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DESIGNS OF CREEP RUPTURE CRITERION AND DAMAGE 

EQUATION FOR LOW Cr ALLOY T/P22 STEEL  

Dezheng LIU1, Zhongren WANG2, Tao QIN3, Qihua XU4  

Creep rupture criterion and damage equation are important in numerical 

investigation of high temperature creep of structural components. Various 

microstructures can be developed in low Cr alloy; T/P22 steel, which can enable 

different combinations of properties for various extreme environments in advanced 

nuclear systems. In this paper, the mechanisms for microstructural deformation and 

the evolution of creep cavity on thermal creep of low Cr alloys are investigated. The 

creep rupture criterion and damage equation to depict the evolution of damage and 

stress exponents based on tensile creep data of low Cr alloy T/P22 steel are 

proposed. The accuracy of the proposed damage equation and criterion is 

demonstrated and verified. Important novelties involved with this criterion and 

damage equation are determination of unknowns such as low stress, transitional 

stress and high stress levels on creep damage analytically. 

Keywords: Creep; Rupture Criterion; Constitutive Damage Equation; T/P22 

Steel; Coalescence. 

1. Introduction 

Demands on the thermal efficiency lead to an increase in operating 

temperature of structural components and such structural components experience 

more creep deformation and damage leading to rupture [1]. Low Cr alloys are 

mostly utilized in structural components such as steam pipes, turbine generators 

and reactor pumps operating at high temperatures from 400℃ to 700℃ in nuclear 

power plants [2, 3, 4]. For safe operation, it is necessary at the design stage to 

predict and understand the creep damage behavior of low Cr alloys under long-

term service conditions.  

With the development of various remnant lifetime techniques and 

predictive models of creep behaviour [5, 6, 7, 8], Dyson and Osgerby [9] 

proposed a typical set of physical creep damage equations for creep deformation 
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in particle-hardened alloys. The Dyson’s creep damage constitutive equations are 

shown as follows: 

 

                                           (2) 

(3) 

(4) 

Where when  and  when . The parameters of 

, ,  are material constant and the details of these parameter calculations 

can be found in [9]. The parameter of  has a maximum value of  where  

is the uniaxial strain at failure. Variable  represents the creep strain and variable 

 represents the applied stress. Variable  is the strain hardening which can take 

on values ranging from zero to a microstructure-dependent maximum of  (<1). 

Variable  increases from its initial value of zero towards a theoretical upper limit 

of unity (never achievable in practice); therefore, decreasing the magnitude of  

will increase creep rate. Variable  represents the damage induced by continuous 

cavity nucleation [10].  

Dyson’s equations have been widely used in the creep damage analysis of 

high temperature structures, e.g. [10, 11, 12] among other publications. Some 

deficiencies still exist and can be summarised as: 1) the rupture criterion follows 

conventional creep damage mechanics and the material is deemed to fail when the 

creep damage reaches a constant value; however, the damage at failure time may 

not be a constant in physical practice [13]; 2) the stress breakdown phenomenon 

has not been involved in this equation as a result of lack of consideration of the 

effects of changing fracture mechanisms on microstructural changes under 

different stress levels [14]; 3) predictions overestimate lifetimes at a temperature 

of 530℃, particularly at low stress level, due to lack of consideration of the 

cavitation on strain trajectories [9]. 

The dominant creep deformation and rupture mechanisms are different 

influenced by the applied stress [15, 16]; and the extrapolation of the use of 

typical damage equations and stress functions from high stress level to low stress 

is still under the risk of over-estimating the creep lifetime [17, 18]. Thus, it is 

important to develop a new creep rupture criterion covers a wide range of the 

stress suitable for the actual applications of the components.  



Designs of creep rupture criterion and damage equation for low Cr alloy T/P22 steel      209 

This paper reports the design of a new creep rupture criterion and damage 

equation to estimate the evolution of damage and failure times based on tensile 

creep data for low Cr alloy T/P22 steel under a wide range of stress. It firstly 

investigates the cavity nucleation and growth through the experimental 

observation of the evolution of creep cavity in 2.25Cr-1Mo steel. Furthermore, it 

reports the design creep rupture criterion and damage equation and the 

determination of unknowns such as low stress, transitional stress and high stress 

levels on creep damage analytically. Lastly, it demonstrates the validity of the 

new rupture criterion and damage equation through comparison of simulated 

results with physically-based creep experiment data.  

