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Abstract

:

Residual stresses (RS) in hot forging severely degrade the machining accuracy and stability of super alloy parts. This is the main reason for deformation during subsequent mechanical machining. RS need recognition, as well as the microstructure and properties achieved by forging. In this study, a simulation and experimental research on the single-pass compression of GH4169 are presented. RS variations with forging temperature, loading speed, and cooling speed are established by finite element (FE) simulation. Based on the FE results, an experiment is conducted at a temperature of 1020    ℃  , loading speed of 25 mm/s, and press amount of 16 mm, immediately followed by water cooling. A new layer-stripping method is put forward for the high-efficiency measurement and correction of interior RS. Compared with the traditional strain gauge layer-stripping method, the measurement efficiency of the new layer-stripping method is increased by 10 times. Meanwhile, grain photographs are collected and grain size evolution is summarized; thus, the RS is characterized and evaluated from the angle of grains. It is demonstrated that the RS level rises with the increase in forging temperature, loading speed, and cooling speed, while the cooling method influences both the stress value and distribution. Compressive RS changes to tensile, while the average grain size reduces from the surfaces to the center. In the compressive regions, stress values share the same rules as grain size, while, in the tensile regions, they are contrary. The RS levels are divided according to the grain degree standard. According to the residual stress and grain distribution law of the blank, the optimal position of the part in the blank can be determined. Compared with the center position of the part in the blank, the residual stress of the part is reduced by 70%. The results provide useful strategies for the better design of forging technology, qualification examinations, and subsequent mechanical machining.
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1. Introduction


Nickel-based super alloy GH4169 (GB/T14992) has achieved widespread use in the aerospace industry due to the specific high strength and antioxidant property at high temperatures. It is the critical material in the manufacturing of thermal parts of aeroengines, such as turbine disks, blades, and cartridge receivers [1]. These parts are usually employed in extreme situations; thus, there are strict requirements regarding their qualities and mechanical properties. Forging is the main approach to obtain such semi-finished products of aeroengine hot sections. The GH4169 super alloy is sensitive to hot forging as problems such as coarse grains can easily occur. However, research by Brand et al. [2] suggested that the grain coarseness of GH4169 cannot be eliminated by recrystallization during heat treatment. The grain size must be controlled during hot forming; therefore, the forging technology becomes significant and is associated with many challenges. After the thermal and mechanical cycles of heating, holding, and deforming [3], GH4169 forging achieves the desired microstructure and ultrasonic qualities, which guarantee their behavior in-service. At the same time, the coarsening behavior of the strengthening phase does not occur under the guarantee of immediate quenching [4]. Hot forging is a dynamic event with complex nonuniform temperature distribution as well as elastic and plastic deformation [5], but, unfortunately, the control of simultaneous RS with large gradients is difficult to realize. Research [6,7] shows that the magnitude of RS in GH4169 forged disks after quenching is over 400 MPa, and it is difficult to release fully by annealing and aging. RS release is a potential danger as it may degrade the accuracy and stability of the parts. It also causes severe machining deformation with the removal of materials. Overall, qualified forgings should meet the following requirements: uniform and low-level RS, as well as homogeneous and refined grains.



The parameters of hot forging are important as they directly affect the behavior of RS and grains. Wallis et al. [8] analyzed the influences of forging temperature and cooling rate on RS by the finite element method (FEM). They carried out the work in two different conditions, oil cooling and air cooling, and pointed out that the cooling rate is the key factor for microstructure stability and RS control. Cihak et al. [9] collected data on the interior RS of forged turbine disks produced from Inconel 718 with the neutron diffraction method. They compared the results under water-cooling conditions with those achieved by FEM and concluded that the forging parameters will change the state of RS. Marcelin [10] optimized the cooling conditions of hot-rolled beams with genetic algorithms and neural networks, and a cooling regime was found to minimize the RS. Ameli et al. [11] revealed the effects of parameters on RS, including the geometries of the workpiece and die, workpiece motions, and the percentage of deformation in cold radial forging. Chen et al. [12] performed hot compression tests of GH4169 and summarized the effects of the deformation degree, strain rate, and temperature on dynamic recrystallized grains. Azarbarmas et al. [13] revealed the dynamic recrystallization (DRX) of Inconel 718 with optical methods and EBSD images. They also proposed a constitutive equation for modeling and predicting the peak stress. The model identified that values of RS related only to the strain rate and temperature. Loyda et al. [14] used a numerical model to evaluate grain size during rotary forging with three temperatures. The study explored the influence of forging on microstructure evolution; thus, a homogenous and refined grain size could be obtained. Li et al. [15] set up a calculation model of RS during hot stamping that could precisely describe the stress distribution. Xu et al. [16] focused their research on forged plate parts of Inconel 718 and proved that changes in RS in the axial direction were similar to the dislocation density. They compared the stress results under different forging methods with both neutron diffraction and X-ray diffraction. They also showed differences in measuring methods. Therefore, the forging temperature, loading speed, and cooling speed are critical for hot forging and exert various degrees of impact on the value and distribution of RS.



