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The aircraft is subjected to high-temperature and high-pressure conditions during flight, which renders it susceptible to the
occurrence of creep phenomenon. Several academics have conducted extensive research on this issue. This research paper
provides a comprehensive overview of the existing literature on creep phenomena in aircraft engines. First, several classical
creep calculation models are enumerated and categorized as creep life calculation, creep-fatigue life calculation, and creep
deformation calculation. Studies on creep phenomena are conducted in various components of aircraft engines, such as the
engine’s turbine blades, turbine disks, and combustion chambers. The creep behavior of turbine blades in aircraft engines has
been extensively researched. Furthermore, the protective measures aimed at mitigating creep are presented. Materials with high
creep resistance can be used, and alternative fuels could be implemented. This paper provides an in-depth analysis of the
advantages of creep in aircraft, presented in a favorable perspective. Finally, the prospective future research direction is discussed.

1. Introduction

The phenomenon of creep occurs when a solid material
experiences a constant external force, resulting in a time-
dependent change in its stress and deformation. As a conse-
quence, the relationship between the deformation, stress,
and external force is no longer linear in nature. This defor-
mation is irreversible even when the stress is lower than
the yield limit [1]. Creep may happen at any temperature
in materials including metals, minerals, and polymers. At
low temperatures, the material’s creep strain is negligible;
nevertheless, with prolonged exposure to high temperatures,
the creep deformation becomes too great to be disregarded.
Figure 1 depicts the creep of gas turbine blades.

When an aircraft is in the atmosphere, many of its com-
ponents are subjected to an extreme environment of high
temperature and high pressure [2]. The turbine blades
located within aircraft engines and high-speed rotating
blades play a crucial role in drawing in high-temperature
and high-pressure air into the burner to maintain engine
operation [3]. The rocket engine combustion chamber is a
device that facilitates the burning of fuel or propellant to
produce high-temperature gas, and it is exposed to a high-

temperature environment for an extended period [4]. The
flight process of hypersonic vehicles involves extremely high
speeds, resulting in strong shock compression and viscous
blocking of the gas surrounding the vehicle, leading to the
formation of a high-temperature and high-pressure aero-
dynamic thermal environment [5]. Figure 2 displays the
X-43A aircraft, which was developed by NASA. Compared
to conventional structures, aircraft engines are subjected to
a harsher operating environment. For instance, a car engine’s
normal operating temperature ranges from 85 to 105°C,
while the entire structure of the scramjet engine will be sub-
jected to extremely high temperatures during operation.
When the flight speed is six times the speed of sound, the
combustion chamber temperature reaches approximately
2700 K, while the inlet temperature reaches 1500 K. In gen-
eral, creep deformation occurs when the temperature is
within the range 0.3T,, < T < T,, (where T, is the melting
point temperature of the material and T is the ambient tem-
perature) [6]. When aircraft engines are subjected to high
temperatures for an extended period of time, creep deforma-
tion will continue to accumulate, resulting in significant
structural modifications before use. Hence, comprehending
the creep behavior of aircraft under high-temperature and
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FIGURE 1: The failure of gas turbine blades due to creep [2].

FIGURE 2: X-43A hypersonic flight vehicle [7].

high-pressure extreme conditions and employing a suitable
creep theoretical model to anticipate creep deformation and
creep life are crucial for ensuring aircraft flight safety.
Review articles about creep have been produced by
scholars. Athul et al. [8] presented a summary of the many
different creep deformation processes that are prevalent in
magnesium alloys when exposed to increased temperatures
due to the impact of elemental additions. In the article by
Blum et al. [9], a simple model based on the Orowan equa-
tion and the dynamic evolution of the dislocation structure
by generation and merging of slipped areas is used to deter-
mine which experimental results on creep of pure and
solute-hardened crystalline materials can or cannot be
explained in terms of creep with refinement or coarsening
of the dislocation structure and steady-state creep. Sherby
and Burke [10] investigated the mechanical properties of
crystalline materials under extreme heat conditions. This
paper provides a comprehensive review of the creep phe-
nomena and creep calculation models in the context of air-
craft. The first section presents the complete text’s
substance and leads to the article’s main theme: creep. The
subsequent section presents various conventional models
for computing creep. Following generations predominantly
employ the classical model and the enhanced classical model
for the computation of aircraft component creep. The third
section provides a summary of the creep exhibited by vari-
ous components of an aircraft, such as turbine blades, tur-
bine disks, and combustion chambers. The fourth section
presents strategies aimed at mitigating the phenomenon of
aircraft creep during flight. The fifth section elucidates the
advantageous aspects of creep in aircraft, specifically its

implementation, from an optimistic perspective. The obser-
vation can be made that creep possesses certain positive
attributes. The creep phenomenon can be studied and uti-
lized to accomplish specific objectives. The concluding sec-
tion provides a summary of the entire text and outlines
potential avenues for future research.

2. Creep Model

The phenomenon known as creep was initially introduced in
Andrade’s scholarly publication and has been a subject of
study for over a millennium [7]. Currently, there exist three
primary categories for the study and implementation of
creep calculation. There are three approaches to consider
in the analysis of creep behavior. The first involves providing
the constitutive relation between stress and strain during the
creep process and subsequently determining the creep defor-
mation through the application of the finite element method.
The second approach entails the direct calculation of creep
life using the endurance equation. Lastly, the third approach
involves calculating the fatigue life of creep.

2.1. Creep Constitutive Relation. The three common models
for creep are the power-law model, Kachanov-Robotnov
constitutive equation, and Lemaitre constitutive equation.