 This work contributes to computational creep damage mechanics in 

general and particularly to the design and development of a constitutive model for 

creep damage analysis of low Cr alloys T/P22 steel under long-term service. The 

accuracy of the proposed damage equation and rupture criterion is demonstrated, 

and it shows better than the available equations. 

2. Research Method 

Creep fracture is caused by the processes of nucleation and growth of 

cavities. With the continued growth of voids, creep cracks grow from the cusp and 

ultimately weaken the cross section to the point where failure occurs [10]. To 

understand the physics in a creep damage equation, and then to correct its 

undesirable features, it is essential to investigate the creep mechanisms which lead 

to creep rupture; it is also vital to understand the physically-based experiment data 

involving the minimum creep rate under different stress levels and damage 

behavior at the different creep stages. The following steps are taken for 

constructing the creep rupture criterion and damage equation for low Cr alloy 

T/P22 steel. 

1) To investigate the evolution of creep cavity during the rupture process. 

The characteristics of initial creep cavity and cavity at rupture time should be 

analyzed, and then the dominative mechanisms during the creep rupture process 

should be determined. This work was conducted through the observation of the 

micro-structural changes of 1Cr-0.5Mo steel under the stress 35MPa at 

temperature of 520℃; 

2) To design the creep rupture criterion and damage equation for low Cr alloy 

T/P22 steel. The material parameter of cavity area fraction equation according to 

the experimental data on creep rupture time under different stress levels and 

temperature should be investigated in order to achieve the specific quantitative 

equation for cavity area fraction along grain boundary based on the appropriate 

cavity nucleation and cavity growth models, and then a new damage equation 

based on Dyson’s equation [13] should be developed according to the the findings 
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described in the step 1 and step 2 of the above. Experiment data for the evolution 

of creep cavity for 2.25Cr-1Mo steel under stresses of 55.6MPa, 60.6MPa and 

70.6MPa at a temperature of 565℃ were studied for this work;, 

3) To validate the new damage equation and creep rupture criterion. The 

validation should be conducted through comparison of simulated results with 

physically-based creep experiment data and conventional Dyson’s damage 

evolution equation [10]. Experiment data for the evolution of creep damage under 

the stress 40MPa (0.31 ) (  is the yield stress) at 640℃ for 0.5Cr0.5Mo0.25V 

base material are utilized to demonstrate the validity for this work. 

3. Results and Discussion 

Experimental observation of the evolution of creep cavity  

The characteristics of initial creep cavities can be analysed based on the 

observation of the micro-structural changes of 1Cr-0.5Mo steel under the stress 

35MPa at temperature of 520℃. The micro-structure of creep cavities at initial 

damage time is shown in Fig. 1. 

 
(a) Initial cavities                                         (b) cavity schematic diagram 

Fig. 1: Initial cavities of 1Cr-0.5Mo steel under the stress 35MPa at temperature of 520℃ (a) and 

cavity semi-axis schematic diagram (b) 

Fig. 1 displays the cavity at initial damage stage; three cavities have been 

captured through the use of Scanning Electron Microscopy (SEM). The size and 

shape of cavities can be represented by a cavity semi-axis schematic diagram. 

According to the experiment data for cavities at initial damage stage of 1Cr-

0.5Mo steel, the radii of initial cavities in the semi-minor axis and semi-major 

axis can be summarised and plotted as shown in Fig.2. 
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(a) Cavity radii (𝜇𝑚)                                 (b)    Cavity radii (𝜇𝑚) 

Fig.2: Radii of initial cavities of 1Cr-0.5Mo steel in semi-minor axis (a) and in semi-major axis (b) 

Fig.2 displays the radii of initial cavities of 1Cr-0.5Mo steel in semi-minor 

axis (a) and in semi-major axis (b), respectively. The average initial cavity radius 

 ( can be plotted and the value of the average initial cavity radius in semi-

minor axis (a) is 0.433 and in the semi-major axis (b). is 0.778.  

