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Abstract 
Creep-cyclic plasticity of a benchmarked holed plate subjected to thermo-mechanical loading is 

investigated by means of nonlinear finite element analysis. From the analyses, a structural creep 

recovery response is found within a dwell period, which has serious repercussions on structural 

integrity. The structural creep recovery can take place by reversing the creep stress in sign during the 

stress relaxation due to the creep stress redistribution, consequently enhancing unloading plasticity 

which causes a substantial increase of total strain range within a cycle. Based on this critical 

observation, further analyses and discussions are provided to investigate the root cause of this 

precautious structural response. Various cyclic loadings with a dwell at the peak thermal load are 

analysed to define factors influencing the structural creep recovery mechanism, and to investigate 

how the mechanism affects the lifetime of the structure. To show the effectiveness of the structural 

creep recovery mechanism under cyclic loading, Chaboche nonlinear kinematic hardening model is 

adopted. Limitations of applying elastic follow-up in predicting creep strains and appropriate creep-

fatigue damage calculation methods are discussed in the presence of this structural creep recovery 

mechanism. This research work confirms that when a structure experiences the structural creep 

recovery it can reduce creep damage, nevertheless the structure may experience significant fatigue 

damage due to creep enhanced plasticity. 

Keywords:  Creep-cyclic plasticity, Stress redistribution, Creep enhanced plasticity, Creep ratchetting 

1. Introduction 

 

Failure mechanisms of high temperature have been observed in many components in industries such 

as power generation, aircraft gas-turbine engines, petrochemical process, and so on. The nuclear 
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power plant industry requires a significant high level of safety to avoid potential catastrophic disasters 

during operation. Moreover, new development of future nuclear power station has started to reduce 

capital costs and meet increasing demands of world energy. These future nuclear power plants will 

have higher operational temperatures with increased efficiency, while also expected to have more 

material challenges [1-3]. 

The high temperature condition induces creep response of materials and has critical effects on 

structural deformations. In the presence of creep, the response of a structure to cyclic loading changes 

significantly. The key feature of cyclic loading with creep is the synergistic interaction of cyclic 

plasticity and creep, which may lead to creep ratchetting. Creep ratchetting can be attributed to 

“cyclically enhanced creep” and “creep enhanced plasticity”. Cyclically enhanced creep is a structural 

behaviour where the ratchetting is mainly driven by creep strain accumulation with large dwell time. 

Creep enhanced plasticity is another precautious structural behaviour which creates non-closed 

hysteresis loop due to a large creep stress relaxation, leading to larger plastic strain accumulation at 

unloading.   

When components such as the reactors or turbine blades are subjected to the complex cyclic loading 

at the high temperatures, it is difficult to understand its effect on creep stress behaviours in association 

with variation of creep strains during a creep dwell. Moreover, if the cyclic loading is in non-

isothermal condition, it can result in more complicated behaviours of the stress relaxation due to the 

fact that the components are imposed by internal stresses either tensile stress or compressive stress [4]. 

This complicated stress relaxation has critical effects on the creep-fatigue damage [5, 6]. Therefore 

assessment of the stress relaxation and creep strain evolution within a dwell is important in order to 

prevent high temperature failures [7-9]. 

In a monotonic loading test with creep, creep strain tends to increase with an increase of dwell time, 

stress level, and temperature. However, in a cyclic loading test, a phenomenon of creep strain 

recovery can be identified after unloading due to its viscoelasticity. Effects of the creep strain 

recovery are generally negligible in the design analysis of steel structures [10]. Boyle and Spence [11] 

also have stated that the recovery effects may not be appropriate in design of a comprehensive creep 

model using the simplified time and strain hardening equations. Recently, Cho and Chen introduced a 

critical structural creep recovery mechanism which is entirely different from the conventional creep 

recovery mechanism [12]. This structural creep recovery mechanism can occur by creep enhanced 

plasticity due to stress redistribution across the structure. The redistribution can take place when a 

point of the structure has lower stress than elsewhere on the same structure owing to creep. Thus the 

high stress tends to decrease and the low stress tends to increase. This redistribution can lead to a 

significant stress relaxation in secondary stress until it reaches to the primary stress level. If the 

primary stress is imposed on the structure in the opposite sign domain to the secondary stress, 
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compressive and tensile creep strains can be developed in a sequence within a dwell, resulting in the 

structural creep recovery to occur. If a structure experiences this structural creep recovery mechanism, 

it requires additional consideration of the assessment of structural integrity. The compensated creep 

strain seems to reduce the risk of creep damage, whereas the creep enhanced plasticity may cause an 

augmentation in fatigue damage. 

The previous work identified the structural creep recovery mechanism using an elastic perfectly 

plastic model with temperature independence [12]. As an extended research work, this paper describes 

briefly the previous work, followed by further numerical investigations with practical hardening 

model such as Chaboche model [13-15] and temperature dependent material properties. Stress-strain 

interaction under such cyclic thermo-mechanical loading is usually difficult to demonstrate. Therefore, 

for Section 3.1 and 3.2, the critical structural behaviour is investigated based on simplified material 

properties such as temperature independent material parameters for a standard grade 316 stainless 

steel (SS316) and a creep property for Norton law. In Section 3.3, temperature dependent parameters 

for both mechanical and creep properties are used to present the structural behaviour. As a final 

validation, for Section 3.4, real elastoplastic hardening parameters are adopted for loading and 

unloading and Norton-Bailey law is applied for dwell period. Material properties used for the 

elastoplastic hardening model are taken from real isothermal cyclic testing data for low 

carbon grade 316L stainless steel (SS316L). The aims of considering different material 

models and properties in different sections are to have a better and easier understanding and 

discussion of obtained numerical results, and also to verify the robustness of identified 

mechanisms under different material models. In the present paper, the influence of the structural 

creep recovery mechanism on structural integrity is discussed, through a benchmark example of a 

holed plate. This research also proposes few suggestions to improve current procedures which have 

been used for prediction of creep strain increment and assessment of creep-fatigue damage, if the 

structural creep recovery mechanism occurs.  