2.1.1. Power-Law Model. The power-law model is a type of
creep model that is implemented in commonly used com-
mercial software packages, including ABAQUS. The
power-law model comprises two distinct forms, namely,
the time hardening form and the strain hardening form.
The time hardening form is a theoretical model that is
grounded on the principles of time hardening theory, as doc-
umented in reference [6]. According to the theory, the
reduction in creep rate observed during the creep process
is attributed to material hardening due to time, rather than
the result of creep deformation. The theoretical formula is

.= Ama"t™ !, (1)

where £_ is the rate of change of creep strain; A, m, and n are
the constants related to the material; o is the stress; and ¢ is
the time.
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The concept underlying the strain hardening form is that
a phenomenon comparable to metal work hardening at
room temperature and creep hardening during the creep
process exists. The relationship between plastic deformation
and creep has nothing to do with time. The theoretical for-
mula [7] is

Ee; = po”, (2)

where «, f, and m are the constants determined by
experiment.

The compression creep properties of aerogel were inves-
tigated by Xuefeng et al. [11] at both room temperature and
high temperature, with consideration given to the charac-
teristic load of thermal protection systems. The time hard-
ening power-law model was utilized to model and validate
the creep behavior. The findings suggest that the power-
law model is a reliable predictor of the creep behavior of
aerogel gel.

2.1.2.  Kachanov-Robotnov Constitutive Equation. The
constitutive equation of Kachanov [12] is founded on the
continuous damage mechanic (CDM) [13] method. The
utilization of continuous damage mechanic methodology
involves the estimation of the fracture strain and failure time
of high-temperature structures through the incorporation of
constitutive equations and damage variables. One benefit of
utilizing this approach is that it facilitates the numerical sim-
ulation of the progression of damage, while concurrently
enhancing the precision of the local stress and strain field
data. The equation that defines the relationship between
the physical properties of a material and its deformation
behavior can be represented as

de..
S22 as,0r 1-0),

dt 2 Y 3)
dw _ (9,)p 0 -1

dt (1+9)(1-w)g’ ¢

where & is the creep strain tensor; A, B, p, and g are the

material constants; w, is the critical value of material dam-
age; and o, is the creep rupture stress.

In their study, Wang et al. [14] made predictions regard-
ing the rafting behavior of single crystal nickel-based alloys
with varying orientations at a temperature of 950°C. A creep
model for a single crystal nickel-based alloy was established
by integrating the raft prediction results and crystal slip the-
ory with the Kachanov-Robotnov damage evolution for-
mula. The findings indicate that the model was able to
make precise predictions regarding the raft type and the ini-
tial law of slip system of nickel-based single crystal alloy.
This aligns with the underlying physical mechanism of creep
deformation.

2.1.3. Lemaitre Constitutive Equation. The Lemaitre consti-
tutive equation [15] is proposed based on the theory of irre-
versible thermodynamics. The constitutive equation can be
expressed as

w=1- [1Rv(1 + ) (g)} o ’

R,=3(1+v)+ ;(1 +2v)<%n)2,

14

where a;, g, and « are the material constants and v is Pois-
son’s ratio.

Wang and Guo [16] conducted continuous damage
mechanic analysis and research on high-temperature creep
and creep fracture behavior of high-temperature titanium
alloy IMI834 for aeroengines operating at 650°C. The predic-
tive analysis of the creep fracture life for uniaxial smooth
round bar specimens was conducted using the Lemaitre con-
structive equation. Figure 3 displays the curve depicting the
relationship between creep strain and time. The findings
were in line with the experimental data, indicating that the
constitutive equation had the capability to precisely predict
the creep fracture lifespan of alloy steel.

The aforementioned model was developed beforehand
and has since reached full maturity. In all fields, it is
employed for the calculation of creep in materials.

2.2. Creep Life Calculation. Time-consuming is the process
of establishing an accurate model to calculate the creep life
under varying temperatures and stresses. Typically, the engi-
neering method is used to calculate the creep life in practice.
To calculate creep life, the Chinese national military stan-
dard (GJB/Z18-91) and the American military standard
(MIL-5007D) recommend four types of persistence equa-
tions: the Larson-Miller equation, Ge-Dorn equation,
Manson-Succop equation, and Manson-Hafere equation.
Larson-Miller equation:

by byx byx* b
logt=c+ = + 2= + B2 4 242 5
Ogt=ct o+ + =+ — (5)
Ge-Dorn equation:
b
logt=c+ 71 +b,x + byx* + byx’. (6)
Manson-Succop equation:
logt=c+b,T+b,x+byx*+b,x. (7)

Manson-Hafere equation:
logt=c+ (T —T,)(b, +byx+byx* + b,x°), (8)

where c is the regression constant, t is the breaking time, T is
the absolute temperature, x is the stress logarithm, and b,
and T, are the coefficients related to material.

Yang et al. [17] demonstrated that the Larson-Miller
parameter could accurately characterize the various aging
behaviors of 12Cr1MoV, 15CrMo, and other materials used
in main steam pipelines through a series of temperature-
time combination laboratory simulation experiments and a
comprehensive data analysis.
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FIGURE 3: Variation of normalized creep strain with time ¢ [16].

The engineering method for calculating creep life entails
describing the fracture zone of potential components at low
temperature and high pressure and medium temperature
and medium pressure and the hazardous section at high
temperature and low pressure, calculating the stress state
and temperature, and then employing the unified persistence
equation or life estimation test. This method does not
account for the effect of the redistribution of stress during
creep. The section can only be selected based on prior expe-
rience. When the section has a temperature gradient, it is
difficult to analyze.