The characteristics of creep cavity at coalescence stage can be analysed 

based on the observation of micro-structural changes of 1Cr-0.5Mo steel under the 

stress 35MPa at temperature of 520℃. The micro-structure of creep cavities at 

rupture time is shown in Fig. 3. 

 
Fig.3: Cavities at coalescence stage of 1Cr-0.5Mo steel under stress range from 35MPa at 

temperature of 520℃ 

According to Fig.3, the number of cavities has significantly increased and 

the characteristics of creep cavities on the fracture surface have been captured 

through the use of Scanning Electron Microscope (SEM). Cavities coalesce by 

mid-way through the tertiary stage, though many retain their individuality even at 
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rupture. Once the size of voids grows sufficiently large, they will coalesce either 

with nearby cracks or with neighbouring voids. The radii of cavities at 

coalescence stage in the semi-minor axis (a) and in the semi-major axis (b) can be 

summarised and plotted as shown in Fig.4. 

 
(a)  Cavity radii (𝜇𝑚) 

 
(b) Cavity radii (𝜇𝑚) 

Fig.4: Radii of cavities of 1Cr-0.5Mo steel at coalescence stage in the semi-minor axis (a) and in 

semi-major axis (b) 

Fig.4 shows the radii of cavities of 1Cr-0.5Mo steel at coalescence stage in 

the semi-minor axis (a) and in semi-major axis (b), respectively. The average 
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cavity radius  (  at coalescence stage can be plotted and the value of the 

average cavity radius in semi-minor axis (a) is 0.430 and in semi-major axis (b) is 

0.956. The number of cavities has increased from 3 (initial damage stage) to 25 

(coalescence stage). Creep rupture is caused by the accumulation of cavity 

nucleation and growth. At a low stress level, it is usually associated with brittle 

rupture behaviour and the dominative rupture mechanism is based on cavity 

nucleation [19]. At high stresses, however, it is normally associated with ductile 

rupture behaviour and the dominative rupture mechanism is based on cavity 

growth [19, 20]. Furthermore, the model of cavity growth is controlled by the 

diffusion process, because the cavity growth process involves vacancy 

condensation [2]. 

Dobrzański [21] reported that the majority of cavities appear along the 

Grain boundary (GB) which is transverse to the stress axis, and that cavity growth 

is affected by the absorption of excess stress-induced vacancies [21]. Due to the 

fact that the short radii of cavities are controlled by the GB, the cavity profile can 

evolve over time into an elongated crack. The evolution of creep cavities in 1Cr-

0.5Mo steel can be summarised as shown in Table 1.  
Table 1: 

Evolution of creep cavities in 1Cr-0.5Mo steel 

Creep cavity 

Average initial 

cavity radius   

(  

Average cavity 

radius ( at 

coalescence stage 

Percentage change in cavity radius  

 

Semi-minor axis 0.433 0.430 0.7% 

Semi-major axis 0.778 0.956 18.6% 

Observation 

The coalescence of cavities to form micro-cracks appeared at rupture time. 

A slight decrease of cavity radius in the semi-minor axis direction was 

observed. 

An increase of cavity radius in the semi-major axis direction was observed. 

Within areas of the same size, initial cavity density was approximately 10 

times less than the cavity density at coalescence stage. 

Cavities associated with particles were observed at coalescence stage. 

 

Table 1 summarises the evolution of creep cavity in 1Cr-0.5Mo steel. The 

percentage change in cavity radius was not obvious in the semi-minor axis 

direction, but the percentage change in cavity radius in the semi-major axis 

direction increased by approximately 20% from the initial damage stage to 

coalescence stage. The cavities on the GB were constrained by the GB and 

surrounding material [22], as the growth of the cavities’ radii in the semi-minor 
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axis direction were restricted by the width of the GB. Furthermore, the size of 

newly nucleated cavities was not large as a result of a slight decrease in the 

average cavity radius in the semi-minor axis direction. The number of cavities 

increased significantly from initial damage stage to coalescence stage because this 

experiment was conducted under low stress level, and thus the dominative rupture 

mechanism was based on cavity nucleation. However, an increase in cavity radius 

in the semi-major axis direction was observed. Such behaviour may have been 

caused by the occurrence of high local stresses during the damage process and the 

fact that the rupture mechanism based on cavity growth promotes the growth of 

cavity radii in the semi-major axis, which is along the transverse GB direction. 

