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DEVELOPMENT OF A RHEOLOGICAL MODEL FOR CREEP 

STRAIN EVOLUTION IN STEEL AND ALUMINIUM AT HIGH 

TEMPERATURE 

Neno Torić1*, Ivana Uzelac Glavinić1 and Ian W. Burgess2 

Abstract: 

The paper presents a rheological model capable of reproducing the temperature-, stress- and 

time-dependent strain component which occurs in steel and aluminium during exposure to 

high temperature. The model is capable of providing the creep strain output for the primary, 

secondary and tertiary creep phases for both steel and aluminium. Constitutive parameters 

of the rheological model are calibrated using two recent coupon test studies based on the 

European steel grade S275JR and aluminium grade EN6082AW T6, both of which are 

currently used in the construction industry. The calibrated constitutive parameters are valid 

within the temperature range within which creep is expected to occur (400-600°C for steel 

and 200-300°C for aluminium). The rheological model proposed in the paper can easily be 

used for application in finite-element-based computer codes. 
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1. INTRODUCTION 

The influence of creep on the behaviour of metallic structures exposed to fire 

currently represents an open area for scientific research. Development of creep strain in steel 

and aluminium when exposed to fire temperatures can be expected to occur if the exposure 

to high temperature is prolonged. This is bound to occur when steel or aluminium is subjected 

to heating rates lower than 20°C/min, which certainly covers cases when the material is fire-

protected or exposed to a slow-burning fire. In these cases the evolution of creep strain 

depends on the concurrent levels of stress and temperature and will ultimately have an 

adverse effect on the structural load-bearing system. This effect is manifested through overall 

reduction of the fire resistance of the structure or its constituent members. Generally, strain 

components in metallic materials during fire exposure are comprised of three parts [1]: 

      tot th cr= T + σ,T + σ,T, t     (1) 

where:  εtot – total strain, εth(T) – temperature-dependent thermal strain, εσ(σ,T) – stress 

related strain (also a function of temperature) and εcr(σ,T,t) –creep strain. The creep strain is 

dependent on all three variables (time, temperature and stress), which makes it the most 

complex of the strain components. Furthermore, as the strain component which is time-

dependent, the creep strain is the only component which depends heavily on the shape of the 

fire temperature-time curve which heats the material. 

Creep in metallic materials starts to evolve during their exposure to stress. Creep is 

especially pronounced when the material is exposed to high temperature, although at  ambient 

temperature it is usually, and justifiably, considered negligible. During high temperature 

exposure the deformation mechanism is more pronounced, since the atomic movement in the 

crystal lattice becomes substantial. The most important microscopic deformation 

mechanisms enabling creep strain are: dislocation glide in the crystal lattice, dislocation 

climb, sliding of the boundaries of crystal grains, and the diffusion of atoms and voids in the 

lattice [2].  Dislocation climb, during which the ‘climb’ of a dislocation to an adjacent free 



slip plane occurs, presents the most important deformation mechanism for the manifestation 

of creep at high temperature. 

Generally, there are three main creep phases during exposure to a constant stress and 

temperature. In the primary creep stage the creep strain rate is relatively high, but decreases 

with time. During the secondary phase the creep strain rate gradually becomes constant; this 

is also known as steady-state creep. During the tertiary phase the creep strain rate increases 

exponentially with time until steel rupture occurs. At higher temperatures and stress levels, 

the boundaries between the three stages are not as evident as they are at lower temperatures 

and stresses.  

At present, the most commonly used rheological models used for representing creep 

are the Burgers [3] and ‘’standard’’ [4] solid models, which are generally used to model the 

primary and secondary creep phases only.  These models are limited by their feasible shapes 

for the creep curve and by their inability to model the tertiary creep phase.  The main 

motivation for this research is to expand the capabilities of rheological modelling by defining 

a model which can incorporate the tertiary phase. This paper proposes a modification of a 

non-linear rheological model consisting of a spring and a Kelvin-Voight element which can 

be applied to modelling all three creep phases of the high-temperature behaviour of steel and 

aluminium. Furthermore, the proposed model is suitable for implementation within finite 

element code for numerical modelling of structural behavior in fire. 

