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Abstract: The limitations of the existing creep failure models have led to the development of a new approach for creep
life prediction. Traditional models such as Norton—Bailey and Omega often fall short in accurately capturing the
tertiary phase of creep in engineering materials. Similarly, models like Kachanov—Rabotnov, Theta Projection, and the
Sine Hyperbolic methods require detailed material-specific parameters to effectively predict damage. To overcome
these challenges, a novel hybrid creep model has been proposed by integrating the Norton—Bailey and Kachanov—
Rabotnov formulations. This combined framework harnesses the strengths of both models while compensating for
their individual shortcomings. The model was incorporated into the finite element (FE) software ABAQUS through
curve fitting—utilizing regression analysis to transition from the baseline Omega model to the Norton—Bailey model.
Validation was carried out through a series of experimental tests, including ambient and high-temperature tensile tests,
as well as creep tests on stainless steel 304. The results were then compared with finite element creep simulations
using dog bone specimens. The new model demonstrated excellent predictive accuracy, outperforming traditional
models like Omega and Norton—Bailey, achieving up to 91.79% accuracy in creep strain and creep strain rate over a
1000-hour test and 93.92% accuracy for 336 h test.

Keywords: creep experiment testing, model validation, Kachanov-Rabotnov model, damage evolution, Norton Bailey
model, finite element modelling

1. Introduction

Over the years, numerous empirical and theoretical models have been proposed to predict the creep
deformation behavior of materials, each claiming a certain level of accuracy. However, these models often

depend on idealized assumptions, which limit their effectiveness in precisely forecasting creep behavior


mailto:mohsin.sattar@fs.cvut.cz

and estimating the remaining service life of engineering components [1]. Currently, advanced creep
prediction techniques are predominantly based on five well-established models: Norton—Bailey [2],
Kachanov—Rabotnov [3], Omega [4], Theta Projection [5], and the Sine Hyperbolic models [6]. Although
each model offers specific advantages, their applicability is often restricted to certain conditions and
operating environments. Among these, the Norton—Bailey model—commercially available in the ABAQUS
finite element software by Dassault Systéemes—is widely recognized as a benchmark for creep damage
assessment [7]. It utilizes a power law relationship to correlate creep strain rate with time to failure,
incorporating a material-dependent exponent. However, this model primarily addresses the primary and
secondary creep phases and neglects the tertiary phase, focusing only on strain rate during secondary creep
for deformation predictions. Furthermore, the material constants it relies upon are temperature-sensitive,
leading to noticeable discrepancies in high-temperature predictions when compared with experimental data
[8]. The Omega model, standardized in ASME FFS-1 API/579-1 and initially adopted by the American
Petroleum Institute and the Materials Properties Council (MPC), also presents limitations [9]. It struggles
to estimate fracture strain accurately for in-service components due to insufficient material data at elevated
temperatures. Moreover, it lacks the ability to capture pre-existing or progressive damage, such as crack
initiation and propagation [10]. Despite these drawbacks, the Omega model performs well in predicting
rupture time at lower temperatures, where the deviation between actual and predicted rupture life is
minimal. However, it relies heavily on curve fitting for data extrapolation and cannot accurately represent
exponential creep behavior, as its parameters are highly dependent on specific material properties [11].

The Kachanov—Rabotnov (KR) model, which employs coupled constitutive equations for creep
damage, has shown more promising capabilities in modeling creep behavior. Its damage evolution
parameter effectively captures the tertiary phase of creep [12]. However, the model's primary limitation lies
in its reliance on numerous material constants, and it does not incorporate the primary creep phase in life
prediction [13]. The KR model represents both continuous creep damage and discontinuous plastic
deformation at rupture using a continuous damage function, which increases the complexity of
implementation in finite element (FE) analysis [14]. In contrast, the Theta Projection (TP) method uses four
material constants: the first two control the magnitude, curvature, and shape of the primary creep phase,
while the latter two govern the tertiary phase [15]. Although this method can provide accurate results, it
depends heavily on extensive empirical data to define a representative curve [16]. This requirement
necessitates the generation of multiple curves under varying conditions and demands rigorous extrapolation
within curve families to achieve precise fitting [17]. To overcome these limitations, the Sine-Hyperbolic
(SH) model was recently introduced [18]. It addresses several drawbacks of earlier models and aligns well
with experimental data. While it adopts a conservative stance by depending on specific material properties,

it offers improved predictive accuracy over conventional models [19].