2.3. Creep-Fatigue Life. The fatigue of materials with a minor
creep strain under alternating load is referred to as creep-
fatigue. Different from fatigue, its failure mechanism is the
coupling of multiple damage accumulation mechanisms.
Under the interaction of creep and fatigue, the service life
of parts is 1~2 orders of magnitude lower than that under
pure creep and pure fatigue [18]. Therefore, interaction
between creep and fatigue is frequently considered when
contemplating creep. Below are some life prediction models
for the creep-fatigue life interaction.

2.3.1. Ductility Exhaustion Method. Priest and Ellison [19]
proposed the ductility exhaustion technique for the first time
in 1981. According to the theory of ductility loss, the deteri-
oration induced by creep and fatigue is not independent but
rather interactive. In other words, creep and fatigue not only
cause damage to materials separately but also interact with
one another to enhance the degree of damage at high tem-
peratures. Attaining a certain critical value will cause the
material to fracture. The creep-fatigue estimation formula
is as follows:

NC
Y 4,=D, ©)
r=1
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where Ag, is the increment of creep strain, D, is the total
creep, and N, is the number of cycles.

Takahashi [20] calculated the total creep damage and
total fatigue damage of the creep-fatigue test and predicted
the fatigue life of the creep-fatigue test using this method.
The results indicated that the creep damage value was high
and that the ductility loss model provided a conservative
estimate of the service life.

2.3.2. Robinson-Taira Method. Robinson and Taira put for-
ward the high-temperature creep-fatigue linear cumulative
damage formula [21]:

For constant amplitude load:

D= — + —. (10)
N

For variable amplitude load:

" N. L
Z_’ + Z_l =D,
i:lei i1 tri
n
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o= Y (11)
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where D is the total damage, N is the number of creep-
fatigue cycles, N, are the number of pure fatigue cycles under
the i-th amplitude load, N; are the total number of pure
fatigue cycles under different amplitude loads, t is the creep
cycle fracture time, tp; are the pure creep rupture time under
constant amplitude load, ¢; are the time of pure creep frac-
ture under the i-th amplitude load, ¢, is the pure creep dam-
age, and ¢, is the pure fatigue damage. When ¢_+¢, =1,
the material is considered to fail.

On the basis of the reliability analysis of endurance life
and Miner’s linear cumulative damage theory, Yuanwei
and Shan [22] assessed the reliability of low-cycle fatigue life
of turbine disk taking creep damage into account.

Extensive research has been conducted by scholars on
various components of aircraft engines, including turbine
blades, turbine discs, and combustion chambers. The afore-
mentioned models are presently prevalent in the field of
creep analysis. Models that offer a direct constitutive rela-
tionship between stress and strain during the creep process
enable the observation of creep deformation at any point
in the calculation, thereby facilitating identification of the
component’s weak position. However, this approach is com-
putationally intensive. The method of calculating creep life
based on the endurance equation is practical and well-
suited for engineering applications, but only the numerical
value of creep life can be determined; structural changes can-
not be determined. The calculation of creep-fatigue life takes
fatigue into account, resulting in more accurate results, but
structural alterations cannot be determined.
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3. Review on Creep of Aircraft Components

The primary focus of researchers’ investigations into aircraft
creep pertains to components of aircraft engines. The fol-
lowing is a summary of the creep that varies among the
various aircraft components.

3.1. Creep of Engine Turbine Blade. The aircraft engine tur-
bine blade creep has been the subject of the most previous
research. Creep-fatigue interaction life calculation and pure
creep calculation comprise the blade research. In 1975,
Majumdar [23] examined the creep of fan engine turbine
blades for the calculation of creep-fatigue interaction life.
He established a method for predicting low-cycle fatigue
and creep damage, as well as the critical engine parameters
to be monitored in conjunction with an on-board computer
or a suitable recording system that can be used on a central
computer at the conclusion of a flight. This calculation of
creep life was not a singular calculation of creep life, but
rather an interactive calculation of creep-fatigue life. First,
the Manson [24] formula was used to compute the low-
cycle fatigue life of the blade, followed by the damage law
of linear creep-fatigue interaction [21] to calculate the final
life. The results demonstrated that the creep life and stress
fracture life of turbine blades were functions of blade average
temperature and blade average stress that were directly pro-
portional to the square of turbine speed. In Sabour’s disser-
tation [25], a novel mathematical model for predicting the
operational life of aircraft components (particularly gas tur-
bine blades susceptible to creep-fatigue at elevated tempera-
tures) was proposed, and its numerical and experimental
evaluation was conducted. The Lagrange-Bhat method [26]
was used to analyze the curve turning and flattening phe-
nomena of rotating blades in a thermal environment, and a
simple constitutive model of creep-fatigue interaction was
proposed. Under complex creep-fatigue conditions, the
model could be used to determine the life under pure creep
lifetime and pure fatigue experimental results. The results
indicated that the linear summation of creep and fatigue
damages at modest strains provided an excellent prediction
of creep-fatigue life. Through testing, Karpinos et al. [27]
determined the residual thermal cycle creep and long-term
strength life of used aviation gas turbine blade materials.
The residual creep-fatigue life of a high-pressure turbine
blade was determined by testing a used rotor blade for
creep-fatigue. The used blades are depicted in Figure 4.
The results indicated that the failure of the sample was
caused by the material’s thermal cycle creep. In addition,
the regression equation for calculating the residual creep
strain and long-term strength of materials was proposed
based on the statistical analysis of the test data. The afore-
mentioned information relates to how creep-fatigue interac-
tion life is calculated.