In fact, the mechanical properties of GH4169 are sensitive to grain size, which is altered by the forging temperature and strain rate [17]. Many researchers have discussed the microstructure evolution of GH4169 during hot forming from the perspectives of theoretical analysis and numerical simulation. They concentrated on the specific forming process and proposed ideal prediction models. Ma et al. [18] predicted the variations in flow stress and grain size in the multistage heavy forging of Inconel 718. They built microstructure models considering both the strain hardening effect and dynamic softening effect. Such models can be used to optimize the processing parameters to obtain the desired parts. Toro et al. [19] designed a fuzzy inference system to predict the grain size of Inconel 718 after upset forging considering the reduction rate and temperature. Berti et al. [20] developed a set of equations to predict microstructure and geometry evolution. They provided guidance for the rolling of parts on different scales. Wang et al. [21] developed compression tests of Inconel 718 cylindrical specimens with different types of grain size distribution. Results showed that a homogeneous microstructure with fine grains could be obtained at a low temperature and slow strain rates. Zhu et al. [22] studied the grain structure evolution during the forging of GH4169 by FE simulation. They proposed a DRX model and pointed out that the evolution mechanism under several stages is different. Investigations should be carried out based on a specific process. Tang et al. [23] presented an internal state variable material model that can be used to predict the flow behavior during the dynamic regime. They also modeled the microstructure evolution of nickel-based super alloys based on the experimental results [24]. A set of unified constitutive equations were proposed and further used to analyze the microstructure evolution with the overall flow stress. Results indicated that thermal stress varied only with deformation temperature and strain rate, while the stress distribution changed with the grain size evolution. Zhbankov et al. [25] proposed new forging schemes with rational parameters, which provide uniform distribution of grain size. Due to the fact that there is no phase transformation in nickel-based super alloy during high-temperature deformation, DRX was the only way to control the grain size [26]. The synthetic study of grain size and RS control can be carried out during single forging.



In this paper, simulations and experimental research on single-pass compression are presented with a press amount of 16 mm. At first, RS variations with forging temperature, loading speed, and cooling speed are established by FE simulations. The findings provide further support for optimizing the forging parameters to reduce stress levels. Then, a compressing experiment is conducted at a temperature of 1020 °C and loading speed of 25 mm/s. This is immediately followed by water cooling. Based on the experiment, RS tests and strain photographs are assessed in the forging direction. A new layer-stripping method is put forward to obtain the RS distributions. The method is unique as it not only improves the measuring range and resolution, but it also compensates for the error induced by layer stripping. Finally, the simulation and test results of RS are compared and analyzed according to the effective strain and temperature chart of the part. The grain size evolution is summarized too. Combining the trends of RS and grain size, the optimum workpiece machining sequence and position can be realized.




2. Materials and Methods


2.1. Details of Forging Process


Table 1 shows the chemical composition and mechanical properties at room temperature of the studied GH4169 super alloy. Specimens with the geometric dimensions of   ∅ 36    mm  × 110    mm    were machined by cold drawing, solid solution, and polish treatment. The microstructures of the specimens before compression are shown in Figure 1.



The single-pass compression was performed in Forging Machine DP-C41L13 at a forging temperature of 1020 °C, loading speed of 25 mm/s, and press amount of 16 mm. The depth of the compressed specimen was 20 mm and it was water-cooled immediately. The specimen shapes before and after forging are shown in Figure 2.