In this paper a more robust creep prediction model is being proposed with the conceptual
framework by the combination of Norton Bailey and Kachanov Rabotnov models. The objective is
integrating these classical models into a more advanced or unified framework to improve predictions or to
model more complex material behaviours under various loading conditions [20]. The Norton-Bailey model
is typically used in the context of creep deformation in materials under constant stress over time. It is
particularly relevant for describing how materials behave under long-term loading, where the deformation
happens at a much slower rate compared to instantaneous elastic deformations. It describes the relationship
between stress and strain rate in a material undergoing creep. The model is based on a power-law equation
and the Norton-Bailey model is commonly used for materials like metals and polymers that undergo time-
dependent deformation under constant stress [21]. The Kachanov-Rabotnov model is an extension of the
classical creep theory, and it is used to describe damage evolution in materials over time. This model
incorporates the idea of damage mechanics, where material degradation due to stress leads to the
development of cracks or voids, influencing the material's overall behaviour [22]. This model focuses on
damage accumulation and its impact on the material's mechanical properties. It is commonly expressed by
a damage variable, which evolves with time and is linked to the applied stress and strain rate [23]. The
Kachanov-Rabotnov model is used to predict material failure by considering the degradation of material
properties over time. It is particularly relevant for materials that experience damage accumulation under
both cyclic and static loading conditions [24].

The goal of combining these two models—Norton-Bailey and Kachanov-Rabotnov—into a new
conceptual framework is to create a more comprehensive and accurate representation of material behaviour
under stress, accounting for both creep deformation and damage accumulation. The combination would
allow for the time-dependent creep and the Norton-Bailey model can be used to capture the slow, time-
dependent deformation of materials under constant stress, describing how the material deforms over time.
The Kachanov-Rabotnov model can be integrated to represent how the material deteriorates over time, even
as it undergoes creep. This is important because as materials deform, they accumulate damage, which can
accelerate the creep process or lead to premature failure. The damage evolution could be coupled with the
creep deformation rate. For example, the damage variable could influence the creep exponent or the material
constant in the Norton-Bailey model [25]. This would allow for a more accurate representation of how
material damage accelerates creep deformation over time. As the damage variable increases, the material's
stiffness, strength, or resistance to creep could decrease. This means that the material's response to stress
becomes more nonlinear as it accumulates damage, leading to a more accurate prediction of failure [26].
The combination of these models could also allow for multi-stage creep behaviour, where the material
exhibits different types of creep stages i-e primary, secondary and tertiary stage as it accumulates damage.

In the later stages of creep, when damage becomes significant, the material may experience a rapid increase



in strain rate, leading to failure.

In practical terms, the new combined model could be used to better predict, the failure in
engineering components: Especially for materials used in high-stress environments, e.g., pressure vessels,
turbine blades etc. that experience both long-term loading and damage accumulation [27]. It could assist in
selecting materials for applications where both creep and damage play a significant role in failure, such as
in high-temperature, high-stress environments. By combining the two models, engineers and researchers
can more accurately predict not just the amount of deformation a material undergoes over time but also
when and how the material will start to fail due to the accumulation of damage. The new model thus
provides a more comprehensive tool for understanding and predicting material behaviour, leading to better

design, maintenance, and failure prevention strategies in various engineering fields [28].

2. Conceptual Framework of New Creep Model

The equations from the Norton-Bailey and Kachanov-Rabotnov models, both of which are grounded in
creep power laws, are integrated to form the novel mathematical formulation for the creep model. This

new creep model is formulated in Equation (1) and further simplified in Equations (2) and (3).
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where ¢ is the time, o is the stress, and &, is the creep strain rate. 4 and n are material constants, and w is

the present damage, which is also a material constant but varies with time.

The method of integration adapted for the new creep model in Abaqus is by regression analysis [29].
Equation (4) represents the generic energy law regression, while Equation (5) provides the Norton-Bailey

equation for comparisons and deducing the variables as follows:

y = AxP )

é, =Aom (5)



The standard variable (y) and projection response (x) are involved in this equation, where A4’ stands for the
curve measurement and B is the exponent of the analytical variable (x). The Norton-Bailey power law

regression in Equation (6) is compared with Equation (7) for stress exponent (7) of creep equation
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Likewise, the parameters were found by comparing the curve coefficient 4’ in Equation (8) with the