2. Problem Description and the Finite Element Model 

2.1. Geometry and Loadings for the Analysis 

 

Cho and Chen introduced the structural creep recovery mechanism with the benchmarked problem of 

a holed plate [12]. The identical model is replicated in this paper, and the whole geometry of the 

structure and a quarter FE meshed model are depicted in Figure 1. The plate has a ratio of 0.2 between 

diameter (D) of the hole and length (L). The thickness of the plate has a ratio of 0.05 to the length (L). 

The mechanical tensile load (ıP) acts along horizontal axis and the thermal load is applied to the plate 
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as a temperature difference between the inner surface of the hole (ș) and the outer surface of the plate 

(ș0). The thermal conductivity and expansion coefficient are assumed as 42 [W/mK] and 1.17 x 10
-5

 

[°C
-1

] respectively.  

Figure 2 depicts the two different loading scenarios acting on the plate at the same time. The 

temperature at the inner surface of the hole ș(t) varies from ș0 (ambient temperature assumed as 0°C) 

to ș0+ǻș as time function and three load instances follow in order by loading (t1), creep(ǻt), and 

unloading (t2).                 

 

Figure 1  (a) Geometry of the holed plate and loading conditions and (b) FE meshed model [12]. 

 

Figure 2  Loading instances: (a) mechanical loading and (b) thermal loading [12]. 

Shakedown and ratchet limit boundary curves of the holed plate are produced without the effect of 

creep by using the Linear Matching Method (LMM) [16] in Figure 3. The mechanical and thermal 

loads are normalized by a reference uniaxial load ߪ௣଴ ൌ ͳͲͲܽܲܯ and a reference temperature  οߠ଴ ൌ ͷͲͲιܥ respectively. The LMM, that is a direct method, developed by Ponter and Chen [16, 17], 

is capable of analysing non-linear material behaviour of structures subject to cyclic loadings by a 

number of iterative linear solutions. In order to investigate the structural creep recovery mechanism, 
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six load cases in Figure 3 are selected to perform incremental cyclic analyses considering full creep-

cyclic plasticity interaction. It is worth noting that without the creep effect, any load cases within the 

reverse plasticity zone will show an alternating plasticity mechanism. 

 

Figure 3  Shakedown and ratchet limit boundaries for the holed plate subjected to the thermo-

mechanical loads and six load cases for investigations of the structural creep recovery mechanism. 

2.2. Material properties and FE model 

 

It is assumed that the plate is made of a standard grade 316(annealed condition) stainless steel (ASTM 

A240M) with the following mechanical properties: Young’s modulus (E) = 193GPa, temperature 

independent yield stress (ıy) = 205MPa, and Poisson’s ratio (Ȟ) = 0.3. An elastic perfectly plastic 

material is assumed for plasticity as a conservative approach to evaluate strains accumulated by the 

combined cyclic load. The yield surface of the elastic perfectly plastic model can be expressed as 

 ˆ( ) 0yf J      (1) 

, where f denotes the function of yield surface,  ˆJ   and  y  are invariant equivalent stress tensor 

and yield stress respectively. The Norton-Bailey law is widely adopted for calculation of creep strain 

under tension but there are some studies reporting compressive dwell with the same power law [18, 

19]. Therefore creep deformation in the present work is assumed to follow the Norton-Bailey equation 

within either tensile or compressive dwells: 

 
c n mA t    (2) 

where 
c  denotes the equivalent creep strain rate, ߪത is the effective von-Mises stress, t is the dwell 

time, and A, n, and m are temperature dependent material constants of creep. To simplify the analyses, 
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following creep material constants are assumed: A = 5.86 x 10
-15

 [MPa
-1

h
-1

] at temperature of 500°C, 

n=5 as a typical value for austenitic steel, m=0 so the Norton-Bailey law is reduced to simple Norton’s 

law.  

For a quarter model of the plate, twenty-node quadratic hexahedral elements with reduced integrations 

(C3D20R) are used. Mesh size and its quality are assessed, which confirmed less than 1% resultant 

stress and strain deviations as number of mesh increases up to 50%. Symmetry boundary conditions 

are applied, and outer surfaces of the plate are constrained to maintain a plane condition. In order to 

implement the thermal gradient, the adiabatic condition is applied to outer surfaces of the plate. 

Temperature difference οߠ଴ ൌ ͷͲͲιܥ  between the centre hole and the outer surfaces are applied as a 

thermal stress and the mechanical load ߪ௣ ൌ ͳͲͲܽܲܯ is imposed as shown Figure 1(a). Thermal 

conductivity of 25.2[W/mK] and expansion coefficient of 1.75 x 10
-5

 [°C
-1

] are applied. To find a 

saturated stress-strain cycle, step-by-step (SBS) analysis is performed using commercial software 

Abaqus. For the SBS analysis, sixty individual load steps are created, which is in total twenty cycles 

of three load steps corresponding to loading, creep, unloading respectively.  

3. Results and Parametric Studies 

3.1. Investigation of the Structural Creep Recovery Mechanism  

 

To account for the structural creep recovery mechanism, an SBS analysis is performed with load case 

1(ǻș=0.7ǻș0 and ıp=0.5ıp0) for a dwell time of 200hrs. Equivalent von-Mises stress distributions for 

each load instance and effective creep strain increment at creep dwell are depicted in Figure 4.  