2.2. Measurement Method of Residual Stresses


A measurement method of RS with high accuracy and efficiency is essential in experimental investigations. The blank initial residual stress measuring range is required to be more than 10 mm. The layer-stripping method is a traditional method to measure the residual stress profile of the blank. The traditional layer-stripping method to measure the residual stress needs to remove a layer of material and attach a strain gauge, which takes around 1.5 h. Moreover, the traditional layer-stripping method is inevitably limited by material removal, including the low precision and resolution caused by excessive removal thickness, and the interferences of stripping-induced RS when the removal thickness is small. The traditional layer-stripping method obtains the residual stress through the strain gauge, and the measurement accuracy of the residual stress depends on the measurement accuracy of the strain gauge, which is generally around 50 MPa [27,28]. The stress state is difficult to precisely describe. The proposed new layer-stripping method combines the PRISM and layer-stripping method. The PRISM (Stresstech Oy, Jyväskylä, Finland) is a specialized piece of equipment for RS measurement combining the laser interference technique and hole drilling method, as pictured in Figure 3. Its maximum measurement depth was 2 mm. The measurement accuracy was 7 MPa. The RS depth profile was measured via incremental drilling. First, a small hole was drilled into the part’s surface, the RS relaxation resulting in a tiny surface deformation. Afterwards, this deformation was measured by electronic speckle pattern interferometry [29,30,31,32]. The proposed new method measures residual stress for around 5–10 min at a time. Furthermore, measuring results will be corrected considering the stress redistribution caused by layer stripping.



Surface RS within 2 mm can be measured precisely every 0.2 mm by the PRISM and the first measured layer of 2 mm will then be removed. RS on the second layer (new surface layer) of 2 mm will be measured and then the second measured layer is removed. Removing the measured layer successively, the following layer can then be measured, and the cycle makes the deep layers measurable. It can be seen from the forging simulation results that, during the forging process, the boundary conditions, such as the load, restraint, and temperature of the part, are all symmetrical around the middle of the part, and the stress–strain distribution state of the part after forging is also symmetrically distributed along the symmetry plane. Therefore, only half of the specimen is depicted [33]. The half of the specimen, which is 10 mm in thickness, is divided into 5 layers uniformly and measured. The layer-stripping process is performed by wire-electrode cutting. The measuring process and regions are shown in Figure 4, where region C occupies the geometric center of the specimen.



Figure 5 shows the stress redistribution and corresponding deformation after removing the first layer. Suppose that the material thickness is    h 0    and it is evenly divided into  n  layers. Symbol  t  represents the thickness of each layer. Symbol    h i    equals the thickness of the rest of the material after layer  i  is removed. Symbol  l  represents the dimensions of length and width. Each time a layer is removed, it will produce new stresses in the rest of the material to reach a stress balance. Symbols    σ  x i     and    σ  y i     respectively represent the blank initial residual stress in the directions of X and Y in layer  i  before removal; symbols    M  x i     and    M  y i     represent the corresponding moments. Symbols    S  x i     and    S  y i     represent the measured residual stress in layer  i  with PRISM. Symbols    σ  x   i , j       and    σ  y   i , j       represent the new stress balance in layer  j  caused by the removal of layer  i . Symbols    σ  x i     ′    and    σ  y i     ′    represent the resultant stress before the rest of the material of the part reaches the new stress balance again, after layer  i  is removed, and symbols    M  x i     ′    and    M  y i     ′    represent the corresponding moments.



Taking the first layer stripping as an example, there is a linear correlativity between the new stress balance and the thickness of the rest of the material.


         σ  x 1    z  =    σ  x   1 , 2     −  σ  x   1 , n        h 1    z +  σ  x   1 , n            σ  y 1    z  =    σ  y   1 , 2     −  σ  y   1 , n        h 1    z +  σ  y   1 , n            



(1)




where    σ  x 1    z    and    σ  y 1    z    represent the new stress balance after layer  i  is removed. Thus, the corresponding net moments    M  x 1     ′    and    M  y 1     ′    can be described as


         M  x 1     ′  =   ∫  0   h 1     σ  x 1    z  · l · z  d z  =  1 3  ·    σ  x   1 , 2     −  σ  x   1 , n        h 1    · l ·  h 1    3  +  1 2  ·  σ  x   1 , n     · l ·  h 1    2         M  y 1     ′  =   ∫  0   h 1     σ  y 1    z  · l · z  d z  =  1 3  ·    σ  y   1 , 2     −  σ  y   1 , n        h 1    · l ·  h 1    3  +  1 2  ·  σ  y   1 , n     · l ·  h 1    2         



(2)







Considering the equilibrium conditions of stress and moment, there are equality relations before and after removal.