In 1993, Vetrov and Kucher [28] conducted a creep anal-
ysis to determine the remaining lifespan of blades. Their
methodology involved considering the accumulated creep
strain and accounting for the impact of vibration loads.
The integration of creep strains over the volume of a blade
was used to determine its accumulated elongation. The

FiGUre 4: The used blades [27].

gamma-percent life of blades was derived using the central
limiting theorem. A revision was made to the calculated
approximations based on blade elongation measurements
taken during operation. Marahleh et al. [29] conducted
research on the feasibility of forecasting the service life of
gas-turbine blades composed of nickel alloys based on the
outcomes of accelerated testing of specimens extracted from
the blades. The present study employed the Larson-Miller
parameter and Robinson’s [30] rule to forecast the lifespan
of the blade. The findings indicate that the Larson-Miller
parameter model exhibited superior predictive capabilities
with respect to blade longevity for durations below 80000
hours. In his study [31], Naeem projected that the creep life
consumption of high-pressure turbine blades in turbofan
aeroengines would increase or decrease depending on the
daytime temperature. The researcher employed the Larson-
Miller equation and Miner criterion to determine the creep
life in the study. The findings indicate that the impact of
temperature variation on the depletion of creep life of blades
was noteworthy. In the subsequent year, Naeem and Ul-Haq
[32] conducted a study wherein they chose the blade of the
high-pressure turbine (HPT) as the focal point of their
investigation. The HPT blade has emerged as a critical com-
ponent of the turbine engine due to its exposure to the high-
est levels of gas temperature and speed. The present study
elucidated the impact of corrosion on the consumption of
creep life of high-pressure turbine blades. The primary
modes of potential failure for turbine components include
mechanical fatigue, thermal fatigue, oxidation, vulcaniza-
tion, and creep. Among these, creep poses the most signifi-
cant potential problem in high stress and high-temperature
applications. The present study employed the Larson-
Miller equation and Miner criterion to, respectively, forecast
the creep life. The findings of the study suggest that the deg-
radation of efficiency in a high-pressure turbine (HPT) has a
negative impact on creep life, particularly when accompa-
nied by corrosion of the turbine blades. Moreover, a higher
level of deterioration in the HPT’s flow capacity exacerbates
this effect.

The article by Ejaz et al. [33] was distinct from previous arti-
cles, which analyzed a particular experimental phenomenon.
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This paper investigates the fracture of a low-pressure turbine
blade in an aircraft engine during ground testing. The study
focuses on analyzing the failed blade and the adjacent nonfailed
blade. The analysis of the blade’s microstructure was conducted.
This study examines the fracture of a low-pressure turbine blade
in an aircraft engine during a ground test. The investigation
reveals that the primary cause of the fracture was attributed to
creep. In a recent study, Jianzhong and Hongfu [34] investi-
gated the impact of engine performance degradation, atmo-
spheric temperature fluctuations, and thrust reduction take-off
on the creep life of turbine blades. This was achieved through
the utilization of an engine performance simulation model
and the Larson-Miller creep life prediction model. The study
revealed that the degradation of engine performance had a
notable impact on the lifespan reduction of turbine blades. Spe-
cifically, a mere 3% decline in compressor efficiency could lead
to an 80% reduction in the creep life of turbine blades. Further-
more, the creep life of turbine blades exhibited an exponential
decline as atmospheric temperature increased. While a decrease
in thrust take-off had a discernible effect on extending the life of
turbine blades, this effect became less significant as thrust was
further reduced. Jahangiri and Abedini [35] conducted a study
in the same year to investigate the impact of time use exposure
on the microstructure and mechanical properties of gas turbine
blades made from IN939 superalloy. The findings from the
stress rupture experiments indicate that the duration of creep
life for the alloy that was subjected to service exposure at
850°C was comparatively shorter than that of the new alloy.
The observed phenomenon is believed to be caused by the dete-
rioration of the alloy’s microstructure resulting from its use in a
gas turbine. The research conducted by Sixu [36] is considered
to be innovative. The author utilized a BP neural network to
forecast the creep life of engine blades. The input layer of the
neural network was comprised of metallographic structure

characteristic parameters, while the output layer was the pre-
dicted creep life. The findings indicate that the model exhibited
a high degree of accuracy in forecasting the lifespan. The creep
life of blades was assessed by Sahoo et al. [37] using stress frac-
ture testing, while the damage to the coating was evaluated
through coating expansion and secondary reaction zone
(SRZ). This study investigates the impact of aluminum coating
on the surface of a deformable alloy blade composed of nickel
on both the creep life of the blade and the microstructure deg-
radation of the blade during its service. The study determined
that the reduction in creep life can be attributed to the deterio-
ration of carbide morphology. Furthermore, the creep life is
influenced by the dimensions, configuration, and dispersion
of grain boundary carbide. Li et al. [38] developed a constitutive
model for a material using microcrystalline plasticity theory and
a macroscopic phenomenological model of creep. They con-
ducted simulations of the creep behavior of three-dimensional
blades and proposed a technique for determining the creep life
of turbine blades using the skeleton point stress method, as
depicted in Figure 5. The aforementioned pertains to the com-
putation of the lifespan solely attributed to creep, excluding any
contribution from fatigue. Numerous prior investigations have
been conducted regarding the determination of blade pure
creep life. However, the majority of these studies employ rudi-
mentary life calculation methodologies, such as the Larson-
Miller equation.

