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Abstract

:

With the increase in engine power density, the temperature and stress carried by the cylinder head during operation also increase. The thermal engine fatigue life prediction of the cylinder head needs to consider accurate and reasonable creep-constitutive models and parameters. In view of the wide range of temperature and stress working conditions of the compacted graphite cast iron (CGI) cylinder head, the creep test of CGI under the conditions of temperature 450~550 °C and stress 100~300 MPa was carried out, and CGI under the conditions of wide temperature and stress was proposed to characterize a creep-constitutive model for minimum creep rate. Research indicated that under wide temperature and stress conditions, CGI was more prone to creep damage than under low load, and creep deformation was dominated by grain boundary sliding (GBS), intragranular dislocation glide (IDG), and dislocation climb (IDC). With the deformation mechanism-based true stress (DMTS) creep model, combined with the multiobjective optimization method, a creep-constitutive model of CGI was constructed, and 73% of the predicted values of the model were within twice the error range. Compared with the linear regression method, the multiobjective optimization method could still fit the accurate model parameters in the case of small samples.
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1. Introduction


As automobile designs pay more and more attention to lightweight, fuel economy, and exhaust emissions, compacted graphite cast iron (CGI) is widely used in engine cylinder blocks and cylinder heads because of its excellent mechanical properties and material properties [1,2,3]. However, because of the continuous development of the engine in the direction of high power, the working environment of the engine is becoming worse and worse [4,5]. For example, the maximum working temperature of the CGI cylinder head has been raised to above 430 °C, and the nose bridge area between the intake and exhaust valves was subjected to a large range of mechanical loads of 100 to 320 MPa [6]. Generally, the creep damage to the cylinder head occurred in a working environment of high temperature and high stress [7]. However, with the continuous increase in the maximum load and maximum temperature, the stress and temperature range under all working conditions continue to expand. Even if the CGI cylinder head works in an environment of high temperature and low stress or low temperature and high stress for a long time, creep damage will occur. So, as creep is one of the main reasons for the cracking of the CGI cylinder head [8], research on fatigue reliability of engine cylinder heads must consider the effect of creep damage [9,10,11,12].



At present, many scholars have carried out much work on the creep behavior of commonly used materials [13,14,15,16,17]. However, most of them have only carried out creep tests under a small temperature and stress range. Hence, the application range of the conclusions has certain limitations as it is not suitable for parts with a wide range of working conditions, such as engines, and cannot completely express the creep behavior of the engine under full operating conditions; thus, predicted creep damage will be conservative. For the working environment of the engine, this paper defines the temperature range greater than 80 °C and the stress range greater than 150 MPa as a wide temperature and stress range. Therefore, it has a certain engineering background and practical significance for studying the creep properties of vermicular graphite iron under wide temperature and stress conditions.



Since CGI has been widely used, many scholars have carried research on its material properties and creep behavior [18,19,20,21]. However, the research on the minimum creep rate of CGI is often neglected. As an important index to measure the creep performance of the material, it is necessary to study the effect of creep aging conditions on the minimum creep rate. In studying the minimum creep rate of materials, most scholars currently use the linear regression method to fit the parameters of the creep-constitutive model. Based on the hyperbolic sine function equation, Liu et al. established the constitutive model correlation between the minimum creep rate of 2219 aluminum alloy and the test stress and temperature by carrying out creep tests under the conditions of 80~185 °C and 130~173 MPa [22]. Dehler et al. studied the creep behavior of die-casting ALSiCu4-T6 alloy cylinder head, carried out creep tests under the conditions of 222~272 °C and 72~213 MPa, obtained the minimum creep rate under each condition, and obtained the Monkman–Grant relation that the model can accurately predict creep life only at elevated temperatures [7]. Ye and Hu et al. studied the creep behavior of TC11 titanium alloy at 558~675 MPa at 500 °C and obtained a new constitutive model describing the whole creep process [23]. It can be seen from the above literature that the calculation procedure of the linear regression method is cumbersome, and its calculation process is not the same for different models. In addition, when the data points of the creep test are few, using the linear regression method will cause the fitted model parameters to be inaccurate or even unable to fit the parameters, so the linear regression method has certain shortcomings in the application. Eisenträger, Naumenko, and Altenbach believed that a unified constitutive model should be calibrated for a wide range of strain rates, stress, and temperatures, but for materials such as cast iron, the functions of material parameters, strain rate, stress, and temperature needed to be identified. Therefore, they proposed a method of step-by-step identification procedure, using the optimization function to calibrate the model to determine all the parameters, which provided researchers with a new idea [24,25]. The multiobjective optimization method has matured in recent years and has been gradually applied to engineering practice [26]. Using the multiobjective optimization method to fit model parameters has no limit to the range or number of fitted data points and has the advantages of fast calculation speed and accurate results [27,28,29], so this method can accurately obtain the creep-constitutive model parameters of CGI under wide temperature and stress range in most cases.



