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ABSTRACT  
Structural integrity assessment of metal components in advanced reactor systems operating at elevated 
temperatures requires calculations that account for the sequence and duration of loading throughout their 
service life. Numerical simulation of such processes is performed using nonlinear inelastic material models, 
whose parameters are determined based on experimental data. The development and verification of an 
automated numerical algorithm for identifying the parameters of the Norton-Bailey creep law are 
considered. The algorithm utilizes initial data in the form of a set of material isochronous curves at a 
specific temperature. It implements an optimization procedure aimed at minimizing the discrepancy 
between the normative and the computed isochronous curves. The generation of the computed isochronous 
curves is performed using the Abaqus software package. It is demonstrated that the developed algorithm 
enables the highly accurate identification of the constants for the Norton-Bailey law.  
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Introduction 
Currently, nuclear power plants are one of the primary sources of energy generation. 
A major challenge associated with nuclear power is the depletion of natural resources for 
fuel production. Consequently, extensive global efforts are underway to reduce their 
consumption and seek alternative energy sources. Within the framework of the concept 
for achieving technological leadership of the Russian Federation, the necessity of 
developing highly efficient energy systems has been outlined. This includes the 
development of closed nuclear fuel cycle technology and the creation of a thermonuclear 
reactor capable of producing more energy than it consumes to initiate the fusion 
reaction [1]. To achieve these goals, development is currently ongoing on fast-neutron 
reactors with liquid metal coolant and the domestic TRT thermonuclear reactor [2–4]. 
A key operational feature of such facilities is high temperatures, for instance, exceeding 
450 °C during normal operation and up to 900 °C in accident scenarios for the fast-
neutron reactors. Designing structures for such temperatures is complicated by the 
occurrence of significant thermal deformations in the system and the necessity to account 
for the long-term properties of materials.  
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"The theory of plasticity was brought to life primarily by the needs of turbine 
construction; subsequently, it found application in nuclear power, chemical engineering, 
aviation, and rocket technology" is a quote from the fundamental work of Yu.N. Rabotnov, 
"Creep of Structural Elements" [5]. Indeed, 60 years after the publication of this work, the 
relevance of creep issues as applied to critical structural components remains 
undiminished.  

Material creep under high temperatures and significant load durations can pose 
challenges in strength substantiation. In addition to the reduction in the general strength 
characteristics of the material, issues such as long-term cyclic strength [6] and structural 
stability under creep conditions arise [7,8].  

Regulatory approaches to the strength substantiation of reactor installations [9,10] 
prescribe simplified procedures within elastic formulations. For instance, accounting for 
long-term material characteristics at elevated temperatures involves reducing allowable 
stresses according to the material's isochronous curves; however, this approach possesses 
significant conservatism. In practice, it is quite difficult to meet the criteria for long-term 
static and long-term cyclic strength for structural components operating at elevated 
temperatures within elastic formulations. 

Nuclear industry standards [9,10] allow for the possibility of performing strength 
calculations that consider nonlinear material properties (hardening, creep, 
microstructure, etc.). In the realm of creep theory, a wide variety of different models 
exists, each with certain advantages and disadvantages. 

Deformation of a material by the creep mechanism is traditionally divided into  
3 stages [5]. The first stage is interesting from the perspective of material behavior and 
the mechanisms of creep initiation, where strain increases non-uniformly over time, 
eventually reaching a constant rate, which marks the beginning of the second creep stage. 
During the second (steady-state) stage creep strains accumulate linearly with time. The 
third stage shows a rapid increase in strain, typically associated with the onset of material 
failure (hence, engineers often do not consider this zone). 

Two basic models are commonly used to describe secondary creep: 
1. Power law (the Norton model [11]): 𝜀̇ = 𝐴𝜎𝑛 , where 𝐴 and 𝑛 are material parameters. 
The advantage of this law is its simplicity, but this is also its drawback: integrating the 
relation shows that ε depends linearly on time, which hinders the description of a family 
of isochronous curves with a single set of parameters. 
2. Modified power law (the Norton-Bailey model [12]): 𝜀̇ = 𝐴𝜎𝑛𝑡𝑚, where 𝑚 is a material 
parameter. This model is the most widespread in engineering practice due to its simplicity 
from the standpoint of parameter identification [13]. It is free from the drawback of the 
basic Norton model regarding linear time dependence. 