         σ  x 1   = −   ∑  i = 2  n    σ  x i   =  σ  x 1     ′         σ  y 1   = −   ∑  i = 2  n    σ  y i   =  σ  y 1     ′         M  x 1   = −   ∑  i = 2  n    M  x i   =  M  x 1     ′         M  y 1   = −   ∑  i = 2  n    M  y i   =  M  y 1     ′         



(3)




where the elements can be calculated as


         M  x 1   =  σ  x 1   · l · t    h 0  −  t 2           M  y 1   =  σ  y 1   · l · t    h 0  −  t 2           



(4)






         σ  x 1     ′  =    h 1    2 t      σ  x   1 , 2     +  σ  x   1 , n              σ  y 1     ′  =    h 1    2 t      σ  y   1 , 2     +  σ  y   1 , n              



(5)







According to Equations (3)–(5),    σ  x   1 , 2       and    σ  y   1 , 2       can be calculated as


         σ  x   1 , 2     = −   2 t    h 1    2    ·   3    h 0  −  t 2    −  h 1    ·  σ  x 1          σ  y   1 , 2     = −   2 t    h 1    2    ·   3    h 0  −  t 2    −  h 1    ·  σ  y 1          



(6)




where    σ  x 1   =  S  x 1     and    σ  y 1   =  S  y 1     can be measured by PRISM. The initial RS in layer 2 can be corrected as


         σ  x 2   =  S  x 2   −  σ  x   1 , 2            σ  y 2   =  S  y 2   −  σ  y   1 , 2            



(7)







Then, layer 2 will be removed, and the calculated results of    σ  x 2     and    σ  y 2     can be used as the known condition. Similarly, the results obtained by PRISM can be corrected successively. It is noted that the new stress balances overlap with the increase in layer-stripping times. For convenience of calculation, Equation (1) can be rewritten as


         σ  x   1 , j     =    σ  x   1 , 2     −  σ  x   1 , n        h 1    ·    h 0  − j · t +  t 2    +  σ  x   1 , n            σ  y   1 , j     =    σ  y   1 , 2     −  σ  y   1 , n        h 1    ·    h 0  − j · t +  t 2    +  σ  y   1 , n            



(8)




where    σ  x   1 , n       and    σ  y   1 , n       can be calculated based on Equation (5):


         σ  x   1 , n     =   6 t    h 1    2       h 0  −  t 2    ·  σ  x 1          σ  y   1 , n     =   6 t    h 1    2       h 0  −  t 2    ·  σ  y 1          



(9)







This can be adapted to the general cases as follows:


         σ  x   i , j     =    σ  x   i , i + 1     −  σ  x   i , n        h i    ·    h 0  − j · t +  t 2    +  σ  x   i , n            σ  y   i , j     =    σ  y   i , i + 1     −  σ  y   i , n        h i    ·    h 0  − j · t +  t 2    +  σ  y   i , n            



(10)






         σ  x i   =  S  x i   −   ∑  m = 1   i − 1     σ  x   m , i            σ  y i   =  S  y i   −   ∑  m = 1   i − 1     σ  y   m , i            



(11)







The traditional layer-stripping method uses the strain gauge to monitor deformation and further compute the RS. Compared with the traditional strain gauge layer-stripping method, the measurement efficiency of the new layer-stripping method is increased by 10 times. To further confirm the accuracy of PRISM, deformation of the first removed layer is calculated by the measuring results based on the theory reported by Wang et al. [34]. It can be seen in Figure 6 that the analytical results match well with the reality. The maximum values of deformation are 1.16 mm and 0.93 mm, respectively, and the error is around 20%. It is confirmed that the PRISM is reliable.





3. Simulations of Residual Stresses with Different Parameters


The finite element software used for the forging simulation was DEFORM. The forging simulation model is shown in in Figure 7. The friction coefficient between the part and the mold was 0.2 [35]. Forging dies were set at room temperature. The Young’s modulus of GH4169 was 204 GPa and Poisson’s ratio was 0.30. Considering the symmetrical conditions of geometry, loads, and constraint, the simulation model contained only one-eighth of the specimen to reduce the running time and memory space. The element style was tetrahedrons with high versatility and the total amount was 54,000. The sparse solver and the Newton–Raphson function were adopted.