During loading instance, effective stresses are distributed as shown in Figure 4(a). Within creep 

instance, the effective stresses reduce significantly as shown in Figure 4(b) due to the creep stress 

relaxation. The effective stresses distribution across the holed plate after unloading instance is 

presented in Figure 4(c), where the critical areas become yield due to reverse plasticity taking place 

during unloading. We can see peak stresses imposed along with the centre hole area at loading, and 

then the peak stress shifted to the top of the hole at creep. Consequently, in Figure 4(d), peak creep 

strain occurs at the same point as Figure 4(b), where the peak stresses take place. 
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Figure 4  von-Mises stress [MPa] distribution at load case 1 for dwell time of 200hrs at the last 

loading cycle: (a) loading, (b) creep, (c) unloading, and (d) corresponding creep strain increment.  

 

To understand the structural response of the plate, an element at the top of hole having both the peak 

stress and the peak creep strain is selected as a point of interest and then further investigations is 

carried out. Figure 5 illustrates curves of the creep stress relaxation and the creep strain increment 

against the dwell time with respect to the point of interest. 

 

Figure 5  Creep stress relaxation curves and creep strain increment with load case 1 for dwell time 

of 200hrs at the point of interest. 
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Significant creep stress relaxation can be seen with the signed von-Mises stress history in Figure 5. 

The relaxation proceeds from the start of creep stress of -205MPa to the end of creep stress of 80MPa 

during the dwell. Mason et al. introduced the Rule of Sign for the Dominant Principal Direction. This 

rule suggests that the sign of the equivalent stress and strain is determined based on the dominant 

principal direction [20]. An investigation is carried out to select which principal stress component (ı1, 

ı2, and ı3) dominates each load instance; And in this paper for the holed plate the maximum principal 

stress shows the largest stress magnitude among the three principal components within a cycle. Hence, 

the algebraic sign of the von-Mises stress is determined by the sign of the maximum principal stress.  

Further investigation shows the maximum principal stress is dominated by the stress component ı11. 

Figure 6, which depicts stress distribution of the stress component ı11 at the point of interest for each 

load instance, demonstrates similar stress values and identical sign to the signed von-Mises stress, 

which are summarized in Table 1. Based on the observation, it is deduced that ı11 may have a critical 

effect on the structural creep recovery mechanism as a dominant stress component.  

Table 1 Stress history between signed von-MŝƐĞƐ ƐƚƌĞƐƐ ĂŶĚ ƐƚƌĞƐƐ ĐŽŵƉŽŶĞŶƚ ʍ11. 

Stress Loading Creep Unloading 

Signed von-Mises[MPa] -205 79.7 205 

ʍ11 [MPa] -206.2 79.3 202.1 

 

 

    

Figure 6  Stress distributions[MPa] of the stress ĐŽŵƉŽŶĞŶƚ ʍ11 for each load instance with load 

case 1 for dwell time of 200hrs: (a) loading, (b) creep, (c) unloading. 

 

The structural creep recovery mechanism can be also identified with the creep strain curve. As shown 

in Figure 5, the creep strain increases rapidly with compressive creep stress during very early dwell 

stage. However, an increase of the compressive creep strain reaches steady state in the range of the 

creep stress from -50MPa to 40MPa, and afterwards tensile creep strain begins to grow until the end 

of dwell time. While the tensile creep strain increases it can be seen that the previous compressive 

creep strains are fully recovered during the dwell time of approximately 80hrs.  

(a) (b) (c)
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As shown the signed von-Mises stress history, the relaxation keeps the creep stress increased until it 

reaches the steady state in the tensile stress domain during the creep dwell. This phenomenon does not 

usually occur in the case of the pure relaxation. However it could occur when the assessment point 

has a lower stress than the primary stress, known as the rupture reference stress, as a process of the 

creep stress redistribution. These cases are also reported in R5 volume 2/3 Appendix A3 [5]. Due to 

the primary stress, the creep stress is able to increase, because otherwise the magnitude of the creep 

rate would remain nearly zero within the sufficiently small creep stress ranges, thus the sign of the 

stress would not be reversed. Therefore, it can be understood that the creep recovery phenomenon 

within a single dwell is due to the creep stress redistribution, and it is addressed as the Structural 

Creep Recovery Mechanism in this paper. 

During a dwell, the stress redistribution causes the significant stress relaxation to the point of interest. 

Figure 7 shows linear elastic solution of each thermal stress and mechanical stress for load case 1. The 

point of interest at the top of hole has imposed internal stresses consisting of thermally induced 

compressive stress and tensile mechanical stress at loading. Both internal stresses act in the opposite 

direction and their magnitudes of thermal stresses are more than five times the mechanical stresses. 

The compressive secondary stress dominates the tensile primary stress at loading. The secondary 

stress relaxes significantly during the creep dwell, which results in the primary stress becoming a 

dominant internal stress, acting in the opposite direction to the secondary stress. 

 

Figure 7  Elastic stress solutions[MPa]: (a) stress component ʍ11 from monotonic thermal gradient 

only with ȴɽ=0.7 and (b) stress component ʍ11 from monotonic mechanical load only with 

ʍp=0.5ʍp0. 

 

Simultaneously, the creep strain grows with the dominant internal stresses, resulting in the creep 

strain recovery occurring within the dwell. The creep-cyclic plasticity response of the plate is 

illustrated as a saturated state of stress-strain cycles in Figure 8, where İ is strain increment, 

subscripting of L, BR, R, U denotes loading, before recovery, recovery, and unloading respectively, 

and superscripting of e, c, p denotes elastic, creep, and plastic respectively. 