In this paper, according to the actual working conditions of the dangerous area, such as the nose bridge area between the intake and exhaust ports of the diesel engine CGI cylinder head, the uniaxial tensile creep test was carried out under the high temperatures of 450 °C, 500 °C, and 550 °C and the stress of 100~300 MPa. The creep behavior of CGI was studied, and the effects of different test temperatures and test stresses on its minimum creep rate were analyzed. Then, using the deformation mechanism-based true stress (DMTS) creep model [30] and the multiobjective multivariable model parameter-optimization technique, a creep-constitutive model of CGI describing a wide temperature and stress range was established. The application range of the model was close to the working conditions of the engine cylinder head, supercharger housing, and other components, which provided a theoretical basis for predicting the creep performance of vermicular graphite iron materials and laid a foundation for the thermal engine fatigue analysis of cylinder heads and other components. By analyzing and comparing the linear regression method and the multiobjective optimization method, it was verified that the multiobjective optimization method could solve the problem of fitting accurate parameters with small samples.




2. Experimental Procedures


2.1. Casting Conditions for Compacted Graphite Iron Cylinder Heads


The test selected a certain type of diesel engine CGI cylinder head as the research object. The main chemical composition of cast iron is shown in Table 1. The alloy liquid was smelted with a GGW-0.012 medium-frequency induction furnace, the addition amount of vermicularizer was 0.45%, the addition amount of inoculant was 0.8%, and the addition amount of secondary inoculant was 0.4%. When the furnace temperature rose to 1450 °C, the molten iron, after creeping and inoculation treatment, was poured into the clay sand mold. After solidification, heat treatment at 900 °C for 110 min, water quenching, and 500 °C for 0–90 h was performed to simulate the high-temperature service conditions of the cylinder head. The cylinder head after casting is shown in Figure 1. Quanta 600 scanning electron microscope was used to observe the microstructure of the surface of the CGI cylinder head after casting. The carbon equivalent of CGI in this paper was 4.5 (CE = C% + 1/3 (Si% + P%)), so its melting point was approximately 1154 °C.




2.2. Tensile Test of Compacted Graphite Cast Iron


Tensile tests were carried out in accordance with “GB/T 228.1-2010 Tensile Test of Metallic Materials Part 1: Test Method at Room Temperature” and “GB/T 228.2-2015 Tensile Test of Metallic Materials Part 2: High Temperature Test Method”. The sampling position is shown in Figure 1; the tensile specimen was cut between the valves on the fire surface of the cylinder head. The test used a dog-bone tensile specimen with a diameter of 5 mm and a gauge length of 25 mm. Tensile tests were performed using a hydraulic servo tensile testing machine (MTS 370) at a test strain rate of 0.0001 s−1.



In this paper, the ultimate tensile strength (UTS) of CGI was tested at 23 °C, 200 °C, 300 °C, 400 °C, 450 °C, and 550 °C. Six samples were tested at each temperature, and the average values of the six samples were 455 MPa, 517 MPa, 480 MPa, 425 MPa, 340 MPa, and 236 MPa, respectively. The curve of the tensile properties of CGI as a function of temperature was obtained by cubic polynomial fitting (as shown in Figure 2a), and the coefficient of determination (R2) of the fitted curve was 0.9889. It can be seen that the UTS of CGI was significantly affected by temperature, and the UTS showed a trend of first rising and then decreasing in the range of 23~550 °C and reaching a maximum value within 100~200 °C. According to the engineering stress–strain curves of 6 samples at each temperature, the true stress–strain curves at different temperatures were obtained by fitting (as shown in Figure 2b). It can be seen that there was no obvious yield point for the samples at different temperatures, and the work hardening ability at 200 °C and 300 °C was improved compared with room temperature. The tensile properties of CGI at different temperatures in this paper were similar to the research conclusions of the literature [18].