Norton-Bailey creep parameter 4 in Equation (9).
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The number of samples are indicated by »’, and the independent variables in this equation are x and o, the
dependent variables are y and &,.. Stress is regarded as an independent variable and strain rate as a dependent
variable in the regression analysis. The precision of regression affects the selection of the stress range; a
more accurate curve fit is produced by the broader stress range in the sample data. Equations (7) and (9),
which describe the creep constraint and stress exponent, are modified for the new model's curve fitting by
regression into the Norton-Bailey model in Abaqus, yielding Equations (10) and (11) [30]. To facilitate the
modeling of material deformation during the tertiary creep stage, the damage evolution parameter is

represented by the constant 4 in these equations.
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where, b = {(1(;_—(‘))0:;1} ; = damage evolution parameter; n’ = sample size

The new model formulated as in Equation (12):

E.=Aa™*b (12)



Curve fitting for damage evolution, through creep power laws for deriving constants in the equation for
material independency, is applied. The new model was standardized with the help of the Omega model
which is a baseline model for this research study. Curve fitting of the new model to the Norton Bailey model

is depicted in Figure 1 while calibrating with the Omega model [31].
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Figure 1. Curve fitting of Omega model to the new model and Norton Bailey model based on strain hardening

3. Materials and Methods

This section outlines the process used to initially determine the analytical creep strain and creep strain rate
through regression analysis, utilizing the Omega-Norton Bailey regression models [32]. The
implementation of the new creep model is then adapted in ABAQUS by regression analysis as depicted in
the following flowchart of Figure 2:
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Figure 2. Methodological flowchart for creep model validation

3.1 Material Configuration of Stainless Steel 304

Stainless Steel 304 is an austenitic stainless steel and one of the most widely used stainless steel grades due
to its excellent corrosion resistance, formability, and weldability. It is primarily composed of iron,
chromium, and nickel, with minor additions of other elements that enhance its mechanical and corrosion-
resistant properties [33]. The microstructure of SS-304 is face-centered cubic (FCC), typical of austenitic
stainless steels. This phase remains stable at all temperatures, providing excellent toughness even at
cryogenic temperatures. The following is the chemical composition tabulated in Table 1 of stainless steel

304 selected for dog bone sample coupons on which experimental testing was carried out for this research

Y

study [34].
Table 1. Chemical Composition of Stainless Steel 304
% C Mn Si P S Cr Ni N
Min 18 8
Max 0.08 2.0 0.75 0.045 0.030 20. 10.5 0.10




3.2 Regression-Based Modeling and Extrapolation of Creep Curves for Established Models

The MPC Omega model is widely used for inelastic analysis within the API 579-1/ASME FFS-1 standards
for creep evaluation. To analyze the relationship between independent and dependent variables, regression
analysis was employed. Curve fitting serves as an effective method for minimizing the volume of data
required, making it a valuable tool in modeling creep behavior [35]. When working with experimental or
simulated creep data, two main approaches are used to reduce the dataset. The first approach, known as
time hardening, maintains constant time intervals while measuring strain at various stress levels. The second
approach, strain hardening, records the time required to reach predetermined strain levels [36].

In the Omega model, the strain rate is dependent on both stress and temperature. By treating
temperature as a constant, the strain rate can be approximated using the Norton—Bailey model. Since the
Norton—Bailey model is grounded in the power law of creep, the general power law regression equation
was also applied for comparison. In this regression analysis, stress was treated as the independent variable,
while strain rate served as the dependent variable. The accuracy of the regression was influenced by the
selected stress range, with a wider range yielding a better fit. Therefore, curve fitting was carried out across
various loads and temperatures for different creep models [37]. For predictive analysis, extrapolation was
based on the assumption that the observed material behavior would persist over time. To calculate creep
parameters and stress exponents for each model examined in this study, regression equations (7) and (9)
established in previous sub-section were utilized. Additionally, a damage evolution parameter (®) was
introduced to represent the progression of tertiary creep damage. This enhancement enabled the modeling
of a complete creep curve—encompassing the primary, secondary, and tertiary stages—for stainless steel
materials [38]. The Theta Projection, Kachanov—Rabotnov, and Sine-Hyperbolic creep damage models
were curve-fitted to the Norton—Bailey model within the ABAQUS environment, while a finite element

(FE) model based on a dog-bone geometry was developed for creep analysis.

3.3 Geometric Configuration and Pre-Processing for the Development of Finite Element Model

A finite element (FE) model of a dog-bone-shaped specimen was developed in accordance with
ASTM E-139 standards for tensile creep testing [39]. The boundary conditions from the corresponding
experimental creep test were applied to the FE model. A reference point was designated to define the
direction of displacement during loading. The analysis involved up to 45 increments with a time step
totaling 18,000 hours [40]. The model aimed to predict the behavior of stainless steel under constant stress
within the elastic limit at both room and elevated temperatures. To achieve this, a combination of plasticity
and creep effects was analyzed across various conditions using established creep models. Plastic hardening
data was also extracted from the simulation for further evaluation. The results from the different creep

models were then compared to identify their limitations under varying conditions. Initially, creep behavior



was modeled using the Norton-Bailey model from the ABAQUS material library [41]. Stainless steel SS-
304, assumed to be isotropic, was selected for the study based on analytical assumptions.