The variables consisted of the cooling method, forging temperature, and loading speed. Firstly, three cooling methods, namely air cooling, oil cooling, and water cooling, were chosen to simulate the forged models obtained at the forging temperature of 1020 and loading speed of 25 mm/s. The convective heat transfer coefficient curves used in the FE simulations based on data in [36] are presented in Figure 8. Secondly, the loading speed of 25 mm/s was fixed, and models at different forging temperatures, 950 °C, 1020 °C, 1040 °C, and 1100 °C, were investigated. All the models were water-cooled immediately after compression. Thirdly, at the forging temperature of 1020 °C, models were compressed at a loading speed of 5 mm/s, 25 mm/s, 50 mm/s, and 100 mm/s, followed by water cooling. The effective stresses with various parameters were extracted and contrasted. The flow stress constitutive model used in the FE simulations is as follows:


   ε ˙  = A     s i n h   α σ      n  e x p   −  Q  R T      



(12)




where   ε ˙   denotes the strain rate (   s  − 1    ),  σ  denotes the flow stress (MPa), and T denotes the deformation temperature (T). Q indicates the hot deformation activation energy (J/mol), and R indicates the gas constant (J/(mol∙K)). A, n, and  α  are temperature-independent constants. They respectively represent the structural factor, the stress exponent, and the stress scale parameter. Table 2 lists the value of each parameter.



The simulation results of effective stress focused on the factors of cooling method, forging temperature, and loading speed are shown in Figure 9, Figure 10 and Figure 11 respectively. There are protrusions at the edge of the part in the forging simulation. The main reasons for this phenomenon are as follows. Firstly, the upper and lower surfaces of the part are in contact with the forging tool during the forging process. The contact surface has a large friction force, so that the closer to the upper and lower surfaces, the greater the flow resistance of the material. However, the material in the middle of the part can flow freely, so drums form at the edges of the part. Secondly, the upper and lower surfaces of the part are in contact with the forging tools, and the heat transfer coefficient is large, which causes the temperature of the upper and lower surfaces of the part to cool rapidly. The lower the temperature is, the greater the deformation resistance is, so the closer the upper and lower surfaces are, the more difficult it is to deform.



As seen in Figure 9, both the value and distribution of RS are strongly influenced by the cooling method. It is mainly caused by the differences in the convective heat transfer coefficient. Under the condition of air cooling, the coefficient continues to near-linearly increase with temperature, and the value appearing at the peak temperature of 1020 °C is approximately 150   W /    m 2  · ℃    . In this case, it maintains a relatively low stress level. The stresses are evenly distributed, with values lower than 200 MPa. Stresses over 300 MPa appear on the edge of the model and this has a minor effect on the whole part. The convective heat transfer coefficient increases nearly 100 times under the water-cooling condition; the maximum stress value increases significantly from 329.7 MPa to 528 Mpa, and the growth rate is around 60%. Regions with a stress level over 300 MPa are dominant. The enlarged convective heat transfer coefficient directly induces the increasing temperature gradient during cooling, which consequently changes the distribution of RS [37]. It is concluded that cooling methods with a small convective heat transfer coefficient are recommended to obtain forging pieces with low RS.



It can be seen from Figure 10 that discrepancies in RS induced by forging temperatures are mainly reflected in the values. At the temperature range of 950 °C to 1100 °C, the peak value changes from 519.3 MPa to 544.9 MPa. The raising temperature does increase the stress value as the amplification can be observed in the charts, but the extent is almost negligible.



Figure 11 shows the stress results with different loading speeds. The loading speed has a notable influence on the RS. Though the growth rate of the peak value is only approximately 9% (from 527.6 MPa to 576.4 MPa), a remarkable increment in stress appears in most of the regions. For example, the stress in the center of the model (region C) on the surface is approximately 332 MPa at the loading speed of 5 mm/s. However, it increases to 531 MPa when the loading speed reaches 100 mm/s, with a growth rate of 60%.



It can be seen from Figure 12 that with the increase in the loading speed, the temperature of the part increases, so the residual stress generated during the cooling process is greater. This is because the faster the forging speed, the higher the strain rate of the part material. The higher the strain rate is, the greater the flow stress of the material during forging is, and the forging pressing amount under different forging speeds is equal. Therefore, the faster the forging pressing speed is, the more work the forging exerts on the workpiece, and the more heat is generated during the forging process. At the same time, since the forging pressing amount is the same, the faster the forging speed is, the shorter the contact time between the workpiece surface and the forging die is, the smaller the heat transfer from the workpiece to the forging die is, and the less heat the workpiece transfers to the air. Therefore, the temperature of the workpiece is higher after forging.