(a) (b)
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The structural creep recovery mechanism is also clearly distinguished in the hysteresis loop within the 

creep dwell. As noted, growing rate of the creep strain in the relaxation range from -50MPa to 40MPa 

becomes steady state. The steady state of the creep rate does not signify the evolution of any creep 

strain, but it is attributed to a very small creep strain increment due to the small magnitude of creep 

stresses with the corresponding dwell time increment.  

 

  

Figure 8  Response of steady state stress-strain hysteresis loop corresponding to load case 1 for 

dwell time of 200hrs. 

From these results, it has been confirmed that the structural creep recovery mechanism can be induced 

by the creep stress redistribution which causes the change of the dominant internal stresses within a 

creep dwell. In addition, it should be noted that the substantial creep stress relaxation accelerates the 

creep enhanced plasticity, which result in an increase of unloading plasticity, eventually leading to 

creep-ratchetting with every cycle.  In order to fully understand the structural creep recovery 

mechanism, effects of varying dwell time and mechanical load level on the structural creep recovery 

mechanism will be analysed in the following parametric studies. 

3.2. Effect of Dwell Time and Load Level on the Structural Creep Recovery Mechanism 

 

To understand effects of dwell time on the structural creep recovery mechanism, SBS analyses are 

performed with load case 1 for different dwell time of 10hrs, 50hrs, 100hrs, and 200hrs each. 

Nevertheless the peak creep strain occurs in different elements for different dwell time, the identical 

element to the point of interest is investigated due to the fact that maximum inelastic strain increment 

is observed at the concerning element. With respect to the point of interest, the analysis results are 

summarized in Table 2, where ߪത௦ [MPa] and ߪത௖ [MPa] are the start of creep stress and the end of 
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creep stress respectively, t  and st denote dwell time [hr] and dwell time for the structural creep 

recovery to occur respectively. C.S.R is an abbreviation for the Creep Strain Recovery, and negative 

signs before the values in Table 2 represent the compressive stress or strain. The hysteresis loops at 

steady state for the dwell time of 100hrs and 200hrs each are depicted in Figure 9. 

Table 2  Comparison key values and features with load case 1 for different dwell time. 

t
 

ࢉࡾ࡮ࢿ ࢉഥ࣌ ࢙ഥ࣌  
ࢉࡾࢿ  

 ࡼࡸࢿ
 ࡼࢁࢿ

 C.S.R ࢙࢚

10 -205 -42.86 -6.56E-04 - -6.10E-04 2.23E-03 - N 

50 -205 68.33 -6.34E-04 8.78E-05 -6.11E-04 3.51E-03 20 ~ 25 Y 

100 -205 80.56 -6.35E-04 9.26E-04 -6.11E-04 3.48E-03 20 ~ 21 Y 

200 -205 79.94 -6.34E-04 2.88E-03 -6.10E-04 3.10E-03 20 ~ 21 Y 

 

In Table 2 we can see that the structural creep recovery starts at approximate time of 20hrs. Hence, 

the structural creep recovery mechanism does not occur within the dwell time of 10hrs. For a dwell 

time of 50hrs, the compressive creep strain is still larger than the tensile creep strain. However, for a 

dwell time of 100hrs, the tensile creep strain exceeds the compressive creep strain, resulting in the 

creep damage to be taken into account. For a dwell time of 200hrs, more tensile creep strain is 

developed than 100 hrs. From this investigation, it can be deduced that dwell time may have effects 

on creep damage, provided that total dwell time t is longer than ts. However plastic strain increment at 

unloading remains a more or less same if the end of creep stress reaches to steady state regardless 

dwell time period. 

  

Figure 9  Response of steady state stress-strain loop corresponding to load case 1 for dwell time of 

100hrs and 200hrs each. 
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As explained in Section 3.1, the stress component ı11 affects the significant stress relaxation. In order 

to evaluate the effects of the dominant stress component ı11 on the structural creep recovery 

mechanism, another parametric study is carried out with varying uniaxial mechanical load level. 

Identical SBS analyses are performed for dwell time of 200hrs with three individual load cases which 

consist of identical and cyclic thermal load but the different magnitude of constant mechanical load; 

LC2 (ǻș=0.7 and ıp=0.4 ıp0), LC3 (ǻș=0.7 and ıp=0.1 ıp0), and LC4 (ǻș=0.7 and ıp=0.7 ıp0) as 

shown in Figure 3.  

Table 3  Comparison key values and feature for dwell time of 200hr with different mechanical load 

cases. 

LC ࣌ഥ࢙ 
 ࢉഥ࣌

ࢉࡾ࡮ࢿ  
ࢉࡾࢿ  

 ࡼࡸࢿ
 ࡼࢁࢿ

 ࢙࢚
C.S.R 

1 -205 79.94 -6.34E-04 2.88E-03 -6.10E-04 3.10E-03 14 ~ 21 Y 

2 -205 63.38 -7.65E-04 4.88E-04 -6.11E-04 2.98E-03 43 ~ 63 Y 

3 -205 -36.86 -1.22E-03 - -6.23E-04 1.83E-03 - N 

4 -205 112.19 -4.19E-04 1.89E-02 -6.10E-04 3.69E-03 4 ~ 7 Y 

 

From the analysis results, peak creep strain and inelastic strain of the three load cases occur at the 

identical element to the point of interest. Key values and features are listed in Table 3, and saturated 

hysteresis loops for the three load cases (LC1, LC2, and LC3) are depicted in Figure 10. Due to too 

large tensile creep strain, this hysteresis loop of LC4 is not plotted in Figure 10. 