A uniaxial force was applied to the specimen under defined boundary conditions, and a thermal
field was introduced. An elastic-perfect plastic material model was used to simulate the combined effects
of elasticity, plastic deformation, and plasticity [42]. Displacement was measured at one end of the
specimen—where a displacement amplitude of 2 mm/min was applied—while the opposite end was fixed.
The thermal environment was simulated by applying a temperature field ranging from 0°C to 700°C
throughout the SS-304 model. Once the target temperature was achieved, a constant longitudinal load was
applied to initiate dislocation and distortion within the grain structure of the material [43]. The load,
equivalent to 35% of the ultimate tensile strength (UTS), was maintained until either the test duration was
completed or the specimen failed. Throughout the test, data on temperature, load, and elongation was
continuously monitored and recorded to ensure consistency. The model was created in ABAQUS, adhering

strictly to ASTM standards, dimensions and model geometry as illustrated in Figures 3 (a) and (b) [44].

Figure 3. (a) FE geometry of the specimen (in mm) (b) Sample photo of the specimen (in mm)

The physical properties of the isotropic material SS-304, including Young’s modulus and Poisson’s ratio,
were sourced from the ASME BPVC Section 11, Part D, Subpart 2 standards [45-46]. These values, relevant
to elasticity, are temperature-dependent and are presented in Table 2. It is important to note that Young’s
modulus exhibited a consistent decline with increasing temperature as depicted in Figure 4(a). Similarly,
data related to yield stress and plastic strain, essential for plasticity analysis, were also obtained from the
same ASME standards [47], accounting for temperature variations as depicted in Figure 4(b). These
standard values, established through rigorous evaluations, reflect the material’s response under varying

temperatures, pressures, and operating conditions [48].
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4. Results and Discussions

4.1 Logical Results of Established Creep Failure Models

The analytical results for the established creep failure models were initially derived through regression
analysis and curve fitting, using the Omega model as the reference baseline. Figure 5(a) represents the statistically
obtained creep strain rate data for Norton-Bailey, Kachanov-Rabotnov, Theta Projection, and Sine Hyperbolic models
[49]. The evaluation was performed under consistent physical conditions for Stainless Steel 304, specifically at a
temperature of 720 °C and a time duration of 18,000 hours. Figure 5(b) illustrates the comparative creep strain behavior

of these established models under the same testing conditions [50].
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4.2 Finite Element Model Results based on Baseline MPC Omega Model

The finite element (FE) model results were first generated using the MPC Omega model, as it serves
as the baseline for standardizing and comparing the other creep models. To simulate the Omega model
behavior, relevant parameters such as the stress exponent, creep constants, and material properties were
incorporated into the FE analysis. The specimen, made of Stainless Steel 304, was subjected to uniaxial
tensile loading, which led to fracture due to sustained stress exceeding the material’s yield strength and
ultimate tensile strength. Creep damage was demonstrated through this loading condition [51]. The

specimen's lower end was constrained using symmetric boundary conditions, and this region experienced



significant deformation. Over the course of the simulation, the applied stress gradually decreased from 60
MPa to approximately 10 MPa and eventually approached zero. This stress relaxation occurred over the full
18,000-hour viscoelastic-plastic cycle. The reduction in stress was a result of continuous plastic deformation
and creep rupture, which induced strain in the material. Consequently, stress relaxation was observed as the
specimen underwent progressive creep strain under sustained load [52]. The simulations were carried out
using 45 time-step increments, and the progression of creep deformation in the specimen was captured at
four key intervals—steps 5, 15, 30, and 45—as shown in Figures 6(a), (b), (c), and (d). The evolution from
initial to permanent creep deformation was clearly observable across all creep models. Specifically, the color
transformation in the results illustrates this behavior: starting with green at the Sth time step (indicating
minimal deformation), transitioning to red at the 15th and 30th steps, and culminating in dark red at the 45th

step, representing advanced creep deformation [53].
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Figure 6. (a) Initial elongation of the specimen under applied load at time increment 5; (b) Onset of
primary creep deformation at time increment 15; (c) Development of steady-state (secondary) creep
deformation at time increments 30; (d) Accelerated creep deformation and rupture during the tertiary stage
at time increment 45.



