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Abstract

:

The tensile, creep, fatigue and creep-fatigue tests of the nickel-based superalloy GH4169 were carried out. According to the deformation characteristics of GH4169 alloy, the Ohno-Karim kinematic model (O-K model) can be used to describe the tensile behavior. The creep constitutive model presented in this paper can be used to predict the three-stage creep characteristics of the GH4169 alloy. The modified Ohno-Karim kinematic hardening model, combined with an isotropic hardening model, can well predict the cyclic softening behavior of the material under symmetric loads and the mean stress relaxation behavior under asymmetric loads. Based on the modified Ohno-Karim kinematic hardening model, isotropic hardening model and creep constitutive model, a non-unified constitutive model was established. The creep-fatigue behavior of the GH4169 alloy under symmetric and asymmetric loads is simulated by using the non-unified constitutive model. The simulation results are very close to the experimental results; however, the prediction results of the time-dependent relaxation load are relatively small.
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1. Introduction


The turbine disk is an important part of the aero engine. The grooves of the turbine disk are subjected to asymmetric creep-fatigue loads. Accurate description of the deformation response of materials under asymmetric load is the basis for scientifically predicting the creep-fatigue life of the groove. The deformation responses of the material are more complex under asymmetric loading. It will show not only cyclic softening or cyclic hardening behavior, but also ratcheting and mean stress relaxation behavior. The material will also be subjected to creep loads at high temperatures. The grooves of the turbine disc may contain all of the above deformation behaviors.



Chaboche [1] employed two internal variable equations of the Armstrong-Frederick nonlinear kinematic hardening model (A-F model) [2] and isotropic hardening model to describe the deformation behavior of materials well under symmetric loads. However, this method would lead to excessive ratchet strain under asymmetric loads [3]. Subsequently, Chaboche and Nouailhas [4,5,6,7] analyzed several possible forms of the constitutive equation to reduce the predicted ratcheting without disturbing the tensile plastic flow. It was of great significance that they proposed a kinematic hardening model with thresholds in the dynamic recovery term. Ohno and Wang [8,9] proposed a kinematic hardening model in terms of nonintersecting multisurfaces, called the O-W I model. Ohno and Abdel-Karim [10,11] proposed a new kinematic hardening model called the O-K model, which was developed by furnishing the A-F model with the O-W I model. The O-K model was successful in simulating multiaxial ratcheting and multiaxial cyclic stress relaxation responses.



The creep deformation behavior can be described by the kinematic hardening model with the steady-state recovery term; however, this method can only describe the second stage of creep. With the development of the creep constitutive model, many constitutive models describing the characteristics of three stages of creep have been proposed, such as the θ projection method [12,13,14], Kachanov-Rabotnov model [15,16,17,18,19,20], Wilshire model [21,22,23,24], etc. The description of creep-fatigue behavior can also be realized by the non-unified models, which considered that the inelastic strain can be decomposed into the time-independent plastic strain and creep strain [25,26,27,28]. The parameters of the creep constitutive model can be obtained from the creep tests so that the creep deformation behavior can be better described.



The purpose of this paper is to systematically establish the cyclic constitutive model of nickel-base superalloys GH4169 for turbine discs. The mechanical properties tests of GH4169 were carried out systematically, including the tensile test, creep test, fatigue and creep-fatigue test. The constitutive model established can describe the tensile, creep, fatigue and creep-fatigue behavior of the material and lay a foundation for predicting the life of the turbine disc in the future.




2. Experimental Procedures


2.1. Materials


The nickel-based superalloy GH4169 is commonly used in aero-engine turbine disks. This material has good comprehensive properties at high temperatures. The heat treatment process of this material is as follows: first heated to 720 °C and held for 8 h; subsequently, furnace-cooled at a rate of 50 °C/h to 620 °C and then, held for 8 h; and finally, air-cooled to a room temperature condition. The main chemical components of the GH4169 alloy provided by the manufacturer are shown in Table 1. The metallographic structure of the sample is observed under an optical microscope, as shown in Figure 1. It can be seen from the metallograph that the structure of the GH4169 alloy is uniform and the grain size is about 100 μm, with some twin structures and a small amount of inclusions.




2.2. Tensile Tests and Results


The tensile tests were performed on a Zwick/Roell machine (ZwickRoell Testing Technology Co., Ltd., Shanghai, China). Prior to the test, the samples were heated to the test temperature of 600 °C with an environmental box and held for half an hour to ensure the uniform temperature inside the samples. The gauge length of the sample is set to 25 mm according to the extensometer and the deformation of the sample is monitored throughout the tensile process.