2.3. Creep Test of Compacted Graphite Cast Iron


According to “GB/T 2039-2012 Uniaxial Tensile Creep Test Method for Metallic Materials”, the creep test of CGI was carried out. The testing instruments were the RD-50 metal high-temperature creep and durability testing machine, RJ-30D metal high-temperature tensile creep and durability testing machine, and CSS-3905 high-temperature electronic creep durability testing machine. The sampling position of the test was the same as that of the tensile test (as shown in Figure 1). The creep test was carried out using a dog-bone tensile specimen with a diameter of 5 mm and a gauge length of 25 mm. The specific dimensions of the specimen are shown in Figure 3 below. The deformation of the sample was measured with a HEIDENHAIN grating-scale deformation sensor with an accuracy grade of ±2 μm.



Because the area of the diesel engine cylinder head that was easy to crack and fail in this paper was the bridge zone between the exhaust valves and exhaust-inlet valve bridge, its maximum working temperature was around 490 °C, and the mechanical load it carried varied from 100 to 320 MPa. Thus, a wide range of conditions with a temperature of 450~550 °C and stress of 100~300 MPa was selected as the load range of the creep test, and the test loads corresponding to 3 temperatures and 5 stress levels were selected. The creep test load points are shown in Table 2. The electric furnace adopted a three-stage heating method. When heating up, an initial load of 200 N was applied to the sample to ensure that the sample was loaded coaxially. After heating to the target temperature, the temperature was kept for 1 h, and then the load was applied to the target load. In order to reduce the measurement error, two displacement gauges were placed on the steps of the sample to measure the deformation and displacement on the left and right sides of the sample, respectively. Then the average values were taken to obtain the deformation and displacement values of the sample. During the test, the fluctuations of the test force and temperature were controlled at ±1 N and ±1 °C, respectively, and the test time, the left and right deformation and displacement of the sample were recorded every minute.





3. Results and Discussion


3.1. Microstructure of Compacted Graphite Iron


The microstructure of compacted graphite iron is shown in Figure 4. Figure 4a is an image observed at a magnification of 100 times. It can be observed that most of the graphite in CGI existed in isolation and was mainly vermicular, with a small amount of spheroidal graphite and agglomerate graphite in the middle. Figure 4b is a 200× magnification of the microstructure image. It can be seen that the matrix of vermicular graphite iron was composed of ferrite and pearlite, of which the gray area was ferrite, mainly distributed around the graphite. The bright white area was pearlite, which was distributed in a lamellar aggregation state, and the distribution was uneven.




3.2. Creep Properties of Compacted Graphite Cast Iron


Figure 5a–c are the creep curves of CGI at the test temperatures of 450 °C, 500 °C, and 550 °C, respectively. Evidently, its creep deformations were related to three factors: test stress, creep time, and test temperature and all three were positively correlated. In addition, the creep curves under different test conditions were very different. At 450 °C and 200 MPa, 500 °C and 150 MPa, and 550 °C and 100 MPa, the deformation of the CGI sample continued for 100 h without breaking. The rest of the samples were deformed to fracture within 0~70 h. The reason for this phenomenon was related to the use of a wide range of stress and temperature test conditions.



It can be observed in Figure 5 that CGI was quite prone to creep damage under a wide range of temperature and stress test conditions. As shown in Figure 5c, under the condition that the test temperature was 550 °C and the test stress was 100 MPa, when the sample reached 100 h test time, its creep deformation was 2.22%. As shown in Figure 5a, under the conditions of the test temperature of 450 °C and the test stress of 275 MPa, the creep deformation of the specimen when it reaches fracture was 3.21%, and the total creep time was 2.8 h. It can be seen that the creep deformation under high temperature and low stress and low temperature and high-stress conditions was smaller than that under high temperature and high-stress conditions, but with the increase in test time, it would also produce creep damage and cause a fracture.