3.2. Creep of Engine Turbine Disk. The environment of high
temperature and high pressure poses a risk of creep failure
for the turbine disk and blade. Researchers have also ana-
lyzed turbine disk creep. Moreover, blade studies can be bro-
ken down further into two distinct subfields: pure creep
calculation and creep-fatigue interaction life calculation.
Mao et al. [39] collected fracture growth data of a high-
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temperature nickel-based superalloy subjected to both static
and cyclic loading at high temperature in order to calculate
the creep-fatigue interaction life. The turbine disk’s stress
was analyzed. Using creep-fatigue fracture growth data and
the Paris equation [40], the residual life of turbine disk com-
ponents at various temperatures and conditions was then
estimated. The results of the life evaluation demonstrated
that the concept of cause retirement could be utilized to
determine the remaining life of turbine disks designed using
the conventional fatigue life method. Using the probabilistic
creep-fatigue life assessment of a typical turbine disk as an
illustration, Song et al. [41] proposed a decomposed collab-
orative time-variant Kriging surrogate model (DCTKS) by
incorporating the strengths of extremum selection technique
and Kriging model into a decomposed collaborative strategy,
as depicted in Figure 6. The results demonstrated that the
author’s proposed DCTKS method not only ensured accept-
able calculation precision but also substantially increased
calculation efficiency. It was an effective and efficient proba-
bilistic life evaluation method for turbine disk creep-fatigue.
In addition, sensitivity analysis revealed that the dynamic
working load (rotor speed and body temperature) had the
greatest influence on the creep-fatigue life of the turbine disk
and thus should be given primacy in the probabilistic creep-
fatigue evaluation of the turbine disk.

The low-cycle fatigue behavior and creep behavior were
calculated by Shlyannikov et al. [42], utilizing the crack
growth rate model formula [43] to analyze the elastic-
plastic and undamaged/damaged creep crack tip field. The
study is aimed at predicting the creep-fatigue crack growth
rate and residual life of a GTE turbine disk subjected to var-
ious working loads and damage combinations. The findings
suggest that the undamaged crack growth model, when com-
pared with the continuous damage mechanic approach,
exhibited an overestimation of the overall remaining lifespan
of the turbine disk. Furthermore, the degree of error was
observed to escalate with an increase in the duration of hold-
ing time. Runzi [44] proposed a modified strain energy den-

sity dissipation method with high precision. The method is
based on the Takahashi model [45] and takes into account
the recovery effect of compressive average stress. The present
study employed a technique to assess the creep and fatigue
degradation of a turbine disk in an aeroengine operating
under conditions of steady-state cycling. The findings of
the investigation revealed that the location of crack initiation
due to creep-fatigue was typically at the point of geometric
discontinuity in the structure. Shlyannikov et al. [46] per-
formed a comprehensive three-dimensional finite element
analysis on a standard gas turbine engine (GTE) turbine
disk, as illustrated in Figure 7. The Norton constitutive equa-
tion was utilized to characterize the creep behavior of the
material. The investigation focused on the stress-strain state
and damage accumulation within the service critical zone.
Experimental analysis was conducted to examine the surface
crack growth rate under high-temperature harmonic load-
ing, as well as block loading under fatigue and creep-
fatigue interaction. These findings are depicted in Figure 8.
The study revealed that when subjected to pure fatigue and
creep-fatigue interaction load, every segment of the fatigue
section exhibited a uniform curve in relation to nonlinear
fracture resistance parameters, signifying the initial and sub-
sequent stages of block loading progression.

Kaishang et al. [47] conducted an assessment of creep-
fatigue damage and predicted the lifespan of structures with
discontinuities using the cross-scale modeling approach. The
present study is aimed at determining the hazardous posi-
tion of discontinuous structure during the process of
creep-fatigue by integrating the nonuniform cyclic constitu-
tive equation and creep-fatigue damage model at the macro
scale. Furthermore, the micro mechanical behavior and
damage evolution law at the aforementioned hazardous
position were elucidated with the aid of crystal plasticity the-
ory at the micro scale. Porous structures underwent a series
of creep-fatigue tests. The findings indicate that the antici-
pated lifespan for crack initiation was in agreement with
the outcomes of the experiment. The present study utilized
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a multiscale modeling approach to assess the damage of a
specific turbine disk type. The methodology for multiscale
modeling is depicted in Figure 9.

Pokrovskii et al. [48] proposed an empirical approach,
known as the theoretical-experimental model, to estimate
the mean rate of the initial segment of the creep crack
growth curve for pure creep analysis. The aforementioned
model was employed to make predictions regarding the rate
of crack growth in structural alloys when subjected to the
simultaneous effects of fatigue and creep. In their study,
Osigwe et al. [49] conducted a comprehensive analysis of
the impact of fuel heating values on the high-pressure tur-
bine hot section’s top-level creep life assessment. The utiliza-
tion of the Larson-Miller equation persisted as a means of
assessing the creep life. The present investigation demon-
strated that the utilization of liquefied hydrogen fuel resulted
in improved performance, specifically a 64% reduction in
fuel flow rate and better specific fuel consumption (SFC).
Additionally, the use of this fuel source was found to extend
blade life by 15%. These findings are consistent with existing
literature that highlights the advantages of liquefied hydro-
gen fuel over traditional jet fuel. In their study, Tomevenya
and Liu [50] analyzed the fatigue creep of a turbine disk
made of nickel-based superalloy GH4133 at 650°C. The
researchers considered material characteristics, load, and
performance parameters as random factors and conducted

finite element analysis to investigate low-cycle fatigue. The
LCF Manson-Coffin model was utilized to compute the
fatigue life, while the Larson-Miller equation was employed
to determine the creep life. The Robinson rule, also referred
to as damage fraction summation, was employed to deter-
mine the low-cycle fatigue-creep life. This was subsequently
modeled using a two-parameter Weibull distribution. The
findings indicate that there was a decrease in reliability as
the fatigue-creep life increased. In the realm of turbine disk
research, there exist a limited number of instances wherein
pure creep life calculation is conducted, with the majority
of cases taking into account the concurrent impact of
fatigue.