After running the simulations while utilizing the parameters obtained by implementing the Omega model.
The results for creep strain and strain rates are depicted in Figure 7(a) and (b) which were compared with

the FE results of the built-in Norton Bailey model [54].
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4.3 Experimental Creep Test Results

Creep test data were experimentally obtained from 11 specimens of SS-304 dog bone sample
coupons, which underwent a series of tests including ambient tensile, hot tensile, and creep testing. The
ambient and hot tensile tests were conducted to determine the yield strength and ultimate tensile strength of
the SS-304 material [55]. The following sub-sections detail the experimental methodology, starting with
ambient tensile testing, followed by hot tensile testing, and concluding with the creep test procedures. All

tensile tests were carried out in accordance with relevant ASTM standards [56].

4.3.1 Ambient Tensile Tests

Ambient tensile tests were performed on the specimens to evaluate their deformation behavior under
load at room temperature. These tests aimed to determine and confirm the yield strength of the SS-304 sample
material utilized under ambient conditions. Figure 8(a) represents the tensile stress-strain curves for three

specimens 1,2 and 3 tested until rupture, while the variations in yield strength are summarized in Table 2

[57].
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Figure 8. (a) Ambient tensile tests for specimens 1, 2 and 3
Table 2. Test results for ambient tensile test
Specimen Numbers
1 2 3
Elastic Modulus 185.5 154.2 132.2
(GPa)
Yield strength 277 282.5 283.5
(MPa)
Strain (%) 0.235 0.271 0.319




4.3.2 Hot Tensile Tests
Hot tensile tests were performed at 600 °C and 700 °C using three specimens for each temperature condition

to determine and verify the ultimate tensile strength of the SS-304 material, a critical parameter for
subsequent creep testing. Figure 8(b) shows the stress-time curves obtained at 600 °C for samples 4, 5 and 6
while Figure 8(c) presents the corresponding curves at 700 °C for samples 7, 8 and 9. The variations in
ultimate tensile strength at each temperature are detailed in Table 3(a) for specimens 4, 5, and 6 (600 °C), and

Table 3(b) for specimens 7, 8, and 9 (700 °C) [58].
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Figure 8. (b) Hot tensile tests for specimens 4, 5, and 6 at 600 °C
Table 3. (a) Test results for the hot tensile test at 600 °C
Specimen Numbers
4 5 6
Yield strength 150.2 147.3 146.7
(MPa)
Strain (%) 2.41 2.27 2.28
Tensile strength 379.1 371 388.1
(MPa)
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Figure 8. (c) Hot tensile tests for specimens 7, 8, and 9 at 700 °C

Table 3. (b) Test results for the hot tensile test at 700 °C

Specimen Numbers

7 8 9
Yield strength 122.4 128.1 120.9
(MPa)
Strain (%) 1.97 2.17 1.98
Tensile strength 276.8 274.3 264
(MPa)

4.3.3 Creep Tests
The experimental creep test involved a stress-relaxation procedure designed to evaluate the material's

deformation behavior over time under constant tensile or compressive load at a fixed temperature. Creep
testing is essential for materials intended to operate under sustained loads at elevated temperatures. To assess
the creep properties of SS-304, specimens were subjected to two testing durations: a 336-hour (two-week)
test and a 1000-hour test. Throughout the tests, crack initiation and propagation were monitored to capture
the material’s behavior during the primary, secondary, and tertiary stages of creep [59]. The tests were
conducted as per ASTM standards to uniformly increase the deformation in time to achieve the induced stress
values. Significant material degradation was observed, particularly evident from microstructural
deformation. Scanning Electron Microscopy (SEM) analysis revealed grain distortion, elongation, and grain
boundary sliding—characteristic signs of advanced creep damage. The tests were conducted at 60% of the
material’s yield strength, corresponding to 74.28 MPa for the 336-hour test and 52.20 MPa for the 1000-hour

test. Testing conditions are summarized in Table 4. The resulting creep curves for the SS-304 specimens are



presented in Figures 9(a) and 9(b), corresponding to the 336-hour and 1000-hour tests, respectively,
conducted at 600 °C and 700 °C [60].
Table 4. Testing Conditions for Creep Test

Type of Temperature Specimens Loading Yield
Creep (°0) Conditions Strength
Test
336 h 600 10 74.28 60%
MPa
1000 h 700 11 52.20 60%
MPa
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Figure 9. (2) 336 h creep test with loading conditions 60% yield strength (74.28 MPa) at 600 °C on
specimen 10
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Figure 9. (b) 1000 h creep test with loading conditions 60% yield strength (52.20 MPa) at 700 °C on
Specimen 11