To additionally account for the primary creep stage, one can use, for example, the 
Darveaux model [14]. In this model, the secondary stage is described by a relation that 
does not include a time component and can be used independently to describe secondary 

creep using the hyperbolic sine law 𝜀𝑠̇
𝑐𝑟 = 𝐶𝑠𝑠[sinh(𝛼𝑞̃)]𝑛𝑒

(−
𝑄

𝑅(𝜃−𝜃𝑍)
)
, where 𝐶𝑠𝑠 and 𝛼 are 

material constants, 𝑄 is the activation energy, 𝑅 is the universal gas constant, 𝜃 is the 
temperature, 𝜃𝑍 is the absolute zero temperature in the adopted system of units. 
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Accounting for the non-steady-state component allows for describing the progression of 
primary creep: 𝜀 ̇

𝑐𝑟 = 𝜀𝑠̇
𝑐𝑟[1 + 𝜖𝑇𝐵𝑒(−𝐵𝜀̇𝑠

𝑐𝑟𝑡)], where 𝜖𝑇 and 𝐵 are material parameters. 
For describing tertiary creep, models enhanced with material damage parameters 

can be used, for example, according to the Kachanov-Rabotnov model [15–19]. Based on 
it, various models considering material damage can be formulated [20,21]. For instance, 
the Othman model [22]: 𝜀̇ =

𝐴

(1−𝜔1)(1−𝜔2)𝑛 sinh(𝐵𝜎), 𝜔1̇ = 𝐶(1 − 𝜔1)2𝜀̇,   𝜔1 = 1 −
𝜌1

𝜌
,

𝜔2̇ =
𝜀̇

3𝜀𝑢
(

𝜎1

𝜎𝑒
)

𝑣

, where 𝜔1 and 𝜔2 are two damage parameters. 𝜔1 accounts for the role of 

increasing dislocation density 𝜌 during creep, 𝜔2 represents damage due to void 
formation in the material (cavitation), 𝜌1 is the initial dislocation density, 𝜎1 is the first 
principal stress, 𝜎𝑒 is the effective stress, and 𝐴,  𝐵,  𝐶,  𝑛,  𝑣,  𝜀𝑢 are material constants. 

Due to the lack of a unified model, it is often challenging in practice to identify 
parameters for a specific material model that is most suitable for a given problem. 
Necessary data for commonly used materials can often be found, but in most cases, 
difficulties may arise in searching for parameters. For example, standard [23] presents 
isochronous curves for most structural steels, and standard [9] provides parameters for a 
specific creep model for some of them. For certain classes of materials, work has been 
done to identify parameters for various creep models. In [13], parameter identification for 
the Norton-Bailey model is performed using a regression approach. The procedure for 
identifying parameters for modeling tertiary creep using the Nelder-Mead method for 
VZhM4 and VZhM5U alloys is described in [24]. In [25], the selection of creep and 
plasticity parameters for ZhS32 alloy at elevated temperatures is carried out. In [26], 
based on an experiment with multi-step loading of a specimen under creep conditions, 
parameters for the Liu-Murakami [27] damage-based model (for describing all creep 
stages) are fitted. The results of identification procedure using Levenberg-Marquardt 
algorithm for unified models describing steady-state and transient creep in [28]. In [29], 
a two-layer algorithm is proposed for the rapid identification of parameters in a 
fractional-order creep model of piezoelectric actuator. 

The aim of the present research is to develop an automated algorithm for 
identifying creep parameters, using a family of isochronous curves at a specific 
temperature as the initial data. At the first stage of development, parameter identification 
for the modified Norton-Bailey model [12] is performed, as this model is widely used in 
engineering practice. 
 
Method  
The parameter identification procedure is conducted in two stages. The first stage 
involves the direct identification of the model parameters based on a set of isochronous 
curves. The second stage entails the numerical solution of a verification problem: uniaxial 
tension of a specimen, considering the implemented creep model and the identified 
parameters, using the Abaqus software [30]. The results are then compared with the 
original isochronous curves. The choice of Abaqus for verification is justified by its 
convenience for implementing user-defined creep models, its accuracy in solving 
nonlinear problems, and its recognition by the scientific community as a research tool. 
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The simplest model from the parameter identification standpoint is the time-
hardening form of the Norton-Bailey law [12]: 

𝜀𝑐̇𝑟 = 𝜀0 (
𝑞̃

𝜎0
)

𝑛
(𝜀0𝑡)𝑚,             (1) 

where 𝜀0, 𝜎0, 𝑛, 𝑚 are the identifiable model parameters, 𝜀𝑐̇𝑟 is the creep strain rate, 𝑡 is 
the time, and 𝑞̃ is the equivalent stress. 