 

  



2. PREVIOUS RESEARCH 

Previously conducted research on the effects of creep at high temperature has mostly 

focused on conducting experimental creep-test studies on coupons of various steel and 

aluminium grades. The influence of creep on flush end-plate steel connections in fire has 

recently been studied by El Ghor et al. [5]. Recent creep-related research within the past two 

years has been conducted by Gales et al. [6] on the BS5896-compliant steels used in 

prestressing tendons.  Further studies have been conducted by Wang et al. [7] on the Chinese 

grade Q345, and by Kodur and Aziz [8] on the American steel grade A572. This research has 

relied mostly on stationary creep tests (with the exception of study [5] in which transient 

creep tests were conducted). The creep behaviour of British and European steel grades was 

previously investigated by Kirby and Preston [9], Rubert and Schaumann [10] (transient tests 

on grades S235 and S355), Brnić et al. [11] and Torić et al. [12] (stationary tests on grade 

S275). Creep research on the aluminium alloy series 6xxx, which is used in the construction 

industry, was extensively investigated by Maljaars et al. [13] (Alloy 6060-T66), Langhele 

[14], Eberg et al. [15] (Alloys 6082 T4 and 6082 T6) and Torić et al. [16] (Alloy EN6082AW 

T6). Some research has also been carried out on the influence of creep on larger-scale 

specimens. 

The reduction of fire resistance due to the presence of creep in steel beams and 

columns has been documented in research conducted by Torić et al. [17-18], Kodur et al. 

[19], and by Li and Zhang [20]. A general behaviour pattern observed in these studies was 

that creep increases deflections, which ultimately results in a reduction of fire resistance. This 

is evident both in cases when steel beams are restrained and when they are unrestrained. 

The most frequently-used semi-empirical creep model for calibration of both 

stationary and transient creep tests was developed in 1967 by Harmathy [21]; this can be 

expressed in the form: 

                                           
Z

cr,0cr,0

cr 2
0.693

θ
-1

0= cosh θ <θ
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in which cr,0  is the length of the intersection between the creep curve in the secondary phase 

and the ordinate axis (derived from stress-controlled tests), and Z is the Zener-Hollomon 

parameter (h-1). Variable   represents temperature-compensated time [22] which takes into 

account the time-variation of temperature and is expressed as: 

 R

Ht

RT

0

dtexp

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in which ΔH is the creep activation energy (J/mol), T is the temperature (K) and R is the 

universal gas constant (J/molK). A model described by Equation (2) is based on a time-

hardening rule which assumes that creep explicitly depends on time and stress level. 

In order to present the capabilities of the proposed rheological model, two recent 

creep test studies have been chosen for calibration, since they offer complete stationary creep 

test results which are presented in a form of a simple analytical formula. These studies refer 

to creep tests conducted by Torić et al. [12] on steel grade S275JR and aluminium grade 

EN6082AW T6 [16].  Both studies used the same test methodology for determining 

stationary creep. 

The purpose of both of the studies [12] and [16] was to determine material parameters 

and time-dependent creep strain values in the temperature ranges 400-600°C and 200-300°C 

for steel S275 and aluminium EN6082AW T6 respectively. The test regime consisted of three 

phases in each case:  

1. Heating phase with an approximate heating rate of 15°C/min,  

2. Soaking period which lasted 60 minutes,  

3. Loading phase in which the stress and temperature levels were held constant.  

In these studies constant-stress-rate tests at 10 MPa/s were also conducted in order to 

obtain the modulus of elasticity, stress at 0.2% strain and stress-strain curves within the 

temperature ranges 20-600°C for steel and 20-350°C for aluminium. The soaking period for 

the constant-stress-rate tests was 30 minutes. The results from the creep and constant-stress-

rate tests were used in order to calibrate the constitutive components of the rheological model, 

which are presented in Section 4 of the paper. 