The tensile test results are an important reference for the formulation of the creep, fatigue and creep-fatigue tests. The description of tensile behavior is the basis of other tests. Three strain rates of 5 × 10−4/s, 2 × 10−3/s and 1 × 10−2/s were used for the tensile tests. The engineering stress-engineering strain curves obtained from quasi-static tensile tests at different strain rates are shown in Figure 2. The curves of the same strain rate almost coincide. The curves of all the strain rates show unstable plastic flow as serrations in varying degrees. It is the typical Portevin Le Chatelier (PLC) effect. The most commonly accepted explanation for the phenomenon of the PLC effect is based on a model called dynamic strain ageing (DSA), which is defined as the interaction between the moving dislocations and diffusing solute atoms [29,30]. It also leads to the phenomenon that the tensile curve with the smallest strain rate (5 × 10−4/s) will have the greatest stress under the same strain. The stress–strain curve exhibits a negative strain rate sensitivity. The behavior of the negative strain rate sensitivity cannot be described by the viscoplastic model. The curves of the strain rate 1 × 10−2/s and 2 × 10−3/s are very close, as shown in Figure 2d. The tensile strain rates of the fatigue and creep-fatigue tests are between 2 × 10−3/s and 1 × 10−2/s in this paper. Therefore, the total strain rate can be divided into three parts without considering the effect of viscoplasticity:


   ε ˙  =   ε ˙  e  +   ε ˙  p  +   ε ˙  c   



(1)




where     ε ˙  e    is the elastic strain rate,     ε ˙  p    is the plastic strain rate and     ε ˙  c    is the creep strain rate.




2.3. Creep Tests and Results


The creep tests were performed on the creep testing machine Qianbang QBR-100 (Changchun Qianbang Test Equipment Co., Ltd., Changchun, China). The samples were heated to the test temperature and held for 1 h to ensure the uniform temperature inside the samples prior to the test. The temperature control system of the testing machine guarantees temperature fluctuation less than 2 °C and the load control system enables the applied load error not to exceed 0.5%.



The creep testing loads can be roughly determined according to the tensile strength of the material. The test time of creep test is generally long and the ultimate tensile strength is the maximum value that the creep test load can achieve. In this paper, 80% of the ultimate tensile strength is selected as the maximum load of the creep test at 600 °C and then, the load is gradually reduced. At the same time, to verify the generality of the creep constitutive model proposed later, this paper also supplemented the creep tests at 650 °C. Considering that the tests at 650 °C are only confirmatory, the maximum life is controlled within 350 h.



The creep curve generally shows the characteristics of three stages of creep. The primary stage is characterized by the gradual decline of the creep strain rate, with the increase in creep time at a short time. When the creep strain rate decreases to the minimum value, it indicates the beginning of the second stage of creep. The creep strain rate is nearly constant at the second stage. When the creep strain rate reaches 2 times of the minimum strain rate, it indicates the beginning of the accelerated creep stage [31]. It can be seen from Figure 3 that the creep curve of the GH4169 alloy is mainly composed of the second and accelerated creep stage. The primary stage of creep is relatively insignificant and the creep time of the first stage accounts for less than 10% of the total life. The second stage of creep occupies the main time of creep, accounting for more than 60%. The deformation of the accelerated creep stage is the largest, accounting for more than 60% of the total creep deformation. The creep fracture strain is also called creep ductility. The creep ductility of 865 MPa and 825 MPa are obviously greater than that of other loads. Perhaps due to the small number of tests, there is no obvious law for the change of the ductility with stress in this paper.




2.4. Fatigue and Creep-Fatigue Tests and Results


The fatigue and creep-fatigue tests were carried out on an Instron fatigue testing machine (Instron Corp., Norwood, MA, USA). The samples were held for over half an hour at the test temperature and the temperature-controlling errors of the test section are less than 2 °C.



Materials will exhibit cyclic softening or hardening under symmetric cyclic loading. The GH4169 alloy is a kind of cyclic softening material. The hysteresis loops of the first 10 cycles under uniaxial strain-controlled cyclic with a constant strain amplitude    ε a  = 1.0 %   are shown in Figure 4. The peak stress decreases with the number of cycles. The yield point, which is defined as the boundary point between elasticity and plasticity, decreases with the increasing number of cycles. The yield radius decreases with the increasing number of cycles in essence. This phenomenon of the softening or hardening of materials can be described by an isotropic hardening model.