Thus, the creep rupture process in 1Cr-0.5Mo steel is not only dependent on 

cavity nucleation but also affected by cavity growth. Although the observation 

was conducted at a low stress level, high local stresses caused by the stress 

breakdown phenomenon can also change the dominative rupture mechanism in 

specific areas where such high local stress occurs.  

4. Design the creep rupture criterion and damage equation 

Cavities are often initiated at the intersection of a slip band with a GB or at 

ledges in the boundaries [23, 24]. The cavitated area fraction changes when the 

stress level changes. Furthermore, strain at failure increases in a nonlinear manner 

with the increase of stress level, as the damage varies with the stress level. With 

experiment data for the evolution of creep cavity for 2.25Cr-1Mo steel under 

stresses of 55.6MPa, 60.6MPa and 70.6MPa at a temperature of 565℃, the 

relationship between area fraction of cavitation and rupture time can be plotted as 

shown in Fig.5.  

 
Fig.5: Area fraction of cavitation versus time for 2.25Cr-1Mo under the stresses 55.6MPa, 

60.6MPa and 70.6MPa at temperature of 565℃ 
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Fig.5 shows that the area fraction of cavitation increases in a nonlinear 

manner with time. Based on the limited experiment data available (only a small 

volume) describing the evaluation of creep cavity under different stresses for low 

Cr alloys, the relationship between area fraction of cavitation and stresses can be 

simply plotted as shown in Fig.6. 

 
Fig.6: Area fraction of cavitation at rupture time versus stress for 2.25Cr-1Mo under the stresses 

55.6MPa, 60.6MPa and 70.6MPa at temperature of 565℃, and assumption of the area fraction of 

cavitation at 600℃ and 640℃ 

The use of a fixed value as a rupture criterion has obvious limitations. 

Dyson and Osgerby [9] suggested that the percentage of boundary area fraction 

may be a suitable creep rupture criterion. They reported that in a uniaxial creep 

test, the failure condition was met when all of the grain boundaries normal to the 

applied load were completely cavitated. The area fraction of such cavities at 

failure is approximately 1/3, and since the damage variable represents a cavitated 

area fraction, then the damage at failure is equal to 1/3. The main advantage of 

using the percentage of boundary area fraction method is that cavity size and 

shape can be detected at the fracture surface in a physically-based experimental 

creep test. 

Fig.6 shows the area fraction of cavitation at rupture time versus stress for 

2.25Cr-1Mo under the stresses 55.6MPa, 60.6MPa and 70.6MPa at a temperature 

of 565℃, and an assumption of the area fraction of cavitation at 600℃ and 640℃. 

According to Fig.6, the area fraction of cavitation at rupture time obviously differs 

under the different stress levels and is not a fixed value. Thus, the use of a fixed 

value as rupture criterion has obvious limitations. 
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The area fraction at rupture time in Fig. 5 increases with the increase of 

stress level, and an approximately linear increase occurs at an intermediate stress 

level (0.4 -0.5 ). Thus, the new damage creep rupture criterion can be 

described as follows: 

(5) 

Where  and  are the material parameters and  is the applied stress. It 

should be noted that at relatively low stress level (0.2 -0.4 ) and high stress 

level (>0.5 ), the rupture criterion is shown as an approximately constant value 

in Fig.8. Moreover, the cavity density is affected by temperature. The degree of 

cavity nucleation and growth increases with the increase of temperature; 

therefore, in the absence of any other relationship between relative creep 

cavitation rupture area and stress, further assumptions can be made as plotted in 

Fig.8. 

The proposed damage evolution equation has been extended to include 

stress dependence using Dyson’s damage model. According to [9, 10], the creep 

damage variables  and are proposed to describe the cavity nucleation 

damage mechanism and cavity growth damage mechanism respectively. The 

dimensionless damage parameter  demonstrates the area fraction of GB facets 

cavitated. When cavity evolution is growth controlled, the rate of cavity 

nucleation is . When cavities are nucleated continuously, the evolution of 

  can be written as: 

    (6) 

 The parameter of  has a maximum value of  where  is the 

uniaxial strain at failure. 