4.4 New Creep Model Validation with Creep Experimental Test Results

For the two-week (336-hour) creep test, a single specimen was tested under conditions of 60% of
the material’s yield strength, corresponding to a load of 74.28 MPa at 700 °C. The 1000-hour creep test was
also conducted at 700 °C, using a lower load of 52.20 MPa, equivalent to 60% of the yield strength under
those conditions [61]. All creep testing procedures were carried out in accordance with ASTM E139-11(2018)
— Standard Test Methods for Conducting Creep, Creep-Rupture, and Stress-Rupture Tests of Metallic
Materials, specifically following the uniaxial tensile creep testing method. Figure 10 shows the mounted

specimen after testing, displaying rupture at the center after completing the creep test [62].

Figure 10. Mounted Specimen with Rupture after the Creep Test

Figure 11 illustrates the creep curve obtained from the 1000-hour experimental creep test, compared with the
corresponding curves generated through FEA simulations under identical conditions. These simulations were
conducted using curve fitting based on the proposed creep material model. Similarly, Figure 12 presents the
creep curves from the 336-hour experiment, alongside simulation results using the new creep model [63]. In
both cases, comparisons between experimental and simulated results were made under consistent testing
conditions. For the 1000-hour test, the creep strain rate obtained through curve fitting yield 91.79% accuracy
relative to the experimental data, with a maximum deviation of 5% as tabulated in Table 5. Likewise, for the
336-hour test, the curve fitting method achieved 93.92% accuracy, within a 5% maximum deviation margin,
as organized in Table 6. These results confirm that the proposed creep model closely aligns with the laboratory

test data, thereby validating its accuracy and reliability [64].
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Figure 11. Comparison of predicted creep strain rate by FEA simulation for a new model by curve fitting
with experiment creep strain rate at 700 °C and 1000 h

Table 5. Maximum deviation between Experiment creep strain rate and FE creep strain rate of the new
model by curve fitting on selected points for 1000 h test

No. of Experiment creep Experiment FE creep strain

points strain rate with a 5% creep strain rate of
maximum deviation rate the new model

by curve fitting

1 0.290745 0.2769 0.2469

2 0.4712715 0.44883 0.34883

3 0.7916265 0.75393 0.72393

4 1.1102175 1.05735 1.02735

5 1.664208 1.58496 1.52496

6 2.3261595 2.21539 2.11539

7 3.1774995 3.02619 2.882619

8 3.7845885 3.60437 3.55437

9 4.3173375 4.11175 3.981118

10 4.58283 4.3646 4.2646
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Figure 12. Comparison of predicted creep strain rate by FEA simulation for a new model by curve fitting
with experiment creep strain rate at 700 °C and 336 h

Table 6. Maximum deviation between Experiment creep strain rate and FE creep strain rate of the new
model by curve fitting on selected points for 336 h test

No. of points Experiment creep Experiment FE creep strain
strain rate with a creep strain rate of
5% maximum rate the new model
deviation by curve fitting

1 1.25727 1.1974 1.1574

2 1.468058 1.39815 1.35815

3 1.736952 1.65424 1.61424

4 2.385254 2.27167 222167

5 2.55275 243119 2.41119

6 2.89001 2.75239 2.71239

7 3.099653 2.95205 2.91205

8 3.268283 3.11265 3.10265

9 3.427799 3.26457 3.21457

10 4.126238 3.92975 3.90975




4.5 Microstructure Examination of the Specimens

Figures 13(a), (b) and Figure 14(a), (b) represent the microscopic analysis of grain structures in the
specimens, both before and after undergoing creep tests. Observations from all four cases revealed consistent
patterns of grain elongation, distortion, and grain boundary sliding. Notably, the 1000-hour creep test
exhibited more pronounced grain deformation compared to the 336-hour test [65]. Grain size measurements
highlighted the extent of creep-induced damage, indicating significant changes in the specimen’s geometry
and grain orientation. These findings suggest that prolonged creep exposure results in severe structural
distortion, alterations in crystal lattice dimensions, and a substantial impact on the material properties of SS-

304 [66].