According to the change in creep rate, the creep curve will go through three stages in sequence: the first creep stage, the second creep stage, and the third creep stage [31]. The second stage of each creep curve in Figure 5 was linearly fitted to obtain the minimum creep rate under different test conditions, as shown in Table 3, and its value was related to the test temperature and test stress. At 500 °C, the minimum creep rate of the sample at 200 MPa was 0.618 × 10−2 h−1, and the minimum creep rate of the sample at 225 MPa reached 2.097 × 10−2 h−1. Similarly, under the test stress condition of 200 MPa, when the test temperature was increased from 500 °C to 550 °C, the minimum creep rate was accelerated from 0.618 × 10−2 h−1 to 7.110 2 × 10−2 h−1. It can be seen that the minimum creep rate of CGI increased with the increase in stress and temperature, which was consistent with the findings in [21]. In addition, at 500 °C, the stress increased by 12.5% from 200 MPa to 225 MPa, and the corresponding minimum creep rate increased by 239.3%. However, under the stress condition of 200 MPa, the temperature increased by 10.0% from 500 °C to 550 °C, and the corresponding minimum creep rate increased by 1050.5%. It can be seen that the effect of temperature on the minimum creep rate was greater than that of stress.



It can be seen in Table 3 that when the temperature was 550 °C and the stress was 100 MPa, the minimum creep rate of the sample was 1.8968 × 10−4 h−1. When the temperature was 450 °C, and the stress was 275 MPa, the minimum creep rate of the sample was 7.855 × 10−3 h−1. Under the test conditions of high temperature and low stress and low temperature and high stress, the creep rate of CGI was relatively small, but with the increase in creep time, the creep deformation of the sample was also very considerable. Therefore, with the increase in the working load range of the CGI cylinder head, the creep would have a more and more obvious effect on its cracking.




3.3. Deformation Mechanism-Based True Stress Creep Model


The second stage of creep accounts for most of the creep life, and the minimum creep rate is a key indicator to characterize the creep characteristics of materials. Therefore, the second creep stage is also studied in practical engineering. When studying minimum creep rates over a wide range of stresses, both linear and power-law creep must be considered, and the secondary creep model must be extended by introducing appropriate Arrhenius-type temperature functions and internal state variables to account for temperature dependence and microstructural degradation processes, such as subgrain coarsening and creep cavitation [32]. Over a wide range of stress and temperatures, creep is usually caused by a variety of mechanisms, including intragranular dislocation glide (IDG), intragranular dislocation climb (IDC), and grain boundary sliding (GBS). Therefore, the creep-constitutive model of CGI should be established based on the creep deformation mechanism to facilitate the study of the effects of different physical mechanisms on its creep.



To date, the DMTS creep model has been proposed, it has performed well over a wide range of stresses, and it has been well applied under the conditions of wide stress and temperature range of Waspaloy alloy, modified P91 steel, G115 steel, and SA508 Gr.3 alloy [30,33,34,35]. The derivation process of the CGI creep-constitutive model based on the DMTS creep model is as follows:



The relationship between the minimum creep rate and the stress is usually expressed by the Norton–Bailey power law equation, as shown in the following Equation (1):


   ε ˙  = K  σ n   



(1)




where   ε ˙   is the minimum creep rate (h−1), σ is the stress level (MPa), and K and n are material-dependent constants. Therefore, according to Equation (1), the minimum creep rates under the action mechanisms of GBS, IDG, and IDC can be expressed as:


      ε ˙  s  =  A 0  exp  (  −    Q A    R T    )   σ p   



(2)






    ε ˙  g  =  B 0  exp  (  −    Q B    R T    )   σ n   



(3)






    ε ˙  c  =  C 0  exp  (  −    Q C    R T    )   σ m   



(4)




where     ε ˙  s   ,     ε ˙  g   , and     ε ˙  c    are the minimum creep rates of GBS, IDG, and IDC, respectively, QA, QB, and QC are the activation energies (J/Mol) of GBS, IDG, and IDC, respectively, p, n, and m are the stress exponents of GBS, IDG, and IDC mechanisms, respectively; A0, B0, and C0 are proportional constants, R is the gas constant with a value of 8.314 J·mol−1·K−1, and T is the thermodynamic temperature (K). Therefore, the total creep rate caused by these mechanisms of action can be expressed by the following Equation (5):


   ε ˙  =   ε ˙  s  +   ε ˙  g  +   ε ˙  c     



(5)







Figure 6 shows the relationship between the minimum creep rate and stress of CGI at different temperatures in the double logarithmic coordinate system. Three power exponent regions could be obtained by linear fitting. Combining them with the material deformation mechanism maps [36], it could be seen that in the high-stress region (250~300 MPa) of 450 °C and the high-stress region (225~275 MPa) of 500 °C, the creep rate behavior had a constant power exponent, and the creep deformation was mainly caused by IDG. In the low-stress region (200~250 MPa) at 450 °C, the low-stress region (150~225 MPa) at 500 °C, and the high-stress region (175~225 MPa) at 550 °C, the creep behavior was dominated by GBS. In the low-stress region (100~175 MPa) at 550 °C, the creep of CGI was dominated by IDC. It can be seen that for each creep mechanism, the minimum creep rate of CGI exhibited a linear dependence on the stress on the logarithmic scale.



