model, and good prediction performance was obtained since 82% of the data points fell a scatter band
of 1.5, and nearly all the data points fell into a scatter band of 2.0.

The proposed model showed good prediction accuracy with a wide ranges of life cycles and
inelastic strain, which indicate the applicability and robustness of the present method.
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