 

 

 

 

3. THE RHEOLOGICAL MODEL 

3.1 Constitutive equations 

The basic concept of the rheological model was adapted from the study of Helman 

and Creus [23], whose original intention was to define a rheological model for non-linear 

time-dependent strain under constant stress at ambient temperature. The authors of this paper 

have modified the original rheological model and adapted it so that it can represent the creep 

behaviour of steel and aluminium when exposed to high temperature. 

The rheological model consists of two elements in series, as shown in Fig. 1(a). The 

first rheological element (Spring Element 1) represents a stress-related strain component. The 

constitutive model for this spring element is represented by the general nonlinear stress (σ1) 

– strain (ε1) relationship: 

    1 1 1 1 1 1 1E T ( 1 ,T ) ; 0 1/           (6) 

in which E1 represents the temperature-dependent modulus of elasticity of Spring 1. 

Maximum stress and stress-related strain can be expressed as: 

    1max 1 1 u1 1E T / 4 ,T ; 1/       (7) 

The second rheological element is of the Kelvin-Voight type, and represents the creep 

stress and strain.  In this component’s Equation (8) the total stress of the element (σ2) 

represents the sum of the stresses in the Spring Element 2 and the dashpot K:  

      2 2 2 2 2 2 2 2E T ( 1 ,T ) K ,T ; 0 1/              (8) 

in which E2 is the temperature-dependent modulus of elasticity of Spring 2, ε2 is the strain of 

the second rheological element, K is the temperature- and stress-dependent constant of the 

dashpot. β2 can be expressed with the help of a maximum strain (εu2) as εu2=1/ β2. The 



definitions of the stress-strain relationships for the springs of both rheological elements is 

presented in Fig 1(b). 

 

If exposed to constant stress and temperature, the total strain can be expressed as the 

sum of the stress-related and creep strains: 

    tot 1 2 cr,T σ,T, t          (9) 

The thermal strain component is not included in this analysis, since it is only 

temperature-dependent and can be treated as independent of the stress and time variables. 

3.2 Stress-related strain 

When considering the case of constant stress σ(t)=σ0 applied at time t=0, the stress-

related strain, represented by the first element, which is derived from Equation (6) can be 

expressed as: 

 0
1 1max

1 1 1

1 1
1 1 ; 0

2 2


  
  

  
       
   

 (10) 

As can be seen from Fig. 1b, the shape of the stress-strain curve is parabolic, which 

does not represent very well the behaviour of steel or aluminium. A general stress-strain 

model for steel in fire was proposed by Eurocode 3, Part 1.2 [24], which consists of three 

parts: linear, elliptic and a yield plateau. This type of stress-strain law contains an implicit 

creep component, and a modification of this model to remove the implicit creep component 

was proposed by Torić et al. [25]. A general stress-related strain model for aluminium in fire 

is based on a Ramberg-Osgood type of curve [26], since the shape of a typical stress-strain 

curve for aluminium is different from that of steel. 

3.3 Creep strain under constant stress 

At constant stress, the strain corresponding to the second element can be derived from 

Equation (8) as the solution of the second-order linear equation: 
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The solution of Equation (11) depends on the value of the parameter γ, defined as: 
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If  γ < 1: 
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If γ = 1: 
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If γ > 1: 

 
     
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 (15) 

 

In the proposed modification of the rheological model the value of the parameter γ 

determines whether the tertiary creep phase exists.  If γ ≤ 1 only the primary and the 

secondary creep phases will occur, while if γ > 1 the tertiary creep phase will manifest itself 

as part of the total strain output. 