It is worth noting that the Russian standard GOST [9] recommends a truncated form 
of this model (without the time component) for accounting for creep in nonlinear strength 
calculations. A universal reference with parameters for this model for an arbitrary material, 
across various durations and temperatures, does not exist. In Abaqus [30], it is possible to 
specify separate parameter values for different temperatures; therefore, identification is 
performed separately for each temperature, therefore, the identifiable parameters become 
temperature-dependent, although in the classical approach, only parameters 𝜀0 and 𝜎0 
exhibit temperature dependence according to the Arrhenius equation. The procedure's 
workflow is conveniently demonstrated using a real material example. We consider 
structural steel 12Kh18N12T/12Kh18N10T (AISI 321), used for some critical components 
of reactor installations. GOST [9] provides isochronous curves for this material; for 
demonstration, the curves at a temperature of 550°C are considered (Fig. 1). 

 

 
 

Fig. 1. Isochronous curves for 12Kh18N12T/12Kh18N10T (AISI 321) steel, 𝑇 = 550 °C 
 
During parameter identification, it is assumed that the loading rate in the 

experimental studies was constant, with the time for the corresponding isochronous 
curve taken at 2 % strain (𝜀 = 0.02). Then, taking the experimental time denoted on  
the standard curves as 𝜏, the following holds: 
𝜀𝑐̇𝑟 =

0.02

𝜏
.                (2) 

Consequently, 

𝜀0
𝑚+1 (

𝑞̃

𝜎0
)

𝑛

𝑡𝑚 =
0.02

𝜏
.              (3) 

To facilitate algorithm development, a transition is made to a direct dependence of 
stress on strain: 
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𝑞̃ = 𝜎0 [
0.02

𝜏
 𝜀0

−𝑚−1 ∙ 𝑡−𝑚]
1/𝑛

.            (4) 
The goal of the procedure is to find parameters in the last relation that ensure 

coincidence with the original isochronous curves for all considered times. The parameter 
search uses a global minimum search procedure based on the simplicial homology global 
optimization (SHGO) method [31]. Briefly, the algorithm uses concepts from 
combinatorial integral homology theory to find subdomains that are approximately 
locally convex and characterizes the objective function as it runs. It solves a derivative-
free optimization problem with constraints (CDFO) [32,33] of the form: 
min 𝑓(𝑥),    𝑥 ∈ ℝ𝑛.  
𝑔𝑖(𝑥) ≥ 0, ∀𝑖 = 1, … , 𝑚,              (5) 
ℎ𝑗(𝑥) = 0, ∀𝑗 = 1, … , 𝑝,  
where 𝑥 is the vector of variables/parameters, 𝑓(𝑥) is the objective function (𝑓: ℝ𝑛 → ℝ), 
𝑔𝑖(𝑥) are inequality constraints, ℎ𝑗(𝑥) are equality constraints, and 𝑥𝑙 ≤ 𝑥 ≤ 𝑥𝑢 are the 
lower and upper bounds for the parameters. 

The functional is constructed individually for each problem. Since the research aim 
is to find a single set of parameters describing the family of isochronous curves, a 
functional combining several sub-functionals of the same order is adopted: 
𝐹 = ∑ 𝑓𝑖

𝑛𝑓𝑠
𝑖=1 → 𝑚𝑖𝑛,               (6) 

where index 𝑛𝑓𝑠 = 5 indicates the number of sub-functionals to be described below. This 
allows for the simultaneous control of several criterion values reflecting different 
characteristics of the compared isochronous curves. 

Sub-functional 𝑓1 is the classical Frobenius norm [34]: 

𝑓1 =
||𝑌−𝑋||

||𝑋||
,               (7) 

where 𝑋 is the matrix of values for the approximating curves, and 𝑌 is the matrix of values 
for the approximated curves. 

In the procedure, all curves (approximating and approximated) are interpolated 
onto the same grid of abscissa values (strains of the isochronous curves). Thus, matrices 
𝑋 and 𝑌 essentially represent sets of stress value vectors for each curve. 

Sub-functional 𝑓2 is the relative sum of local Frobenius norms, computed for each 
isochronous curve separately, after which the average norm value for the set of curves is 
calculated: 

𝑓2 =
1

𝑁𝜏
∑

||𝑦𝑗−𝑥𝑗||

||𝑥𝑗||

𝑁𝜏
𝑗=1 ,              (8) 

where 𝑁𝜏 is the number of isochronous curves, 𝑋 = ∑ 𝑥𝑗
𝑁𝜏
𝑗=1 , 𝑌 = ∑ 𝑦

𝑗

𝑁𝜏
𝑗=1 . 