3.3. Creep of Combustion Chamber. The NASA Lewis
Research Center conducted tests on small thrusters by
Quentmeyer [51] and Jankovsky et al. [52] which revealed
that the lifespan of the combustor was influenced by factors
such as creep-fatigue interaction, corrosion, and occasionally
ductile rupture, in addition to fatigue. Kasper [53] employed
a methodology based on cyclic fatigue and creep analysis to
make an estimation of the lifespan of the combustor. He
noted that there was no general viscoplastic model that
could account for all potential material behavior phenom-
ena, so models for various materials and properties must
be chosen. Sung et al. [54] designed and tested a small rocket



International Journal of Aerospace Engineering

Macro scale framework (benchmark)

Micro scale framework (target)

- -
( \ f A
Numerical model Finite element model | Numerical model Finite element model
User defined
. User defined Represe material Representative
A non-uniform . - .
dituti creep ntative Crystal plasticity | subroutine volume element
cons ltlil lg’e subroutine volume equation — > model at micro-
dequa'b(') unit describing scale
escrfl t1.ng model at creep-fatigue
creep-fatigue .
Theoretical behavior macro behavior
model scale
iUser unit output subroutine L i v
Multiaxial Determining the I? arr:lage model Determination of
creep- parameters of asde. on energy crystal plasticity
fatigue non-uniform 1s§1pa.t10n parameters
damage constitutive criterion
model model . )
-
C J
-
) Determine the displacement field The crystal plastic finite
The finite element applied at the dangerous point element model at the
model of structural o
. dangerous point is
members with central structed
Test circular hole is constructe
verification constructed
¢ Macroscopic mechanical behavior Microscopic damage evolutlonv
The multi-scale modeling method of structural parts with central circular hole is realized, and the creep-fatigue
life prediction is realized based on this method
By comparing the experimental data, the feasibility of the above multi-scale modeling method is determined
Expand
application L
Based on the cross-scale modeling method, the non-uniform temperature field and cyclic mechanical load are
coupled to expand the application of an aviation turbine disk structure

FIGURE 9: Process of multiscale modeling method [47].

combustor and validated the low-cycle fatigue and fatigue-
creep interaction life prediction models. Figure 10 depicts
the rocker combustor. This study utilized various life predic-
tion techniques to forecast the lifespan of a combustion
chamber, which were subsequently compared to experimen-
tal outcomes. The findings of the study indicate that the
viscoplastic model [55] exhibited superior consistency in
comparison to conventional techniques when forecasting life
cycle failure in conditions of low-cycle fatigue and high tem-
perature. The aforementioned text pertains to prior investi-
gations conducted on the lifespan of combustion chamber
in relation to creep-fatigue interaction.

Jaihyun [56] utilized ANSYS software to perform finite
element modeling and creep-based stress analysis on the
combustion chamber of a cryogenic engine. Figure 11
depicts the combustion chamber of the cryogenic engine.
Using the Norton and exponential drift models, the total
steady-state thrust duration of 7200 seconds (10 times the
nominal operating time of 720 seconds) was analyzed. The
analysis revealed that the effect of creep on the Cu-Cr-Zr-
Ti alloy combustion chamber was negligible over an opera-

tional duration of 7200 seconds (10 times the nominal thrust
duration of the engine), even at 126% increased thrust level.
Both models of expansion yielded comparable results.
Zarubin et al. [57] conducted an analysis on the loading
of shell wall connectors and the accumulation of inelastic
deformation of inner wall materials. This analysis was based
on a simplified analysis model of a bimetallic shell, which
was used in a reusable liquid rocket engine combustion
chamber. The study considered plastic deformation and
creep deformation over time. The estimation of the number
of operating cycles for the availability of the inner wall mate-
rial was based on the assessment of the absolute values of the
creep of the wall material and the accumulated inelastic
deformation without creep in a single engine cycle. Masuoka
and Riccius [58] devised a system based on damage mechan-
ics that can properly mimic the damage propagation phe-
nomena, which was utilized to model the damage
propagation of rocket cabin materials. A viscoplastic model
[59], a creep-fatigue model, and a ductile damage model
[14] were combined with the model. Figure 12 illustrates a
comparison between the numerical results and the actual
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FiGure 10: Small rocket combustor model [54].

Ficure 11: Cryogenic engine combustion chamber model [56].

deformation of the cooling channel. The findings of the
study revealed that the model exhibited the capability to
anticipate the point of origin of crack initiation.

Zarubin and Zimin [60] analyzed the nonisothermal
creep of the exterior of the rocket engine combustion cham-
ber. The application of the power-law model was employed
to determine the creep, and an illustration was provided to
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Damage/D,,
0.0

0.35

FiGure 12: Comparison of cooling channel deformation. Numerical
results of deformation and damage distribution (top); photograph
of the middle cross section of the TMF panel (bottom) [58].

compute the stress-strain condition of the shell. This allowed
for the assessment of the accumulation of the absolute value
of the inelastic deformation of the inner wall of the material,
which impacts the damage of the shell. The aforementioned
study pertains to the investigation of pure creep in a com-
bustion chamber conducted by scholars. Researchers were
almost concluding their work on the pure creep of the com-
bustion chamber, so they used the structural relationship of
the material and the change in the structure to figure out the
creep life, instead of a simple model like Larson-Miller.