 The dimensionless damage parameter  demonstrates the volume 

fraction of GB facets cavitated. When creep damage is cavity growth controlled, 

the rate of cavity growth can be written as: 

(7) 

Where  is the inter-cavity spacing and  is the grain size [24] 

By coupling with the cavity nucleation damage mechanism and cavity 

growth damage mechanism, Dyson’s damage evolution equation can be written 

as: 

(8) 
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Where  is the material parameter;  is the creep strain rate and  is the 

damage rate. The use of creep damage variables  and  can be decided by the 

parameter  [10]. 

However, the creep rupture process in low Cr alloy steel is not only 

dependent on cavity nucleation but also affected by cavity growth at the same 

time. At low stress levels, due to the creep rupture mechanism, it is suggested that 

the evolution of cavity is the result of continuous cavitation nucleation and a 

constrained cavity growth mechanism, which has a dominant influence on the 

accumulation of damage leading to final rupture behaviour.  

According to Table 1, the occurrence of high local stresses during the 

damage process and the fact that the rupture mechanism based on cavity growth 

promotes the growth of cavity radii in the semi-major axis, which is along the 

transverse GB direction. Although the observation was conducted at a low stress 

level, high local stresses caused by the stress breakdown phenomenon can also 

change the dominative rupture mechanism in specific areas where such high local 

stress occurs. Thus, a strain exponent should be implemented into Dyson’s 

respected damage model and the improved damage evolution equation can be 

written as: 

                                                     (9) 

           Where  and  are the material parameter and strain exponent, 

respectively;  is the creep strain rate and  is the damage rate. 

5. Validation of the creep ruptures criterion and damage equation 

Experiment data for the evolution of creep damage under the stress 40MPa 

(0.31  at 640℃ for 0.5Cr0.5Mo0.25V base material are utilized to demonstrate 

the validity of the creep rupture criterion. Furthermore, Dyson’s conventional 

criterion was investigated, and the simulated results compared with experiment 

data and the result from the newly developed damage evolution equation.  

With the stress 40MPa and the time increment of 50 hours, comparison of 

the newly developed damage evolution equation with the experiment data for 

0.5Cr0.5Mo0.25V base material can be plotted as shown in Fig.7. 

Fig.7 shows the comparison of the newly developed damage evolution 

equation with the experiment data for 0.5Cr0.5Mo0.25V base material. The creep 

strain predicted by the newly developed damage evolution equation is in good 

agreement with the experiment data from the initial time to rupture time. 

In order to clearly compare the creep strain predicted by the newly 

developed damage evolution equation and Dyson’s damage evolution equation, 

simulated results from the two different models are plotted in Fig.8. 
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Fig.7: Comparison of newly developed damage evolution equation with the experiment data for 

0.5Cr0.5Mo0.25V base material 

 
 

 
Fig.8: Comparison of newly developed damage evolution equation with Dyson’s damage 

evolution equation for 0.5Cr0.5Mo0.25V base material 

Fig.8 shows the comparison of the newly developed damage evolution 

equation with Dyson’s damage evolution equation for 0.5Cr0.5Mo0.25V base 

material. According to Fig.11, the creep strain predicted by the newly developed 

damage evolution equation fits much better with the experiment data than that 

predicted by Dyson’s damage evolution equation. 
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6. Conclusions 

This paper firstly reports the evolution of creep cavity during the rupture 

process, and the creep mechanisms involved in the rupture process of low Cr 

alloys under long-term service have been determined. Secondly, a new rupture 

criterion for constitutive equations has been proposed.  It also illustrates why the 

typical rupture criteria do not satisfy the requirements for developing creep 

damage constitutive equations. Thirdly, a new damage evolution equation has 

been proposed, and validation of the damage evolution equation has been 

presented which shows the results to be in good agreement with those of the 

experiment test. This work contributes to computational creep damage mechanics 

in general and particularly to the design and development of a constitutive model 

for creep damage analysis of low Cr alloys under long-term service. 
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