Generally, according to Figure 6 and in combination with Equations (2) to (3), the parameters A0, B0, C0, QA, QB, QC, p, n, and m can be determined by linear regression on the Arrhenius plots. However, in the region dominated by IDC, there was only the minimum creep rate corresponding to the low-stress region of 550 °C, so the parameters C0 and QC could not be obtained by linear regression fitting in this study. Therefore, the multiobjective optimization method was considered in this paper to obtain the parameters of the creep model.




3.4. Fitting of Model Parameters


Multiobjective optimization is multiobjective function optimization. Using this method to obtain the parameter values to be solved is one of the engineering applications of multiobjective optimization. According to the built optimization function, it can quickly fit the optimal solution of each parameter in the target equation, and it has good applicability even under the condition of small samples [37]. Therefore, the multiobjective and multivariable optimization technique can solve the problem of insufficient data points under the IDC mechanism in this paper. The predicted life values under the same test boundary are compared with the test results, and finally, the optimal model parameter values can be obtained.



The linear combination method is a branch of the evaluation function method, which belongs to the preference-based multiobjective optimization method [38]. This method can turn multiobjective optimization problems into single-objective ones, so it has the advantages of simple structure and efficient optimization, but the search preference determined in advance will directly affect the optimal solution [39,40]. The weight of each data point in the creep test of CGI is equal, that is, the minimum creep rate under each test load point, the relative error between the test results and the model prediction results should be minimized, which just avoids the shortcomings of the linear combination method. Therefore, this paper adopted a relatively simple and commonly used linear combination method, and the general expression of its evaluation function was as follows:


            min U  ( x )  =   ∑  i = 1  p    w i   f i   ( x )        x ∈ D ⸦  R n        D :  g u   ( x )  ≥ 0        h v   ( x )  = 0      }   



(6)




where wi is the weighting coefficient, which is used to assign the importance of each objective function, fi(x) is the subobjective function, Rn is an n-dimensional real Euclidean space, and gu(x) and hv(x) are constraints on design parameters.



In this problem, the subobjective function was set as the minimum value function of the relative error between the model predicted value and the experimental value of the minimum creep rate under each test condition. The design parameters were activation energies QA, QB, and QC, stress exponents p, n, and m, and proportionality constants A0, B0, and C0. According to experience, the optimization interval Dj of each design parameter xj was determined, that was, the constraint condition of the design parameter. The objective function constructed in combination with Formula (6) was the following formula:


        minf  i   ( x )  =  w i   |     e i  −  p i   ( x )     e i     |    ,     i = 1 , 2 , … , 11  



(7)






        s . t .                  x j  ∈  D j      ,     j = 1 , 2 , 3 , 4  








where ei is the experimental value of the minimum creep rate, and pi is the predicted value of the creep-constitutive model. The importance of each subobjective function is the same here, so the weight coefficient wi = 1/N, N is the number of data points.



The model parameter values obtained after multiobjective optimization are listed in Table 4. In order to verify the agreement between the model curve and the test data, according to the values in Table 4, the total minimum creep rate was calculated based on Equation (5). The predicted minimum creep rate stress curve of CGI was drawn into the same image as the test point (as shown in Figure 7a), and the comparison of the experimental value and the predicted value with twice the error band was plotted (as shown in Figure 7b). Since the creep time of CGI was very short under some conditions of high temperature and high stress, its minimum creep rate had a high sensitivity to the creep time. There was a certain error in the fitted minimum creep rate, which caused a large gap between the predicted value of individual points and the experimental value. However, in general, the model curve was in good agreement with most of the experimental results, with 73% of the data points within the double error band. The degree of dispersion between the predicted and experimental values was small. Consequently, it has been proved that the DMTS creep model can accurately describe the minimum creep rate of CGI under a wide range of temperatures and stress.