4. Experimental Results and Discussion


4.1. Experimental Results of Residual Stresses


The residual stress of the forging blank is the main cause of machining deformation. The smaller the residual stress of the blank, the smaller the machining deformation caused by the release of residual stress in the machining process. In order to effectively control the generation of blank residual stress, this section describes the reduction of the residual stress in parts by optimizing the forging process parameters and the positions of the part in the blank. From the research results listed in the previous section, it can be seen that a low forging temperature, convective heat transfer coefficient, and loading speed are recommended to achieve stable parts with uniform and low-level RS. Then, the optimal positions of the part in the blank will be determined by analyzing the residual stress distribution law of the blank.



At the temperature of 1020 °C and loading speed of 25 mm/s followed by water cooling, the simulation and experimental results of RS were extracted and compared. Distributions of RS at a 20 mm depth in the Z direction in regions A~C are shown in Figure 13.



The depths of 0 mm and 20 mm are the top and bottom surfaces of the specimen, respectively. It shows compressive stresses on the surfaces and tensile stresses in the center. The curves are nearly parabolic, as the peak values of compressive and tensile stresses appear on the surfaces and center, respectively. According to the stress distribution state, the best position of the part in the blank should be close to a quarter of the thickness of the blank from the surface. Compared with the center position of the part in the blank, the residual stress is reduced by 70%. Forging RS of GH4169 come from two main sources: the nonuniform plastic deformation during compression and the temperature gradients in cooling. The effective strain and temperature after compression are shown in Figure 14. Based on this, the RS distribution could be reasonably explained.



The compression is completed in a short time, which results in severe elastoplastic deformation of the specimen under external loading. The deformation displacements show differences from the surfaces to the center, as do the plastic strains. It can be seen in Figure 14a that the compressive strain shows a decreasing trend from the surfaces to the center. After unloading, deformation recovery occurs towards the stable stress balance state and material interaction finally induces RS. The deformation release direction is opposite to the deformation direction produced by the forging. Due to the small elastoplastic deformation on the surfaces, the outer materials take the lead in finishing the recovery. The severely deformed inner materials continue recovering and the recovery is inevitably hindered by the outer materials.



The temperature gradient is the main reason that RS exist during cooling. Simultaneous cooling is challenging to realize during water cooling, as the outer materials come into direct contact with water and the temperature reduces sharply, while the inner temperature drops slowly. The original temperature difference reaches 150 °C after compression and it will further increase during cooling. The temperature of the workpiece gradually increases from the surface to the center, and reaches the highest temperature at the center of the workpiece, as shown in Figure 14b. At the beginning of cooling, the material on the surface of the workpiece is rapidly cooled to a low temperature, and the outer material has reached a stable state. As the cooling progresses, the core temperature gradually decreases. Due to the effect of thermal expansion and contraction, the volume of the material inside the workpiece will gradually decrease. The reduction in the volume of the inner material causes the compression of the outer material, so that the outer material forms compressive stress. In contrast, the contraction of the inner material is hindered by the outer material, so the inner material produces tensile stress.



The measurement results are in firm agreement with the FE simulations in regions A~C, although the practical values of the compressive stresses are slightly larger. This further proves that the measurement method is reliable. The maximum values of compressive stresses appear on the surfaces with a magnitude around 300 MPa~500 MPa. The compressive layer is around 4 mm (one-fifth of the whole depth) individually from the top and bottom surfaces. Compressive values decrease with the increasing depth from the surface and there is a transition layer of 2 mm where it gradually converts to tensile. The thickness of the tensile RS layer is around 8 mm (two-fifths of the whole depth) lying in the center, and the curve shape resembles a mountain. The peak value of tensile stress located centrally reaches 200 MPa~400 MPa. The mountain-shaped RS are in good accordance with the temperature gradient. Based on the results, by adopting the following machining sequence symmetrically, the deformation can be effectively suppressed.




4.2. Experimental Results of Grain Structures


Grain structures were observed using the OLYMPUS OLS4100, a 3D measuring laser scanning confocal microscope. The sampling method and test positions are shown in Figure 15. Regions A~C correspond to those in the RS measurement. Three positions at different depths in each region were photographed, where position 1 is on the surface of the sample and position 3 is on the central plane.



Photos of grain morphologies are shown in Figure 16, the subscript on the right side of each subfigure represents the corresponding measurement position of the grain structure in Figure 15. Based on the photos, grain size was calculated and the distribution law is summarized in Figure 17.