Sub-functional 𝑓3 is the maximum relative deviation between the approximated and 
approximating curves across the entire family of curves: 

𝑓3 = max (max (
𝑦𝑗−𝑥𝑗

𝑥𝑗
)) , 𝑗 ∈ [1, 𝑁𝜏].            (9) 

Sub-functional 𝑓4 is the relative Euclidean norm of the maximum relative deviations 
of each curve: 

𝑓4 =
1

𝑁𝜏
√∑ 𝑒𝑟𝑟𝑗

2𝑁𝜏

𝑗=1 , 𝑒𝑟𝑟𝑗 = max (
𝑦𝑗−𝑥𝑗

𝑥𝑗
),          (10) 

where 𝑒𝑟𝑟𝑗 is the relative deviation between the approximated and approximating curves. 
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Sub-functional 𝑓5 is an integral criterion that evaluates the local relative deviation of 
the integrals of the two curves, which are then assessed using the relative Euclidean norm: 

𝑓5 =
1

𝑁𝜏
√∑ 𝑖𝑛𝑡𝑗

2𝑁𝜏

𝑗=1 , 𝑖𝑛𝑡𝑗 =
|∫ 𝑦

𝑡
0 𝑑𝑡− ∫ 𝑥

𝑡
0 𝑑𝑡|

max(∫ 𝑥
𝑡

0 𝑑𝑡,∫ 𝑦
𝑡

0 𝑑𝑡)
,         (11) 

where 𝑡 is the calculation time. 
The form of each sub-functional shows that their values range from 0 to 1, allowing 

for a combined functional comprising quantities of similar orders of magnitude.  
The procedure iteration concludes after a specified number of iterations is reached, upon 
which the parameter values yielding the minimal functional value are output. The sufficiency 
of iterations is checked by analyzing the convergence of the iterative process results. 

After obtaining the optimal set of parameters, a numerical solution for the problem 
of uniaxial tension of a specimen is performed using the finite element method.  
A kinematic loading condition is applied, inducing a total strain of 2 % by the end of the 
calculation. 

The material is considered viscoelastic: density, elastic modulus, Poisson's ratio, and 
the creep model parameters (according to the identification stage results) are specified. 
An arbitrary creep model can be implemented in Abaqus using the user subroutine 
CREEP [30]. For implementing simple creep models in metals, it is sufficient to define 
two quantities in this subroutine: the increment of creep strain over one integration time 
step and the derivative of the creep strain increment with respect to stress (the solution 
Jacobian). For the considered Norton-Bailey model, these relations are: 

∆𝜀𝑐𝑟 = 𝜀0
𝑚+1 (

𝑞̃

𝜎0
)

𝑛

∙ [
1

1+𝑚
(𝑡𝑚+1 − (𝑡 − ∆𝑡)𝑚+1)], 𝜕∆𝜀𝑐𝑟

𝜕𝑞̃
= ∆𝜀𝑐𝑟 ∙ (𝑛/𝑞̃ ).      (12) 

The numerical simulation in Abaqus [30] employs an implicit time integration 
scheme for the equations of geometrically and physically nonlinear viscoelasticity within 
a quasi-static formulation (neglecting inertial forces). 

 
Results and Discussion  
The outcome of the identification procedure is an optimal set of parameters for the 
selected creep model. Table 1 presents the parameter values identified by the procedure 
for steel 12Kh18N12T/12Kh18N10T (AISI 321) at temperatures of 500, 550, and 600 °C. 
For convenience in further use of the parameters, all values are given in the SI system. 

 
Table 1. Parameters of the Norton-Bailey model for steel 12Kh18N12T/12Kh18N10T (AISI 321) 

𝑻, °С 𝜺𝟎 𝝈𝟎, MPa 𝒎 𝒏 
500 2.7013e-07 604.78 -0.7995 3.8593 
550 2.4694e-09 338.76 -0.7076 4.3129 
600 1.0412e-08 344.63 -0.6607 3.6015 

 
The convergence of the procedure and the optimal functional value are 

demonstrated in Fig. 2 for each temperature and its corresponding parameter set.  
The number of iterations of the procedure is plotted on the abscissa axis, and the value 
of the inverse functional, which is being minimized, is plotted on the ordinate axis.  
The inverse value is used because initial perturbing values that inflate the functional 
value arise during the procedure, complicating the visualization of results. 
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(a) (b) 

 
(c) 

 

Fig. 2. Identification procedure results at (a) 500 °C, (b) 550 °C, and (c) 600 °C 
 
Each "vertical" set of points represents one iteration of the optimization procedure. 