Due to the cyclic softening effect of materials, the stress amplitude decreases with the number of cycles, as shown in Figure 5. The stress amplitude can be divided into three stages: the amplitude in the first stage decreases rapidly; the amplitude in the second stage decreases steadily; and the material in the third stage tends to show severe softening effects, and the stress amplitude drops sharply until fracture. This is caused by the crack on the sample surface and the reduction of the net-bearing area.



The material shows a mean stress relaxation under the strain-controlled asymmetric load. The average stress relaxation curve is similar to the cyclic softening curve, which also has three stages, as shown in Figure 6.



The material exhibits not only cyclic softening and mean stress relaxation, but also time-dependent stress relaxation behavior under the strain-controlled creep-fatigue load, as shown in Figure 7a. The stress relaxation behavior has little influence on the cyclic softening behavior, as shown in Figure 7b.





3. Constitutive Model and Simulation Results of Experiments


3.1. Simulation Results of Tensile Experiments


The tensile behavior can be described by a nonlinear kinematic hardening model. The O-K model is employed to describe the mean stress relaxation behavior. In order to better describe the movement of the yield surface, Chaboche decomposed the back stress into several terms and made each term follow the O-K model:


    α ˙   =   ∑  i = 1  M      α ˙   i     



(2)







The O-K model can be expressed as:


     α ˙   i  =  ζ i   r i   [   2 3     ε ˙   p  −  μ i      α  i     r i     p ˙  − H (  f i  )  〈     λ i   ·   〉      α  i     r i     ]   



(3)






    λ ˙  i  =     α  i     r i    :    ε ˙   p  −  μ i   p ˙   



(4)




where H denotes the Heaviside step function;    〈  〉    is the Macauley bracket; ζi, ri and μi (0 ≤ μi ≤ 1) are material parameters. The parameter μi can control ratcheting strain and mean stress with the increasing number of cycles. In this paper, it is assumed that each component of μi is equal to a fixed value μ. The O-K model is reduced to the O-W Ⅰ and A-F models when μ = 0 and μ = 1, respectively. The fitting methods of different models are different.



When μ = 0, under the one-dimensional stress state, stress can be written as


  σ =  σ  y 0   +   ∑  i = 1  M    r i   [  1 −  〈  1 −  ζ i  p  〉   ]     



(5)







When 0 < μ < 1, under the one-dimensional stress state, stress can be written as


  σ =  σ  y 0   +   ∑  i = 1  M    r i   [  1 −  〈  1 −   1 − exp ( −  ζ i  μ p )  μ   〉   ]     



(6)







When μ = 1, under one-dimensional stress state, stress can be written as


  σ =  σ  y 0   +   ∑  i = 1  M    r i   [  1 − exp  (  −  ζ i  p  )   ]     



(7)




where p is equivalent plastic strain.



Formulas (5) and (6) are piecewise expressions. M is the number of segments. Theoretically, the more segments there are, the more accurate the simulation result will be. In a comprehensive consideration, M = 20 is selected in this paper. The selected 20 data points are shown in Figure 8.



Parameter fitting of the A-F model is relatively simple. Formula (7) can be directly fitted according to the data. The A-F kinematic equations are generally given by the superposition of three rules; that is, M = 3. The first rule describes the nonlinear behavior for the moderate plastic strains. The second one gives the nonlinearity for the very small strains, in the transition regime between elasticity and plasticity. The third kinematic rule is used to describe the approximately constant tangent stiffness for large strains. The fitting results of the A-F model are shown in Figure 9.



Simulation results of tensile tests with different μ values are shown in Figure 10. The value of μ has little effect on the tensile simulation results. When the values are within a small range (0 ≤ μi ≤ 0.1), the values of ζi, and ri do not change much.




3.2. Simulation Results of Creep Tests


The relationship between creep strain and creep time is shown in Figure 11a. The creep strain rate remains constant during the second stage. The creep strain rate of the second stage is the minimum creep strain rate. The relationship between the creep strain rate and normalized creep time is shown in Figure 11b. The creep strain rate first decreases rapidly to the minimum value with time, indicating the beginning of the second stage of creep. When the creep strain rate reaches twice of the minimum creep strain rate, it indicates the beginning of the third stage of creep. The minimum creep strain rate plays an important role in the creep curve. The creep constitutive model is written in the form of minimum creep strain rate:


   ε c  =   c ′  1   (  1 −  e  −   c ′  2    ε ˙  m    c ′  3    t    )  +   ε ˙  m  t +   c ′  4   (   e    c ′  5    ε ˙  m    c ′  6    t   − 1  )   



(8)







The first term represents the primary stage of creep, reflecting that creep strain increases to the critical value c1’ with time. The second term represents the second stage of creep and reflects the linear change of the creep strain with time. The third term represents the third stage of creep, reflecting that the creep strain increases exponentially with time.