4. CALIBRATION OF THE CONSTITUTIVE COMPONENTS 

OF THE RHEOLOGICAL MODEL 

4.1 General assumptions 

In order to properly calibrate the proposed rheological model a few assumptions need 

to be made regarding the test results which are being used for calibration: 

- An estimate of the minimum stress level at which tertiary creep starts to occur at each 

temperature level needs to be defined, 



- In cases where all three creep phases occur the maximum strain εmax is assumed to be 

constant at any prescribed temperature level. 

4.2 Calibration of the rheological model for steel S275JR 

 

By adopting the test values [12] for the modulus of elasticity (E1) and the stress at 

0.2% strain (σ1max), shown in Table 1, the material model for Spring 1 can be defined. A 

comparison between the stress-related strain obtained from the Spring 1 model and the test 

values is presented in Fig. 2. 

Creep test results [12] were used in order to calibrate the second element of the 

rheological model. Since creep tests are based on constant stress, the stress-related strain is 

also constant. As can be seen from Fig. 1 (a), failure occurs after the total strain exceeds the 

maximum test strain:  

 2u1max ε+ε=ε  (16) 

By adopting the experimental values for εmax from stationary creep tests (i.e. the 

maximum recorded strain for any prescribed temperature level), the ultimate strain of 

Spring 2 (εu2) for each temperature level can easily be obtained. The experimental values of 

the maximum strain at each stress and temperature level from study [12] are presented in 

Table 2. The smallest value of the maximum strain for each temperature level was adopted 

as εmax. 

Since the parameter γ, as defined by Equation (12), governs the development of the 

tertiary creep phase, σ2max is defined as the minimum stress level at which the tertiary creep 

phase starts to occur. By determining εu2 and σ2max from test results, the model for Spring 2 

(Fig. 1(b)) can be defined. As observed from Table 2, at 400°C there is no tertiary creep 

phase within the experimental stress range, while at 500°C and 600°C the coupons 

experienced the tertiary creep phase at all stress levels. This indicates that the following can 

be assumed: at 400°C σ2max ≥0.9σ1max, at 500°C σ2max ≤0.45σ1max and at 600°C σ2max 

≤0.25σ1max. Hence, using the available data, σ2max was chosen as: a) at 400°C σ2max=0.9σ1max 

; b) at 500°C σ2max=0.45σ1max ; c) at 600°C σ2max=0.25σ1max.  



In order to calibrate the dashpot component, the model for parameter K was obtained 

by a curve-fitting process using the stationary creep test results [12] with the help of 

Equations (13)-(15). From Table 2 it can be seen that at 400°C there was no rupture of the 

steel coupon due to creep, even at high stress levels, so Equation (16) is not valid for defining 

εu2 at 400°C. Fig. 3 (a-b) shows the influence of parameters εu2 and K on the total strain 

calculated from Equations (10) and (13).  

As shown in Fig. 3, for γ < 1 the parameter εu2 influences the maximum strain value, 

which is constant because there is no tertiary creep phase, and the parameter K influences the 

steepness of the primary creep phase. Therefore, at 400°C εu2 can be determined by fitting 

the experimental maximum strain, while parameter K can be determined so that the model 

closely represents the primary creep phase obtained by experiments. The results obtained by 

using the parameters that are determined in this fashion are presented in Fig. 4. 

Figs. 5 and 6 present a comparison between the proposed rheological model and 

stationary creep tests at 500°C and 600°C. As mentioned earlier, the values of σ2max are taken 

as 0.45σ1max at 500°C and 0.25σ1max at 600°C, while maximum strain values are 12.4% and 

6.6% respectively, as shown in Table 2. Consequently, εu2 is obtained from Equation (16), 

while K is determined by fitting the creep test results. Values of the parameter K used for 

obtaining the results shown in Figs 5 and 6 are presented in Table 3. 