CCR1961 F_ D79 x300 300um  ccRroots 5TE

Figure 13. (a) Point of rupture before the creep test (b) Point of rupture after the creep test with grain
boundary distortion to 336 h and 700 °C

CCR19T1 F D75 x300 300um  CCR2031

Figure 14. (a) Point of rupture before the creep test (b) Point of Rupture after the creep test with grain
boundary sliding up to 1000 h and 700 °C
4.6 Case Studies Comparisons of Established Models with the New Model
This subsection presents case studies from published literature to benchmark the proposed creep
model against established models under identical conditions, thereby evaluating its predictive strength. For
instance, Alipour and Nejad [67] applied a modified Theta Projection model to characterize the creep

behavior of ferritic steel alloy 2.25Cr—1Mo at an elevated temperature of 754 °C. In a comparable setup, the



newly proposed model was applied to the same material, using material and physical properties sourced from
ASME BPVC Section II, Part D [68]. Simulations were conducted using an identical finite element (dog-
bone) model with matching geometry, under testing conditions of 754 °C, 110 MPa, and a 300-hour duration.
Figure 15 displays the resulting creep curves, while Table 7 presents a comparison at five selected points to
assess the model’s accuracy against experimental data. The results show that the proposed model achieved
an accuracy of 88.5%, compared to 84.3% for the modified Theta Projection model, both within a 5%

maximum deviation from the experimental results [69].

12 ——Theta projection model fitted curve, 110 MPa
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Figure 15. Comparison of the new model and theta projection model FE strain prediction with experiment
creep strain for 2.25Cr—1Mo steel, 110 MPa at 754 °C

Table 7. Comparison of theta projection and new model FE creep strain with experiment creep strain on the
selected points

No. of Experiment Experiment FE creep strain FE creep
points creep strain creep strain by Theta strain by
rate with a 5% Projection New
maximum Model Model
deviation
1 0.551891 0.52561 0.44304 0.31304
2 0.652743 0.62166 0.79879 0.758879
3 1.294545 1.23291 1.21604 1.07604
4 3.614174 3.44207 4.68573 4.48573
5 7.55664 7.1968 9.06019 8.800019




In a similar case study, Alipour and Nejad [70] employed the Sine Hyperbolic model to predict the creep
behavior of ferritic steel 2.25Cr—1Mo under conditions of 90 MPa and 750 °C, with a test duration of 1000
hours. To evaluate the performance of the proposed model under identical conditions, it was applied to the
same material using matching physical parameters. The comparative results are illustrated in Figure 16 and
detailed in Table 8. The analysis showed that the proposed model achieved a prediction accuracy of 92%,
significantly outperforming the Sine Hyperbolic model, which reached only 72% accuracy against the

experimental creep data at selected points [71].
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Figure 16. Comparison of the new model and sine hyperbolic model FE strain prediction with experiment
creep strain for 2.25Cr—1Mo steel, 90 MPa at 750 °C

Table 8. Comparison of sine hyperbolic and new model FE creep strain with experiment creep strain on the

selected points

No. of Experiment Experiment FE creep FE creep
points creep creep strain strain by strain by

strain rate with a Sine New

5% maximum hyperbolic Model

deviation Model
1 0.022061 0.02101 0.03513 0.0389
2 0.173859 0.16558 0.13423 0.07353
3 0.277263 0.26406 0.25559 0.17745
4 0.411464 0.39187 0.77777 0.42726
5 1.84589 1.75799 2.74404 2.30608

Another case study involves the application of the Omega model by Manu et al. [72] to evaluate the high-
temperature creep behavior of ASME SA-455 steel. Uniaxial finite element analysis was carried out using
material constants specific to damage modeling techniques. For comparison, the proposed creep model was

also applied to the same material under identical conditions—107 MPa at 720 °C, with a test duration of 1800




hours. Figure 17 and Table 9 present the comparative results between the Omega model and the proposed

model at selected data points. The analysis indicates that the proposed model achieved an accuracy of 77.8%

in predicting creep strain, outperforming the Omega model, which demonstrated an accuracy of 72.4% under

the same conditions [73].

Figure 17. Comparison of the new model and omega model FE strain prediction with experiment creep
strain for ASME SA-455 steel, 107 MPa at 720 °C

Table 9: Comparison of omega model and new model FE creep strain with experiment creep strain on the

selected points
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No. of Experiment creep Experiment FE creep strain FE creep

points strain rate with a creep strain by Omega strain by New
5% maximum Model Model
deviation

1 0.002646 0.00252 0.00075 0.00627

2 0.02729 0.02599 0.03502 0.02429

3 0.067211 0.06401 0.10606 0.0551

4 0.157962 0.15044 0.22463 0.12269

5 0.289412 0.27563 0.3868 0.21525

Finally, a comparison is made between the proposed model and the Kachanov-Rabotnov (K-R) model, which

was applied by Haque and Stewart [74] to predict the creep deformation behavior of the superalloy Waspaloy.