  

Figure 10  Response of steady state stress-strain loop corresponding to load cases 1, 2, and 3 for 

dwell time of 200hrs. 

 

It can be seen in Table 3 that the end of creep stress is likely to reduce with a decrease of the 
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the mechanical load level. As results, compressive creep strain developed in both load cases 2 and 3 is 

larger than load case 1 within dwell time of st . The time of st also tends to increases as the level of the 

mechanical load decreases. On the contrary, due to reduced tensile dwell period )( stt   and lower 

level of the end of creep stress, both tensile creep strain and unloading plasticity decrease, leading to a 

reduction of the total strain.  

  

Figure 11  Creep stress relaxation curves for dwell time of 200hrs per load case. 

 

Stress relaxation curves for each load case are illustrated with signed von-Mises stress in Figure 11. It 

can be seen that a degree of the stress relaxation increases with an increase of the mechanical load. 

The sign change of internal stresses take place early with the larger mechanical load. Interestingly, the 

structural creep recovery mechanism does not appear at load case 3 for dwell time of 200hrs. This is 

because the secondary stress does not relax enough in order for the primary stress to become the 

dominant internal stress within the dwell time of 200hrs. In the numerical aspect, the secondary 

stresses can completely relax to zero stress in the case of the dwell time going to infinity. In other 

words, the structural creep recovery mechanism should be able to appear when the primary stresses 

acts in the opposite direction to the secondary stresses.  

To verify this hypothesis, an SBS analysis is performed with an identical load case to LC3 and 

extended dwell time of 60,000hrs. The analysis result confirms the structural creep recovery 

mechanism occurring at dwell time of approximately 36,000hrs as shown in Figure 12. 
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Figure 12  Creep stress relaxation curves in load case 3 for dwell time of 60,000hrs. 

 

From these parametric studies, it has been verified that a structure can experience the structural creep 

recovery mechanism under the specific loading condition and dwell period. In addition, variations of 

the tensile mechanical load have critical effects on the time ts and magnitude of the end of creep stress, 

which cause an increase of a total strain range.  

The structural creep recovery mechanism has been identified with temperature independent material 

properties in the present section. However, strength of materials tends to decrease in the elevated 

temperature, whereas nonlinear creep behaviour is enhanced.  In order to verify the structural creep 

recovery mechanism in practice, an additional parametric study with temperature dependent material 

parameters will be performed in the following section. 

3.3. Effect of Temperature Dependent Parameters on the Structural Creep Recovery 

Mechanism 

 

The temperature dependent material parameters of the SS316 are listed in Table 4. To implement 

temperature dependent creep properties, the Norton law is transformed to Eq.(3) by adopting the 

Arrhenius law, where B is a frequency factor, Q is an activation energy [ܬܭ ή  ଵ], R is the gasି݈݋݉

constant [ ܬ ή ଵି݈݋݉ ή   .ଵ], and T represents temperature [K] in Kelvinିܭ

  expc nQ
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The temperature dependent creep property,  exp
Q

B
RT

 , in Eq.(3) is defined as the creep 

coefficient, A, in Table 4. In order to implement significant high temperature creep behaviour, load 

case 5 consisting of cyclic thermal load (ǻș=1.4ǻș0 and ș0=400°C) and constant mechanical load 

(ıp=0.7ıp0) is created. A user subroutine is created to apply the temperature dependent material 

properties and to calculate corresponding equivalent creep strains. An SBS analysis is performed with 

load case 5 for dwell time of 200hrs. 

Table 4  Temperature dependent material parameters and creep material constants of the SS316. 

Temperature[°C] Yield stress [MPa] Creep coefficient, A 

40 205 9.10E-43 

100 170 2.95E-35 

150 154 1.26E-30 

200 144 5.67E-27 

250 135 5.10E-24 

300 129 1.40E-21 

350 123 1.56E-19 

400 118 8.67E-18 

450 114 2.76E-16 

500 110 5.60E-15 

550 105 7.89E-14 

600 100 8.22E-13 

650 95 6.64E-12 

700 90 4.33E-11 

 

B Q  R  n m 

46333.8 280 8.314 5 0 

 

From the analysis results, peak creep strain is observed at different element but maximum inelastic 

strain occurs at the same point of interest within a steady state cycle. Hence the identical point is 

selected as a critical element in order to investigate structural response. The key values and features 

are summarized in Table 5 and a saturated hysteresis loop for load case 5 is depicted in Figure 13. 

Table 5  Key values and feature with load case 5 for dwell time of 200hr. 

LC ࣌ഥ࣌ ࢙ഥࢉࡾ࡮ࢿ ࢉ ࢉࡾࢿ   C.S.R ࢙࢚ ࡼࢁࢿ ࡼࡸࢿ 

5 -90 17.6 -4.84E-04 1.24E-02 -1.20E-04 1.64E-03 2~ 3 Y 

 

It can be seen that the structural creep recovery mechanism is identified as both compressive and 

tensile creep strains are developed within a dwell period. Unlike the analysis results of the 

temperature independent model with load case 1, stress relaxation range is reduced but the recovery 

occurs at early dwell time of ts, approximately 2.5hrs, due to stress relaxation starting from the lower 
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magnitude of the creep stress with the larger creep coefficient. Therefore, it develops smaller 

compressive creep strain than load case 1. Moreover, the end of creep stress becomes steady state at 

stress level of 17.6MPa far lower than load case 1, despite higher tensile mechanical load to be 

applied than load case 1. As explained in Section 3.1, during creep stress redistribution, compressive 

creep stress increases up to the primary stress which is the rupture reference stress. Hence it can be 

presumed that the temperature dependent model has a lower reference rupture stress value. Tensile 

creep strain of load case 5 is larger than four times of load case 1 due to higher creep coefficient and 

longer tensile dwell within the recovery.  