3.4. Creep of Other Parts. Mordfin [61] conducted the initial
study on the creep of aircraft joints. His article introduced
the testing apparatus and testing technology utilized in lap
joint creep testing. Then, he conducted high-temperature
creep experiments on riveted aluminum alloy and spot-
welded stainless steel connections. The test results revealed
that the creep of the riveted joints was significantly greater
than that of the unriveted sheet, but not so great as to render
the sheet’s creep insignificant in comparison to that of the
joints. Two years later, Mordfin and Legate [62] present
the results of 55 creep and creep-rupture experiments on
structural joints based on the creep properties of the joint’s
materials in tension, shear, and bearing. A simple method
for predicting the fracture time, fracture mode, and defor-
mation of structural joints in creep under constant load
and temperature was described. The active cooling hood
lip test-bed components’ elastic, elastoplastic, and elastoplas-
tic creep analysis findings were provided by Arya et al. [63]
who also forecast the cycle crack start life of the hood lip.
Using Barrett and Sherby’s [64] and Freed and Verrilli’s
[65] experimental data, the form of the creep law was deter-
mined. In a comparison of predicted cyclic lives, the cyclic
life prediction derived from the elastic-plastic-creep analysis
was the lowest and, hence, the most accurate. The impact of
thermal barrier coating on the damage behavior of the hot
gas wall of copper alloy was investigated by Fassin et al.
[66]. The application of thermal barrier coating (TBC)
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resulted in a decrease of approximately 200 Kelvin in the hot
wall temperature. Simultaneously, the author employed the
anisotropic damage model [67] which was self-developed, to
examine the force exerted on the structural wall of a rocket
engine nozzle. The author also conducted a comparison of
the damage distribution and deformation behavior of the hot
wall with and without a hot runner. The findings suggest that
the utilization of thermal barrier coating yielded a favorable
impact on the damage behavior and deformation of the heated
wall. Figure 13 displays a finite element model of a cooling
channel segment equipped with a thermal barrier coating,
subject to both thermal and static boundary conditions.

The skin creep of hypersonic vehicles during flight was
investigated by Clough et al. [68]. The study involved simu-
lating the significant creep deformation resulting from the
heat load experienced by the typical area plate during
repeated high-speed flight. This was achieved through the
utilization of the small strain plastic method and the previ-
ous constitutive relationship [69]. The findings indicate that
the creep strain expanded to approximately 98% of the ther-
mal strains induced during two representative flight cycles.
The comprehensive findings indicate that the creep mecha-
nism is operational in mitigating stress by augmenting
inelastic strain. Honglei [70] conducted a study on the
high-temperature creep behavior of threaded connection
pairs in aeroengines. The Kachanov-Robotnov creep damage
model was employed to estimate the creep damage of bolts.
The obtained results exhibited a high level of concurrence
with the administered test. Figure 14 depicts the finite ele-
ment model of the threaded connection.

11

TaBLE 1: Methods commonly used in the above literature.

Method Literatures
1 Miner [23], [31], and [32]
2 Larson-Miller (291, [31211[32[]5’0[]34]’ [49],
3 Lagrange-Bhat [25]
4 Robinson [29]
5 BP network [36]
6 Skeleton point stress method [38]
7 Theoretical-experimental [48]
8 DCTKS [41]
9 Norton [42], [56]
10  Cross-scale modeling method [42]
11 Viscoplastic model [54]
12 Chaboche [58]
13 Lemaitre [58]
14 Power-law [57]
15 Kachanov-Robotnov [70]
16 ESF [71]

TaBLE 2: Calculation object classification.

Calculation object Literatures

ot e s s, ol and 0
[29], [31], [32], [34], [36], [38],
[48], [49], and [71]

[23], [25], [39], [50], [41], [42],
[46], [47] and [54]

Creep life calculation

Creep-fatigue life

FI1GURE 15: Appearance of TBC sample after cyclic heating test [74].

Ferraiuolo [71], in conjunction with the effective stress
function algorithm [72], conducted a finite element thermal
structure analysis taking plasticity and creep into consider-
ation. It was demonstrated that the effective stress function
algorithm was appropriate for thrust chamber analysis and
could produce accurate results in a reasonable amount of time.

This paper summarizes the methods commonly employed
in the aforementioned literature, as displayed in Table 1.
Table 2 displays the classification of calculation objects
according to Section 2 of this paper.
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FiGurek 16: Current and potential application of creep age forming in aircraft and launch vehicles [80].

By summarizing the aforementioned research, it is
evident that within the aerospace field, certain classical
models were utilized to compute creep in the literature
several years ago, with the Larson-Miller equation being the
most commonly employed. Over time, there has been a rapid
development in the fields of computer science and finite element.
An increasing number of academics are utilizing damage
mechanics to introduce constitutive equations and damage var-
iables in order to predict the failure time and fracture strain of
high-temperature structures. In contemporary times, academics
have put forth numerous novel approaches for forecasting creep
that deviate from conventional models. Kaishang et al. have suc-
cessfully implemented the cross-scale modeling approach to
evaluate creep-fatigue damage and predict the lifespan of non-
continuous structures. Numerous instances exist wherein the
computation of the interaction life between creep and fatigue is
performed. In recent times, there has been a rise in instances of
utilizing the constitutive equation to determine the creep life.
However, such occurrences remain relatively scarce. In the
future, there may be a heightened emphasis on researching novel
constitutive relations that are appropriate for implementation
in aircraft.