It is evident that in each iteration, the procedure finds a final parameter value close to 
the optimal one, indicating its stability and convergence (no need for additional 
refinement iterations). Moreover, this optimal value is achieved within the first few 
iterations of the procedure. 

The identified parameters are assigned to the user-defined creep model in Abaqus, 
after which the calculation of uniaxial tension of a viscoelastic specimen is performed. 
The simulation results for different loading rates yield material stress-strain diagrams, 
which are subsequently compared with the standard isochronous curves. Figures 3–5 
demonstrate the standard and numerical curves. 

 

 
Fig. 3. Isochronous curves for AISI321 steel, 𝑇 = 500 °C 
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Fig.4. Isochronous curves for AISI321 steel, 𝑇 = 550 °C 

 

 
Fig. 5. Isochronous curves for AISI321 steel, 𝑇 = 600 °C 

 
Good agreement between the curves is observed for all temperatures at times 

exceeding 10,000 h. For shorter times, a larger discrepancy in the results is noted. For a 
quantitative assessment of the adequacy of the identified parameters, an analysis of the 
maximum and average deviation of the curves at different times for the three 
temperatures was performed (Fig. 6). The time corresponding to the isochronous curve 
required to reach 2 % strain, normalized to the maximum time value among the entire 
set of curves, is plotted on the abscissa axis. The quantities are determined pointwise, 
forming an array of local deviations, after which the maximum and average error values 
for the entire curve are determined: 

𝑒𝑟𝑟𝑚𝑎𝑥 = max (|
𝜎𝑛𝑜𝑟𝑚−𝜎𝑎𝑏𝑞

𝜎𝑛𝑜𝑟𝑚
|), 𝑒𝑟𝑟𝑚𝑒𝑎𝑛 = |

𝜎𝑛𝑜𝑟𝑚−𝜎𝑎𝑏𝑞

𝜎𝑛𝑜𝑟𝑚
| ,        (13) 
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where 𝑒𝑟𝑟𝑚𝑎𝑥 and 𝑒𝑟𝑟𝑚𝑒𝑎𝑛 are the maximum and average errors, respectively, 𝜎𝑛𝑜𝑟𝑚 and 
𝜎𝑎𝑏𝑞 are the stresses according to the standard and numerical (Abaqus) isochronous 
curves, respectively. 

 

 
Fig. 6. Maximum and average deviations between standard and numerical curves for all analyzed cases 

 
The maximum deviation between the curves does not exceed 13 %, and it is observed 

for fast loading rates. For slow loading rates, a decrease in both the maximum and 
average error is observed. The average error for all analysed cases does not exceed 5 %. 

Discrepancies in results at short loading durations are associated with the 
limitations of the Norton-Bailey model. Its modification can be implemented, for 
example, by considering approaches mentioned in [27]0 or by introducing a separate set 
of creep model parameters for times less than 3000 h. Table 2 presents the model 
parameters for such short-term exposure. Figures 7–9 show normative and numerical 
isochronous curves obtained using the identified parameters. 

 

 
 

Fig. 7. Isochronous curves for AISI321 steel for 𝑡 < 3000 h, 𝑇 = 500 °C 
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Fig. 8. Isochronous curves for AISI321 steel for 𝑡 < 3000 h, 𝑇 = 550 °C 

 

 
Fig. 9. Isochronous curves for AISI321 steel for 𝑡 < 3000 h, 𝑇 = 600 °C 

 
Table 2. Parameters of the Norton-Bailey model for steel 12Kh18N12T/12Kh18N10T (AISI 321) for 𝑡 < 3000 h 

𝑻, °С 𝜺𝟎 𝝈𝟎, MPa 𝒎 𝒏 
500 2.4856e-09 352.28 -0.8937 6.5109 
550 1.6635e-08 340.11 -0.8034 5.5911 
600 3.5435e-08 313.22 -0.6487 4.1957 

 
Conclusions 
This paper presents the results of developing an automated procedure for identifying the 
parameters of an arbitrary creep model, demonstrated using the Norton-Bailey model based 
on a set of isochronous curves at a constant temperature. The results are presented for 
steel grade 12Kh18N12T/12Kh18N10T (AISI 321) at temperatures of 500, 550, and 600 °C. 
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Good agreement is demonstrated between the standard creep curves and the 
numerical curves obtained in Abaqus using the developed model with the identified 
parameters. The maximum deviation between the calculated and standard curves does 
not exceed 13 % for fast loading rates and 8 % for slow loading rates. On average, the 
deviation between the curves does not exceed 5 % for all analyzed cases and decreases 
with slower loading rates. 
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