  

Figure 13  Response of steady state stress-strain loop corresponding to load case 5 for dwell time 

of 200hrs. 

 

From this study, it has confirmed that the structural creep recovery mechanism requires consideration 

for the temperature dependent cases under the specific loading condition in the elevated temperature.  

3.4. Effect of Practical Hardening Parameters on the Structural Creep Recovery 

Mechanism 

 

In this section, creep-cyclic plasticity of the holed plate is analysed by applying mechanical properties 

of a low carbon grade 316 stainless steel with Chaboche hardening model at 600°C. To validate the 

structural creep recovery mechanism, isothermal cyclic testing data has been used for the simulation. 

The testing data is taken from a literature [21]. 

For isotropic hardening, the yield surface size ߪ଴  can be defined as initial yield surface size y  

approaches to saturated constant value R which can be expressed by maximum change in the size of 

-150

-100

-50

0

50

100

150

200

250

-4.0E-03 6.0E-03 1.6E-02 2.6E-02

St
re

ss
 [

M
P

a]

Strain

LC5_200hr_Loading

LC5_200hr_Creep

LC5_200hr_Unloading



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

17 

 

the yield surface Q  with an increase of equivalent plastic strain 
p  and b determines the yield 

surface change rate. 

 
0

y R     (4) 

 (1 exp )
pbR Q 

    (5) 

 

ln 1

p

R

Q
b




 
 

    (6) 

For kinematic hardening, the hardening law is composed of several kinematic hardening components 

which are back stresses ܺ௞ and the overall back stress   can be calculated by summation of each back 

stress, where n is the number of back stress. ܥ௞  and ߙ௞denote material constants which can be 

calibrated from experiment data. To obtain Chaboche model parameters, two back stresses are 

considered and corresponding material constants are calibrated by fitting the stabilized hysteresis loop 

from experiments [21]. The employed material properties are listed in Table 6. 

  0

1 p p

k k k kC    


       (7) 

 

1

n

k

k

     (8) 

Table 6  Material properties for the simulation. 

T [°C] E [GPa] ʍy [MPa] Q [MPa] b C1 C2 ɲ1 ɲ2 

600 149.69 205 62.26 42.45 30211.65 4677.23 589.56 80.53 

 

To verify the Chaboche model, stress-strain hysteresis loops are generated by FE simulations under 

strain-controlled symmetric cyclic loading with a strain amplitude of 0.6%. The numerical simulation 

results are compared to an experiment result for the isothermal cyclic test results at 600°C, which 

agree with the experiment result as shown in Figure 14. 
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Figure 14  Cyclic test result at 600°C [21] and simulation result, ȴɸ = ± 0.6%. 

For creep behaviour, the Norton-Bailey time hardening law is used with the following material 

constants: A = 5. 604x 10
-15

 h
-1

 at 600°C, n = 5.769, and m = -0.55. Cyclic thermal load (ǻș=1.2ǻș0 

and ș0=300°C) and constant mechanical load (ıp=0.5ıp0) are created as load case 6 for the analysis. 

The thermal conductivity and expansion coefficient used for the simulation are 21.5 [W/mK] and 1.75 

x 10
-5

 [°C
-1

] respectively. An SBS analysis with the combined hardening parameters is performed 

under load case 6 for dwell time of 10hrs. 

Table 7   Key values and feature at the initial cycle and saturated cycle with load case 6 for dwell 

time of 10hr. 

LC s
 c

 
c

BR
 

c

R  
p

L  
p

U  st
 

Cycle 

6 
-239 79 -7.43E-04 2.71E-03 -7.84E-04 2.04E-03 0.01 1

st
  

-180 78 -6.45E-04 1.19E-03 -2.13E-04 2.79E-03 0.5 10
th

  

 

Table 7 presents key values from the simulation results. The analysed data shows that the structural 

creep recovery mechanism occurs with the Chaboche hardening parameters. Unlike the previous case 

studies, the peak creep strain does not occur at the concerning location but the maximum inelastic 

strain still takes place. This means that the structural creep recovery mechanism affect structural 

integrity with fatigue damage rather than creep damage.  

Figure 15 exhibits stress-strain hysteresis loops in transition from the first cycle to the stabilized cycle. 

As shown the cyclic hardening in Figure 14, the saturated hysteresis loop at 10
th
 cycle has higher 

maximum stress than the first cycle. Due to asymmetric cyclic loading applied to the structure, the 

hysteresis loops shows ratchetting response in transition to tensile direction as cycle goes. 
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Consequently, smaller loading plasticity is observed at the saturated cycle but its unloading plasticity 

is larger than the first cycle. Short time of st affects creep strain increment as both the first and the last 

cycle accumulates small compressive creep strain before structural creep recovery occurs, in 

particular the saturated cycle develops smaller than the first cycle due to the relaxation starting from 

lower stress in magnitude.  The first cycle develops larger creep strain than the saturated cycle at 

similar level of the end of the creep stress within the recovery. This is because the dwell time of the 

first cycle at the recovery is longer than the saturated cycle.   

From this investigation it is confirmed that the structural creep recovery mechanism can occur with 

the real hardening model. The cyclic hardening results in the saturated loop moves up with ܳஶ in 

tension from the first cycle. Assuming the same transition of the cyclic response, it can be expected 

that cyclic hardening may prevent the structural creep recovery mechanism if the saturated cycle is 

formed in the tensile domain by increasing of Q . However, despite the structural creep recovery 

mechanism could disappear, creep ratchetting still remains due to either creep strain or unloading 

plasticity. 