4. Improvement Measures of Creep

In the prior work, the creep phenomena in aircraft were
summarized. The manifestation of creep in aircraft compo-
nents is known to cause irreversible damage, resulting in
component deformation and decreased service efficiency.
Furthermore, this phenomenon poses a safety risk during

flight operations. Thus, it is imperative to implement effi-
cient strategies to mitigate creep.

Asraff et al. [73] conducted a study to evaluate the high-
temperature creep characteristics of four distinct copper
alloys. The study’s findings indicate that the Cu-Cr-Zr-Ti
alloy possesses superior properties compared to other alloys.
Appearance of TBC sample after cyclic heating test is dem-
onstrated in Figure 15.

This suggests that materials exhibiting favorable creep
resistance may be chosen to mitigate component creep.
According to Osigwe et al. [49], the utilization of hydrogen
fuel in an engine resulted in a higher creep life compared to
natural gas. This suggests that the creep life can be
enhanced by altering the fuel type utilized. Kimura et al.
[74] employed a two-dimensional finite element simulation
technique to evaluate the creep damage and low-cycle
fatigue damage of the wall of the combustion chamber.
Appearance of TBC sample after cyclic heating test is dem-
onstrated in Figure 15. In these simulations, the effects of
various heat treatment techniques on the durability of the
lining material, the thermal barrier coating insulation layer,
and the thermal expansion of the shell were investigated.
The study revealed that the thermal barrier coating exhibits
the most significant impact on extending the operational
lifespan. However, the extent of its influence is contingent
upon the physical characteristics of the lining material.
The implementation of thermal barrier coating has the
potential to mitigate the temperature of components,
thereby diminishing the likelihood of creep. Thus, the pri-
mary purpose of all measures for thermal protection is to
decrease creep.
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Ficure 17: The world’s largest commercial aircraft A380 wing
panel [81].

5. Benefits of Creep

In the aerospace field, the phenomenon of creep can serve a
dual purpose, whereby it can be detrimental in certain cases,
while in others, it can aid in the completion of the formation
of aircraft components. Creep aging forming is a method of
forming that utilizes the creep property of gradual plastic
deformation of metal materials at a specific temperature
and pressure for an extended period of time to synchronize
forming and aging strengthening [75]. After heat treatment,
the metal components are affixed to the tooling surface of
the die by mechanical loading or vacuum loading. The whole
assembly is then placed in the heat treatment equipment, the
predetermined time and temperature are set in the equip-
ment, and the elastic deformation is gradually transformed
into plastic deformation [76]. Current and potential applica-
tion of creep age forming in aircraft and launch vehicles is
shown in Figure 16. In comparison to conventional metal
plastic forming techniques, creep aging forming exhibits
numerous advantages. The implementation of this technique
has been shown to significantly decrease the likelihood of
machining cracks, enhance the microstructural and mechan-
ical characteristics of materials, and exhibit a high degree of
repeatability. The formed parts exhibit high forming accu-
racy, and the majority of residual stresses in the components
have been removed [77]. The Textron Company of the
United States utilized creep aging to form the composite
curved upper wing skin of the upper and lower skin panels
of the B-1B bomber, while the orthogonal grid structural
components of the Hercules IV rocket were also formed
using the same method [78]. The upper wing wall panel of
the B-1B bomber possessed a dimension of 2.74 m x 15.25
m, with a thickness variation range of 2.54~63.5mm. The
wall panel’s maximum fitting error was limited to 0.25 mm.
Airbus had manufactured A380 wing sheet skin using creep
aging, with a length of 33 meters and a fit of less than 0.25
millimeters [79]. This equipment holds the distinction of
being the biggest hot pressing tank globally, as demonstrated
in Figure 17.

6. Conclusion

During flight, the aircraft is exposed to high-temperature
and high-pressure conditions in its surrounding environ-
ment. As a result, the uppermost parts of the aircraft may
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experience creep, leading to structural changes that can
compromise the safety of the flight and potentially result in
catastrophic accidents. The present study provides an over-
view of the conventional models for creep calculations, as
well as the creep behavior and corresponding calculation
models for various components of aircraft engines, such as
turbine blades, turbine disks, and combustion chambers.
Several classical models were utilized in previous studies to
compute creep, with the Larson-Miller equation being the
most commonly observed. These models were relatively
straightforward in nature. As time passed, there has been a
rapid development in the fields of computer science and
finite element. By using constitutive equations and damage
variables based on damage mechanics, more and more
researchers are able to forecast the failure time and fracture
strain of high-temperature structures. The Kachanov-
Robotnov constitutive equation is a frequently utilized
model in the field. In recent years, academics have proposed
numerous novel approaches for forecasting creep that
diverge from conventional models. Furthermore, a summary
of the effective measures to reduce creep is presented,
including the selection of creep-resistant materials, the use
of hydrogen fuel, the application of thermal barrier coating,
and other thermal protection measures. Finally, it is pro-
posed that creep is not only harmful in the aerospace indus-
try but can also be used to complete the forming of aircraft
parts, a process known as creep aging forming.

This paper provides an overview of the research con-
ducted over the past century and the most recent advance-
ments in creep research. Potential areas for future study
include conducting creep analysis on additional aircraft
components, developing creep models that are appropriate
for diverse components, and exploring novel strategies for
mitigating creep.
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