Fig. 7 is a plot of the stress-strain curves for the first and the second springs, for all 

temperature and stress levels. At 400 °C, where there is no tertiary creep phase, the model 

for Spring 2 is very much dependent on the stress level. At 500 °C and 600 °C the assumption 

that εmax is the minimum total test strain value provides a good match with the creep tests. It 

can be observed that there is no significant difference between the stress-strain behaviour of 

Spring 2 with respect to stress at each temperature level. 

4.3 Calibration of the rheological model for aluminium EN6082AW T6 

 

The results of the constant stress-rate tests from study [16] were used in order to 

calibrate the model of Spring 1 and to adapt the rheological model to the mechanical 

properties of aluminium alloy EN6082AW T6. The test values for modulus of elasticity (E1) 

and stress at 0.2% strain (σ1max) are presented in Table 4. Using these values the constitutive 



model for Spring 1 can be defined for all temperature levels. A comparison between the 

experimental [16] and predicted stress-strain curves of Spring 1 of the proposed rheological 

model is presented in Fig. 8. 

The experimental values [16] of maximum test strain at each stress and temperature 

level are presented in Table 5. At a stress level of 38.1 MPa, where there is little creep present, 

the total strain is almost equal to the stress-related strain within a 240-minute interval. As is 

the case with steel, the smallest value of maximum test strain at each temperature level was 

adopted as εmax, meaning that the ultimate strain of Spring 2 (εu2) for each temperature level 

can easily be obtained with the help of Equation (16). At 200°C εmax was chosen as 1.8%, 

since that was the highest value of creep strain, obtained after 1200 minutes of the creep test 

at 200°C [16]. As can be seen from Table 5, at 200°C the tertiary creep phase occurs between 

0.3σ1max and 0.5σ1max, while at 300°C the tertiary creep phase occurs between 0.15σ1max and 

0.30σ1max. With respect to the available creep data, at 200°C σ2max was chosen to be 0.5σ1max. 

Fig. 9 presents a comparison between the prediction of the rheological model and creep tests 

at 200°C. Parameter K is again determined by fitting the test results. Fig. 10 presents a 

comparison between the predictions of the rheological model and creep tests at 250°C. As 

the creep tests suggest, σ2max was chosen to be 0.3σ1max while εu2 was chosen to be 0.78% 

(Table 5). 

Figs. 11 and 12 present a comparison between the proposed rheological model at 

300°C and the corresponding creep tests for stress levels of 0.30σ1max and 0.50σ1max. Since 

we know from the tests that the tertiary creep phase occurs somewhere between 0.15σ1max 

and 0.30σ1max, we can assume that σ2max=0.30σ1max. However, for this assumption the 

rheological model shows significant discrepancies with the creep tests. In order to clarify the 

cause of these discrepancies, Figs. 11 and 12 present the model’s results for different values 

of the parameters K and σ2max. It can be seen from these figures that changes in σ2max have a 

significant influence on the time at which the tertiary phase begins, while changes in K very 

much reflect the gradient at the start of the creep curve. Therefore, by selecting K as an 

approximation to the initial tangent, it can be seen that σ2max needs to have a value less than 

0.30σ1max in order to reduce the discrepancies. Values of the parameter K for aluminium at 

different temperature levels are presented in Table 6. 



Fig. 13 presents the stress-strain models for Springs 1 and 2 in the case of aluminium. 

In similar fashion to steel, at stress levels where only the primary creep phase is present, εu2 

is obtained by curve-fitting the total strain with the creep tests. 

5. COMPARISON WITH OTHER TEST STUDIES 

5.1 Comparison with other creep studies of grade S275 steel 

Fig. 14 presents a comparison between the predictions of the proposed rheological 

model and creep tests conducted by Brnić et al. [11] on grade S275 steel. In this exercise only 

the first spring was calibrated using the test results (stress at 0.2% strain and modulus of 

elasticity at the prescribed temperature level) from [12].  It can be seen from the figure that 

there is some discrepancy between the predictions of rheological model and the creep tests 

from [11]. This can be explained by the fact that the Kelvin-Voight element was not 

calibrated using the test results from [11]. The values of maximum test strain recorded in the 

creep tests in [11] are different from those recorded in [12]. Since the second rheological 

element governs the creep behaviour, this represents the main reason for the discrepancy. 