  

Figure 15  Structural responses in transition from the first cycle to the saturated cycle at 10
th

 cycle 

for load case 6. 

4. Discussions 

4.1. Practical Problems Involving the Structural Creep Recovery Mechanism 

 

As demonstrated in Section 3.1, when a structure is subjected to a specific loading condition, the 

mechanical load that produces the primary stress acting in the opposite direction to the secondary 
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redistribution can result in the conversion of the dominant internal stresses which induces the 

structural creep recovery mechanism. If a high temperature structure meets those conditions, the 

structural creep recovery mechanism will appear in every operating cycle, which results in negatively 

affecting the lifetime of the structure with an increase of the total strain range as shown in the 

previous studies. Hence, it is worthwhile examining practical problems, which may have additional 

potential risks regarding this mechanism. 

Components in non-isothermal conditions can be found in forced cooling systems using either air 

flow or coolant equipment. For example, internal combustion chambers are equipped with forced 

cooling systems due to the exposure to high temperature and pressure in operation. Mechanical 

components comprising the combustion chamber are cylinder liner, piston crown, and valves. It has 

been reported that cracking or fractures with excessive plastic deformation including the creep are 

known issues in these components [22, 23]. High temperature heat exchangers can be another 

practical problem exposing to potential risk, with the thermal gradient between inlet and outlet lines. 

Thus, steel casings or structures holding tubes or fins are likely vulnerable parts to thermal fatigue 

damage considering the structural creep recovery mechanism. Moreover, a metal matrix composite 

(MMC) material in the elevated temperature may experience the similar problem. Due to the different 

coefficients of thermal expansion of the two materials, thermally induced internal stresses can be 

placed on the edges of the metal matrix phase even at isothermal condition. To avoid the hidden risk, 

material selection and life assessment of the components are very important.  

4.2. Limitations of the Elastic Follow-up Factor in the Structural Creep Recovery 

Mechanism 

 

Elastic follow-up is a term to describe the creep strain accumulation in a local region where resulting 

in evolution of the total strain but majority regions are remains elastic behaviours [5]. The relationship 

between creep stress relaxation and creep strain accumulation shows non-linear behaviour and can be 

simplified by using the elastic follow-up as shown in Eq.(9), where Z is the elastic follow up-factor. 

 0
cd Z d

dt E dt

 
     (9) 

The Z can be defined as a ratio of creep strain increment to elastic strain increment during a creep 

dwell as Eq.(10) and can be depicted as Figure 16, where Tot denotes total strain increment,   is 

von-Mises equivalent stress drop within a dwell, 
c is creep strain increment, and 

e  is elastic 

strain increment.   
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c Tot

e

EZ

E





 

  


  (10) 

 

Figure 16   Definition of general elastic follow-up factor Z. 

As a conservative approximation, the creep strain increment is taken into account by multiplying a 

scalar value of the Z to the elastic strain increment in a range of the creep stress drop instead of 

solving the non-liner relationship. However, the elastic follow-up factor cannot be applied to the 

structural creep recovery mechanism.  As shown the hysteresis loops in Section 3, the stress 

relaxations take place in both compressive and tensile domains within a dwell. Thus, creep strain 

should not be predicted by using an elastic follow-up factor. Moreover, a formula for a forward creep 

law to estimate creep stress relaxation against dwell time for an arbitrary value of the elastic follow-

up factor will not work either. The formula can be presented as Eq.(11) , where  3 / 2 1E E v    

which is an effective elastic modulus.  

 

1

1
1 11 1

1

n
n m

c s

n
AE t

Z m
 




           
  (11) 

Hence, it is not recommended to predict neither creep strain with a value of Z nor the end of creep 

stress with the formula, if a structure experiences the structural creep recovery mechanism. 

4.3. Structural Integrity Assessment in the Presence of the Structural Creep Recovery 

Mechanism 

 

Ratchetting is the cyclic accumulation of the inelastic strain with non-zero mean stress amplitude. In 

the creep regime, the ratchetting should take into account cyclic accumulation of both plastic strain 
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and creep strain. The design codes and assessment procedures propose to assess the plastic ratchetting 

and creep ratchetting separately [5]. From the numerical results the holed plate exhibits creep 

ratchetting mechanism. Two key factors that cause the creep ratchetting are dwell time and primary 

load level. The dwell time has a significant effect on the creep strain accumulation, where it is 

referred to as “cyclically enhanced creep”. The primary load level determines the magnitude of the 

creep stress relaxation, which affect the accumulation of the unloading plastic strain, where it is 

referred to “creep enhanced plasticity”. For the cyclically enhanced creep, effects of creep strain on 

the structural integrity may not be significant due to the structural creep recovery, otherwise, for the 

creep enhanced plasticity, the stress relaxation affects the unloading plasticity substantially, causing 

the enhancement in total strain range within a cycle. Therefore it is expected that the creep ratchetting 

may appear in the most case when a structure experiences the structural creep recovery mechanism. 

However, although creep ratchetting response occurs, it should be evaluated which damage is the 

most critical to structural integrity among creep damage, fatigue damage, and ratchetting damage. In 

this regards, we want to suggest appropriate evaluation manners for creep-fatigue damage calculation 

if a structure does not fail due to ratchetting in the presence of the structural creep recovery 

mechanism.  

Several creep-fatigue damage calculation methods have been introduced in the high temperature 

design codes such as ASME Section III, RCC-MR, and R5. However, these standard methods may 

not always provide accurate predictions for the damage against variation of the dwells and the stress 

states within the cycle. Spindler[6] introduced an improved method for calculation of creep damage 

using test results from three austenitic stainless steels. The stress modified creep ductility exhaustion 

method proved to predict more accurate result than time fraction method in alteration of the stress 

states and the dwells. Based on the claims, our evaluation methods are extended from the latest 

approaches introduced by R5. 