It can be seen that although the method of fitting the parameters of the creep-constitutive model by linear regression had been well used in the literature, the linear regression method was not suitable in the case of a few data points. It would cause one or some parameters to be unreasonable or even unable to fit the parameters so that the model could not accurately express the creep characteristics of CGI. In small samples, the multiobjective optimization method could still obtain more accurate parameters. In addition, by comparing the two methods of obtaining model parameters, it can be seen that the process of obtaining parameters through the multiobjective optimization method was more concise and efficient. As a consequence, the multiobjective and multivariable optimization technique has a certain significance in controlling research costs and improving model accuracy.





4. Conclusions


In this paper, the creep properties of CGI at the temperature of 450~550 °C and the stress level of 100~300 MPa were studied. Using the DMTS creep model, combined with a multiobjective optimization method, the minimum creep rate of CGI was predicted. The main conclusions are as follows:




	
At the temperature of 450~550 °C and the stress level of 100~300 MPa, the creep characteristics of CGI were related to the three factors of test stress, creep time, and test temperature. Compared with stress, the temperature had a greater impact on the creep damage of CGI. Therefore, priority can be given to improving the cooling performance of the engine cylinder head to reduce the temperature load to improve the reliability of the cylinder head and the engine;



	
According to the DMTS model, the creep deformation of CGI was mainly caused by three mechanisms: GBS, IDG, and IDC. At different stress and temperature ranges in this study, creep was dominated by different mechanisms. As a result, according to the application range of CGI, its microstructure can be adjusted reasonably to suppress the dominant creep deformation mechanism in this range, thereby prolonging the service life of CGI;



	
Under a wide range of temperature and stress, the DMTS creep model can reasonably express the minimum creep rate of CGI. Moreover, it has been proved that the multiobjective optimization method can solve the problem where the parameters cannot be fitted by the conventional linear regression method because of the small number of data points, so the method has good engineering practicability.
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Figure 1. Cylinder head after casting and schematic diagram of sampling location. 
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Figure 2. Tensile properties of compacted graphite cast iron (CGI) at 23~550 °C. (a) UTS of CGI as a function of temperature, (b) true stress–strain curves of CGI at 23~550 °C. 
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Figure 3. Schematic diagram of creep test sample size. 
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Figure 4. Microstructure of compacted graphite iron. (a) ×100; (b) ×200. 
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Figure 5. Creep curves of CGI under different test stresses: (a) 450 °C, (b) 500 °C, and (c) 550 °C. 
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Figure 6. The relationship between the minimum creep rate and stress of CGI. 
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Figure 7. Comparison of predicted and experimental values for the minimum creep rate of CGI. (a) Comparison of predicted curves with experimental values, and (b) comparison of predicted and experimental values at twice the error. 
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Table 1. The main chemical composition of compacted graphite cast iron (CGI). WB/%.
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	C
	Si
	Mn
	Cu
	Mo
	Sn
	Fe





	3.9
	1.8
	0.16~0.20
	0.52~0.56
	0.19~0.22
	0.03
	margin
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Table 2. Different load levels for creep tests.
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	Temperature/°C
	Level 1/MPa
	Level 2/MPa
	Level 3/MPa
	Level 4/MPa
	Level 5/MPa





	450
	300
	275
	250
	225
	200



	500
	275
	250
	225
	200
	150



	550
	225
	200
	175
	150
	100
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Table 3. Minimum creep rate under various test conditions.
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Temperature/°C

	
Stress/MPa

	
Minimum Creep Rate/h−1






	
450

	
300

	
2.407 × 10−1




	
275

	
7.855 × 10−3




	
250

	
6.344 × 10−4




	
225

	
2.135 × 10−4




	
200

	
3.4729 × 10−5




	
500

	
275

	
2.6643




	
250

	
3.432 × 10−1




	
225

	
2.097 × 10−2




	
200

	
6.18 × 10−3




	
150

	
9.0978 × 10−5




	
550

	
225

	
3.569 × 10−1




	
200

	
7.1102 × 10−2




	
175

	
7.3234 × 10−3




	
150

	
3.72 × 10−3




	
100

	
1.8968 × 10−4
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Table 4. Parameter values of creep model of CGI under different mechanisms.
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Deformation Mechanism

	
Parameters






	
GBS

	
A0

	
QA

	
p




	
1.8183 × 10−15

	
3.8522 × 105

	
13.48




	
IDG

	
B0

	
QB

	
n




	
5.3853 × 10−33

	
5.0818 × 105

	
27.47




	
IDC

	
C0

	
QC

	
m




	
7.2431 × 10−4

	
2.1537 × 105

	
6.40
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