5.2 Comparison with other creep studies of aluminium alloy    

 EN6082AW T6 

Fig. 15 presents a comparison between the predictions of the proposed rheological 

model and creep tests conducted by Langhele [14] on aluminium alloy 6082 T6. Only the 

data for modulus of elasticity and stress at 0.2% strain were used for calibration of Spring 1.  

It can be seen that the correlation between the model and tests is much better in this case, 

which indicates that the calibration of the second Kelvin-Voight element with regard to creep 

development is satisfactory. 

5.3 Applicability of the proposed rheological model 

Considering the comparisons given in 5.1 and 5.2, it can be seen that the rheological 

model, with the current calibration of its constitutive components, produces strain outputs 

which are comparable to the test results from similar coupon studies. The total time interval 



chosen for comparison is four hours, since this represents a typical reference time-frame for 

general fire exposure cases. 

The precision of the rheological model very much depends on the extent to which the 

input parameters from other studies vary in comparison to parameters obtained from the 

coupon studies [12] and [16] which have been used here. More precise calibration factors for 

a prescribed alloy can be obtained if the total interval for constant-temperature creep tests is 

shortened, or the stress levels at which the creep tests are conducted are increased at all 

temperature levels. It can be also seen that the assumptions imposed on test data in Section 

4.1 are well formulated for adequate calibration of the Kelvin-Voight element. 

Generally, the calibration procedure described in Section 4 can be applied to any 

metallic material which exhibits high-temperature creep, which makes the principles of the 

rheological model universal for modelling stationary creep tests at high temperatures. The 

formulas presented in Section 3 can easily be utilized for implementation in finite-element-

based computer codes, allowing creep to be modelled explicitly in thermo-structural 

analyses. 

6. CONCLUSION 

The paper proposes a new type of rheological model, calibrated against steel S275JR and 

aluminium EN6082AW T6 at high temperatures, which takes into account all three distinct 

creep phases. The main motivations for development of this rheological model are to enable 

inclusion of the tertiary creep phase in high-temperature analysis of metallic materials and to 

provide a practical way for its implementation in finite-element-based codes. The following 

conclusions regarding the presented research can be postulated: 

• The calibration procedure proposed in the paper is sufficiently accurate for adequate 

representation of creep strains of the selected steel and aluminium alloys at high 

temperatures;  

• The rheological model provides very good correlation with a similar creep test study in 

the case of aluminium; 

• The precision of the rheological model depends on the temperature- and stress-intervals 

used in the study selected for calibration; 



• The rheological model can be considered as a universal model for reproducing stationary 

high-temperature creep tests of metallic materials within the first four hours of fire 

exposure. 
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Figure Captions 

Figure 1:  Layout of the rheological model: (a) Constitutive components (b) General 

stress-strain relationships for both springs at a prescribed temperature level. 

Figure 2:  Comparison between test results [12] and predictions of the rheological model 

for stress-related strain. 

Figure 3: Comparison: (a) Strain output for different values of parameter εu2 at 400°C, 

K=1300000 (b) Strain output for different values of parameter K at 400°C, 

εu2=0.49% 

Figure 4: Performance of the rheological model at 400°C and comparison with results 

from [12]. 

Figure 5: Performance of the rheological model at 500°C and comparison with results 

from [12]. 

Figure 6: Performance of the rheological model at 600°C and comparison with results 

from [12]. 

Figure 7: Models for Springs 1 and 2 at: (a) 400°C , (b) 500°C , (c) 600°C. 

Figure 8: Comparison between the test results [16] and predictions of the rheological 

model for stress-related strain. 