In R5, a linear damage summation method is used to calculate creep and fatigue damage, which can 

be defined by Eq.(12), where ܦ௖ and ܦ௙ are creep damage and fatigue damage respectively. If the sum 

of the damages is greater and equal than 1, failure will occur. 

 1c fD D    (12) 

The fatigue damage per cycle, ௙݀ , in R5 can be expressed as Eq.(13), where ଴ܰ is number of fatigue 

cycle to create a crack of depth ܽ଴ at the total strain range ο்ߝ and temperature T. 

 01 ( , )f Td N T    (13) 
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The creep damage per cycle, cd , is able to be estimated using the stress modified ductility exhaustion 

(SMDE)  approach in R5, defined by: 

 
( , , )

t c
SMDE

c c

fo

d dt
T


  

    (14) 

where t  is the dwell time, ݐ௙ is the creep rupture time which is a function of stress and temperature, 

and ߝ௙ is creep ductility of a material which is a function of the instantaneous creep strain rate at a 

given temperature. If the function of ߝ௙ includes both stress and the creep strain rate, it implies the 

SMDE approach.  

To evaluate creep-fatigue damage of the structural creep recovery mechanism, the healing effect of 

compressive dwell needs to be considered for austenitic stainless steel [24]. The effect demonstrates 

that the sintering of creep cavities under compressive creep stress may be able to compensate the 

creep damage cumulated under tensile creep stress. Three critical dwell time increments need to be 

distinguished in order to apply the healing effect to the structural creep recovery mechanism, which 

are: time for the stress relaxation being reversed in sign (ts), time for creep strains being fully 

recovered (tr), and end of dwell time (t).  

For dwell time of ts, creep damage in a tensile sign domain needs to be taken into account, whereas it 

could be negligible in a compressive sign domain due to the fact that creep cavity cannot nucleate. In 

addition, fatigue damage will increase within a cycle due to the end of creep stress becoming zero. For 

dwell time of tr, identical tensile creep strain is accumulated to compressive creep strain within the 

dwell, accumulating physically zero creep strain. Hence, it is suggested that enhanced fatigue damage 

needs to be calculated without any creep damage. For dwell time beyond tr and up to the end of dwell 

time t, creep damage in a tensile domain after the time of tr requires consideration along with fatigue 

damage corresponding to total strain range, otherwise only the fatigue damage to be considered 

without any creep damage in a compressive domain.  

When it comes to the holed plate problem, with the creep dwell starting from a compressive stress, it 

is suggested that creep damage within the time increment from tr to t only requires consideration, and 

Eq.(13) can be used for fatigue damage calculation affiliated with total strain range in view of the 

healing effect and a direction of creep-ratcheting heading to tensile. On the contrary, if it is starting 

from a tensile stress, creep damage needs to be considered only within dwell time of ts, otherwise 

creep damage within a cycle can be negligible, if the dwell time beyond ts. Within dwell time of tr, 

Eq.(13) is still applicable to fatigue damage calculation. However, for dwell time of t, the fatigue 

damage should be enhanced by changing ଴ܰ to ௚ܰ in Eq.(13) considering a direction of the creep-

ratchetting moving to compressive, where ௚ܰ is the number of cycles to grow a fatigue crack from 
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0.02mm to ܽ଴[5]. This is because it is reasonable for the nucleation phases to be removed under 

compressive stress.  

5. Conclusions 

 

The structural creep recovery mechanism has been identified within a peak dwell by finite element 

analysis of a 3D holed plate subjected to cyclic thermal load and constant mechanical load. From the 

analysis results, it is observed at loading that the combined thermo-mechanical load imposes the 

compressive secondary stress and tensile primary stress on the plate. Due to the primary stress acting 

in the opposite direction to the secondary stress, the assessment point of the plate experiences 

significant stress relaxation as the sign of the creep stress is reversed within a dwell due to creep stress 

redistribution. As a result, compressive and tensile creep strains are developed sequentially during 

creep dwell, leading to structural creep strain recovery.  

Parametric studies have proved that structural creep recovery is a possible mechanism within a creep 

dwell, provided that the secondary stress dominates the primary stress at the assessment point when 

loading. It has been shown that the constant mechanical load level has effects on time for recovery to 

occur and a magnitude of the end of creep stress. The structural creep recovery mechanism has been 

valid by numerical investigations using practical material properties such as temperature dependent 

mechanical properties, Chaboche hardening model, and Norton-Bailey creep parameters. 

Potential risks associated with this mechanism could be accounted for high temperature components 

equipped with a forced cooling system and MMC materials that have different thermal coefficients of 

expansion. If a structure experiences the structural creep recovery mechanism, the classical elastic 

follow-up factor and the formula Eq.(11) are not applicable to predicting the creep strain 

accumulation and the end of creep stress respectively. In the presence of the structural creep recovery 

mechanism, we suggest creep-fatigue damage evaluation methods that creep damage should be 

reduced or neglect for a dwell in which either physically zero creep strains or compressive creep 

strains are larger than tensile creep strain, considering the healing effect of austenitic stainless steel. 

On the other hand, fatigue damage tends to increase due to significant creep enhanced plasticity. In 

particular, when the compressive creep dwell is dominant within a cycle, the fatigue damage should 

be further enhanced by replacing ଴ܰ with ௚ܰ. Consequently, the structural creep recovery mechanism 

causes significant unloading plasticity which affects the structural integrity with enhanced fatigue 

damage.  
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