The tests were conducted at 700 °C, 440 MPa, and lasted up to 3000 hours. The proposed model was applied

to the same material, using material and physical properties derived from the ASME BPVC Section II, Part

D standards, and implemented in the same finite element (FE) model. Figure 18 presents a comparison

between the new model and the K-R model, alongside experimental creep strain data. The results show that

the new model achieved 94% accuracy, compared to 92% for the K-R model, both with a 5% deviation from

the experimental data at the selected points, as summarized in Table 10 [75].
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Figure 18. Comparison of the new model and Kachanov-Rabotnov model FE strain prediction with
experiment creep strain for superalloy, 440 MPa at 700 °C

Table 10: Comparison of Kachanov Rabotnov model and new model FE creep strain with experiment creep strain
on the selected points

No. of Experiment creep Experiment FE creep strain FE creep
points strain rate with a 5% creep strain by Kachanov strain by New
maximum deviation Rabotnov Model
Model

1 1.141308 1.08696 1.11441 1.02509

2 1.472856 1.40272 2.01567 1.37423

3 3.538668 3.37016 5.08482 3.94809

4 11.002772 10.47883 11.71028 10.45177

5 22.122429 21.06898 21.46985 19.53742

4. Discussion
The present study experimentally validates a newly proposed creep failure model for Stainless Steel 304 and

contrasts its performance with that of well-established models, including the Norton-Bailey and Kachanov Rabotnov
relationships. The findings offer insightful contributions to the evolving understanding of creep behavior in austenitic
stainless steels and emphasize the predictive capabilities of the new model under various thermal and mechanical
conditions.

The newly proposed model demonstrated superior accuracy in predicting creep rupture times across the tested
stress and temperature ranges. Unlike traditional models, which often exhibit significant deviations at either high or
low stress levels, the new model-maintained consistency in its predictions. This suggests that the formulation
effectively captures the dominant mechanisms of creep deformation and damage accumulation in Stainless Steel 304.
Comparatively, the Norton-Bailey model, while robust under moderate conditions, showed limitations at elevated

temperatures where tertiary creep becomes prominent. The Kachanov Rabotnov model provided reasonable



correlation for rupture strain and life but lacked the flexibility to address microstructural changes influencing the creep
rate over long durations. These results align with previous studies that critique the inadequacies of conventional
models in accounting for complex metallurgical evolutions, such as grain boundary sliding, carbide precipitation, and
void formation during long-term creep exposure [76-78].

The broader significance of these findings lies in their potential impact on the design and life assessment of
critical components in power generation, petrochemical, and nuclear industries, where Stainless Steel 304 is
commonly employed. By offering a more accurate and comprehensive prediction of creep life, the new model can
contribute to improved safety margins, optimized maintenance scheduling, and more efficient material utilization.
Moreover, the adaptability of the model to varying loading conditions makes it a strong candidate for integration into

finite element analysis (FEA) tools used for creep simulations.

5. Conclusions
This study presented the development and experimental validation of a new creep failure model specifically tailored

for Stainless Steel 304. The proposed model was rigorously evaluated through high-temperature creep tests under
various stress conditions, and its predictive capabilities were assessed against well-established models, including the
Norton-Bailey and Kachanov Rabotnov model approaches.

The key findings from this investigation are as follows:

1. The newly proposed model demonstrated superior accuracy in predicting creep
rupture times across a broad range of temperatures and stress levels, as compared

to traditional models.

2. Statistical analysis revealed a significantly lower error margin and better
correlation coefficients when using the new model, particularly in the tertiary
creep region.

3. Unlike generalized models, the proposed formulation effectively captured the
specific creep behavior of Stainless Steel 304, indicating the importance of
material-specific modeling in high-temperature applications.

4. The model showed consistent performance across multiple test scenarios,
confirming its robustness and potential for integration into engineering design
tools involving creep life assessments.

5. The creep strain rate obtained by curve fitting and utilizing the new model
achieved precision of 91.79% relative to the experimental data for the 1000-hour
creep test. Similarly, the creep strain rate obtained by curve fitting and employing
the new model achieved accuracy of 93.92% relative to the experimental data for
the 336-hour creep test.

In conclusion, the newly developed creep failure model offers a promising alternative for accurately
predicting the long-term performance of Stainless Steel 304 under high-temperature conditions. Its enhanced

precision and reliability suggest a strong potential for widespread application in industries such as power



generation, petrochemicals, and aerospace, where creep failure remains a critical concern. Future work may
explore the model's adaptability to other stainless-steel grades and extend its application to multiaxial stress

states and complex loading conditions.
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