Figure 9: Performance of the rheological model for aluminium at 200°C. 

Figure 10: Performance of the rheological model for aluminium at 250°C. 

Figure 11: Performance of the rheological model for aluminium at 300°C for stress level of 

0.30σ1max :  (a) K=77000.0 ,  (b) σ2max = 0.16σ1max. 

Figure 12: Performance of the rheological model at 300°C for stress level of 0.50σ1max: (a) 

K=16000.0 ,  (b) σ2max = 0.16σ1max. 

Figure 13: Model for Springs 1 and 2 at: (a) 200°C, (b) 250°C, (c) 300°C. 

Figure 14: Performance of the rheological model for grade S275JR for 400°C: stress levels 

of 0.90σ1max, 0.80σ1max and 0.70σ1max. 

Figure 15: Performance of the rheological model for grade EN6082AW T6 for 200°C - 

stress levels of 0.28σ1max and 0.42σ1max. 

 

 

 

Table Captions 

Table 1: Mechanical properties of S275JR in the temperature range 400-600°C [12]. 

Table 2: Test results of stationary creep tests for S275JR [12]. 



Table 3: Values of the constant K for the proposed rheological model in case of steel 

S275JR. 

Table 4: Mechanical properties of EN6082AW [16] in the temperature range 200-300°C. 

Table 5: Test results of stationary creep tests of EN6082AW T6 [16]. 

Table 6: Values of the parameter K for alloy EN6082AW T6. 
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Table 1 

Temperature 

(°C) 

Modulus of elasticity 

E1 (GPa) 

Yield strength 

σ1max (MPa) 

20 204.7 287.5 

400 164.9 239.3 

500 142.7 174.7 

600 130.0 97.6 

 



Table 2 

Temperature Stress σ0 (MPa) σ0/σ1max Maximum 

strain εmax (%) 

Creep phase 

400°C 

167.5 0.7 - Primary 

191.0 0.8 - Primary 

215.0 0.9 - Primary 

500°C 

78.6 0.45 0.7 Tertiary 

87.4 0.5 2.9 Tertiary 

104.8 0.6 12.4 Tertiary 

139.8 0.8 14.6 Tertiary 

600°C 

24.4 0.25 0.1 Tertiary 

29.3 0.30 0.5 Tertiary 

63.4 0.65 6.6 Tertiary 

73.2 0.75 22.5 Tertiary 

 



Table 3 

Temperature σ0/σ1max  K 

400°C 

0.7 1700000.0 

0.8 1300000.0 

0.9 400000.0 

500°C 

0.45 27500000.0 

0.5 5600000.0 

0.6 730000.0 

0.8 50000.0 

600°C 

0.25 30000000.0 

0.30 12000000.0 

0.65 35000.0 

0.75 8500.0 

 



Table 4 

Temperature 

(°C) 

Modulus of elasticity 

E1 (GPa) 

Yield strength 

σ1max (MPa) 

20 71.0 288.0 

200 65.0 190.4 

250 63.4 107.5 

300 48.0 58.2 

 



Table 5 

Temperature Stress σ0 (MPa) σ0/σ1max  Maximum 

strain εmax (%) 

Creep phase 

200°C 

38.10 0.20 - No creep 

57.10 0.30 - Primary 

95.20 0.50 1.80 Tertiary 

250°C 

16.13 0.15 - No creep 

32.25 0.30 1.07 Tertiary 

53.76 0.50 0.78 Tertiary 

300°C 

8.73 0.15 - Primary 

17.46 0.30 3.07 Tertiary 

29.10 0.50 1.45 Tertiary 

 

  



Table 6 

 Temperature σ0/σ1max  K 

200°C 
0.30 24000000.0 

0.50 14000000.0 

250°C 
0.30 5500000.0 

0.50 1300000.0 

300°C 

0.15 1900000.0 

0.30 77000.0 

0.50 16000.0 