In fact, there is a certain relationship between c1’ and creep stress; provided that the linear curve of the second stage of creep is extended to intersect with the ordinate, as shown in Figure 11a. Set the intersection as εit, which is called the intercept strain. It can be derived from Equation (8):


   ε  i t   ≈   c ′  1   



(9)







If intercept strains are extracted from all the creep strain curves, it can be found that the intercept strain has a linear relationship with the nominal stress in logarithmic coordinates, as shown in Figure 12. Therefore, it can be expressed as:


    c ′  1  =  b 2   σ   b 1     



(10)







The constitutive model of the second stage of creep is commonly described in Norton form and the minimum creep strain rate can be expressed as:


    ε ˙  m  =  C 2   σ   n 2     



(11)







If Equations (10) and (11) are substituted into Equation (8), the coefficients can be sorted out and combined to obtain the following expression:


   ε c  =  c 1   σ   b 1     (  1 −  e  −  C 1   σ   n 1    t    )  +  C 2   σ   n 2    t +  c 2   (   e   C 3   σ   n 3    t   − 1  )   



(12)




where c1, c2, b1, C1, n1, C2, n2, C3 and n3 are material constants.



In the form of Equation (12), the creep test results of a typical sample are taken for fitting; for example, a typical creep curve at 600 °C and 865 MPa, of which the fitting results are shown in Figure 13. The test values coincide completely with the calculated curve and the three-stage characteristics of the fitted curve can be clearly seen.



The three-stage creep constitutive model of Equation (12) was adopted to fit all the creep test results of the nickel-based superalloy GH4169 at 600 °C and 650 °C, as shown in Figure 14; and the parameters are shown in Table 2. The experimental results almost coincide with the fitting results, which shows the practicability of the method.




3.3. Simulation of Fatigue and Creep-Fatigue Tests


Materials tend to exhibit cyclic softening or hardening behavior under symmetric loading, which can be described by an isotropic hardening model. The GH4169 material is a typical cyclic softening material. The cyclic softening process includes three parts. The third part is the rapid crack propagation leading to the rapid curve decline, which is not a characteristic of the material itself. Therefore, the nonlinear isotropic hardening model can be expressed as:


   σ y  =  σ  y 0   +  R 0  p +  R ∞  ( 1 −  e  − b p   )  



(13)




where σy0 is the initial yield stress. R0, R∞ and b are material parameters.



To identify the isotropic hardening parameters R0, R∞ and b in Equation (13), parametric sensitivity studies are carried out through uniaxial strain-controlled cyclic simulations with the combined O-K model. The results of the sensitivity studies are shown in Figure 15. The parameter R0 controls the slope of the stable stage of the curve as shown in Figure 15a. The parameter R∞ controls the softening strength at the stabilized cycles as shown in Figure 15b and the parameter b controls the softening rate at the early stage of cyclic behavior as shown in Figure 15c.



The comparison between fitting results and test data is shown in Figure 16, and the specific parameters are shown in Table 3. The predicted cyclic softening behavior of the GH4169 alloy is in very good agreement with those of the tests for each cycle.



In the simulation of uniaxial ratcheting, the sensitivity studies of the O-K kinematic hardening parameter μ are carried out through uniaxial strain-controlled asymmetrical cyclic simulations with the combined isotropic hardening model, as mentioned earlier as shown in Figure 17. The parameter μ controls the mean stress relaxation rate. A larger value of μ leads to a larger mean stress relaxation. No matter what the μ value is, the simulation results do not agree with the experimental results.



In view of the above problems, referring to the equation of isotropic hardening, nonlinear terms are added to meet the initial stress relaxation behavior, and the new form of parameters μ is proposed:


  μ =  μ 0  −  C 1   (  1 −  e  −  C 2  p    )   



(14)




where μ0, C1 and C2 are material parameters. The simulation results are shown in Figure 18 and the material parameters are shown in Table 4.



The modified O-K model and isotropic hardening model can well describe the fatigue behavior of GH4169 under asymmetric loading, and the creep constitutive model proposed in this paper can well describe the creep behavior of GH4169. Therefore, a non-unified constitutive model can be established to describe the creep-fatigue behavior of GH4169. The simulation results are shown in Figure 19. Generally speaking, the simulation results are close to the test results; however, the amount of stress relaxation in the strain-holding phase is significantly smaller than the test results.





4. Conclusions


In this paper, the tensile, creep, fatigue and creep-fatigue tests of the GH4169 alloy were carried out. The results show that the GH4169 alloy exhibits a PLC effect under a certain tensile strain rate. The tensile strain rate has little effect on the tensile curve. The creep curve of the GH4169 material is a typical three-stage creep curve. The GH4169 alloy exhibits cyclic softening under symmetric cyclic loading and a mean stress relaxation under asymmetric cyclic loading.



According to the test results, the deformation behavior of the GH4169 material was simulated. The O-K model can well describe the tensile behavior of the GH4169 material. The creep constitutive model presented in this paper can be used to predict the three-stage creep characteristics of the material. To better describe the mean stress relaxation behavior, the parameter μ is modified with reference to the isotropic hardening expression. The modified O-K kinematic hardening model and isotropic hardening model can well predict the cyclic softening behavior of the material under symmetric loads and the mean stress relaxation behavior under asymmetric loads. Finally, the creep-fatigue behavior of the GH4169 material under symmetric and asymmetric loads is analyzed by using the non-unified constitutive model of the elastoplastic model (modified O-K model and isotropic model), coupled with the creep model. The simulation results are very close to the experimental results; however, the predicted stress relaxation in the strain-holding stage is smaller than the test results.
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Figure 1. Metallographic structure of GH4169. 
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Figure 2. Tensile test results at different strain rates: (a) 2 × 103/s; (b) 1 × 10−2/s; (c) 5 × 10−4/s; (d) 2 × 10−3/s and 1 × 10−2/s. 
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Figure 3. Creep strain–time curves of the GH4169 alloy at different temperatures: (a) 600 °C; (b) 650 °C. 
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Figure 4. The hysteresis loops of the first 10 cycles. 
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Figure 5. Results of cyclic softening characteristic test of GH4169 alloy. 
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Figure 6. Results of mean stress relaxation characteristic test of GH4169 alloy. 
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Figure 7. Stress relaxation behavior: (a) cyclic curve of stress relaxation at different holding times; (b) stress amplitude at different holding times. 
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Figure 8. Selected points for parameter fitting. 
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Figure 9. Outcomes of A-F model fitting. 
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Figure 10. Simulation results of different μ values. 
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Figure 11. Typical creep curves: (a) creep strain–time curve; (b) creep strain rate–normalized creep time curve. 
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Figure 12. Relationship between intercept strain and stress: (a) at 600 °C; (b) at 650 °C. 
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Figure 13. Simulation result of the creep test at 600 °C and 865 MPa. 






Figure 13. Simulation result of the creep test at 600 °C and 865 MPa.



[image: Metals 12 01868 g013]







[image: Metals 12 01868 g014 550] 





Figure 14. Simulation results of creep tests at different temperatures: (a) at 600 °C; (b) at 650 °C. 
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Figure 15. Results of sensitivity analysis for isotropic softening parameters: (a) R0; (b) R∞; (c) b. 
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Figure 16. Comparison of symmetric cyclic behavior between tests and simulations: (a) εa = 1.0%; (b) εa = 0.71%; (c) the 200th cycle; (d) the 500th cycle. 
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Figure 17. Results of sensitivity analysis for parameter μ. 
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Figure 18. Comparison of stress relaxation behavior between tests and simulations: (a) εmax = 1.0%; (b) εmax = 1.2%; (c) the 100th cycle; (d) the 500th cycle. 
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Figure 19. Comparison of creep-fatigue behavior between tests and simulations: (a) the 100th cycle; (b) the 500th cycle; (c) partial enlargement; (d) the 300th cycle. 
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Table 1. Chemical components of GH4169 alloy.
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	Element
	Nb + Ta
	Mo
	Cr
	Ni
	Ti
	Fe
	Al
	C
	Si





	Wt%
	5.04
	3.12
	19.70
	51.70
	1.01
	—
	0.42
	0.039
	0.15










[image: Table] 





Table 2. The parameters of creep model at 600 °C.
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	c1
	c2
	b1
	C1
	n1
	C2
	n2
	C3
	n3





	1.0776 × 10−8
	5.8129
	2.8489
	5.5468 × 10−17
	3.3655
	1.2997 × 10−13
	2.2323
	2.7304 × 10−21
	4.7467
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Table 3. The parameters of isotropic hardening model.
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	σy0
	R0
	R∞
	b





	630
	−8
	−195
	4
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Table 4. The parameters of modified O-K model.






Table 4. The parameters of modified O-K model.





	μ0
	C1
	C2





	0.05
	0.0475
	5
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