Grain size in three different regions of the specimens followed a similar revolution regularity. It decreases with distance to the surface, which is contrary to that of the temperature. The grain size ranges from 35    μ m    to 50    μ m    in low-temperature areas on the surface, while refined grains of 3    μ m   ~5    μ m    appear in the center. Grain growth occurs during heating and holding and it is hindered by the  δ  phase. The melting point of GH4169 is 1260~1320 °C, and the  δ  phase dissolves at around 1010 °C [38]. Therefore, the growth of grains is slow below 1010 °C, and it accelerates during the following heating cycle to 1020 °C. Adequate growth happens in the following holding stage and coarse grains measuring approximately 50    μ m    are obtained. Varying degrees of refinement occur with the heat compression, and this finally appears as differences in grain size. The position of the part in the blank should be chosen to be between one-quarter and three-quarters from the upper blank surface.



The grain refinement during single-pass compression is mainly caused by the DRX, a particular mechanism of microstructure evolution. It is known as the only way to control the grain size of GH4169 in hot forming. It occurs at high temperatures when the deformation exceeds the critical strain, and the DRX volume percent increases with the rising temperature. The strain is much smaller on the surface of the specimen with the temperature below 1000 °C, where the DRX is unable to take place. Thus, large grains are present on the surfaces. The DRX behavior is more active when it occurs closer to the center, which promotes the grain refinement and results in a decrease in grain size. The grain structure in region B and region C presents great uniformity.



Grain sizes on the central plane (position 3) were taken into consideration. Three positions, A3, B3, and C3, share a similar average grain size of 5    μ m   ~7    μ m   . The microstructures in Figure 16 show that the stretched origin grains are surrounded by many fine grains. Though the central materials hold high temperatures and large strain, the DRX occurs incompletely due to the short deformation time and immediate water cooling, which results in the coexistence of stretched grains and DRX grains.



Grain size reflects the material deformation temperature under the same strain rate, and meanwhile it reveals the plastic deformation characteristics. Both the temperature and plastic deformation are critical factors of forging RS. Comparing Figure 13 and Figure 17, it can be concluded that there is a relationship between grain size and RS, as is seen in Figure 18. In the compressive regions, values of RS share the same trend of change as the grain size, while, in the tensile stress regions, the trends are contrary. Firstly, the DRX behavior is more active at high temperatures, and the grain size decreases while the grain amount increases, which results in the increase in material plasticity and deformation resistance. Since the temperature gradient is much greater during cooling, the tensile RS increase with the grain refinement. Secondly, the average grain size is greater at relatively low temperatures, and plastic deformation can more easily take place. The smaller temperature gradient induces lower tensile RS, and the compressive RS increase with the grain size.



The average grain size can be divided into 30 levels, where G00 represents the coarsest grain (over 508    μ m   ) and G14.0 represents the minutest grain (below 2.8    μ m   ). Thus, the RS level can be defined on the basis of the relationship mapping between RS and grain size. As is shown in Figure 19, the average grain size level of GH4169 after single-pass compression is G6.0~G11.0. The grain size level on the surfaces is G6.0, with the RS over 300 MPa. The grain size level on the center is G10.0 or even smaller, with the RS of 200 MPa~300 MPa. The statistical results show that, in the average grain size range of G7.0~G9.0, the variety of RS is approximately 100 MPa for every 1.0 change in grain size. Based on this conclusion, the RS level can be estimated according to the average grain size level, which is usually set as the standard requirement for forging. According to the residual stress and grain distribution law of the blank, the optimal positions of the part in the blank ought to be arranged close to a quarter of the forging blank to guarantee low residual stresses and a homogeneous and refined grain.





5. Conclusions


The characterization of residual stresses and grain structure in the single-pass compression of GH4169 is introduced in this paper. The variations in residual stresses with forging temperature, loading speed, and cooling method are established by FE simulations. Experiments are conducted at a temperature of 1020 °C and loading speed of 25 mm/s, with a press amount of 16 mm. This is immediately followed by water cooling. Based on the proposed new layer-stripping method, RS in the forging direction are tested and compared with the simulation results. The grain size evolution is summarized, and it is further used to realize RS level division. The main conclusions can be drawn as follows:




	(1)

	
The level of RS rises with the increase in forging temperature, loading speed, and cooling speed. Among them, loading speed mainly influences the stress value, and the cooling method has remarkable effects on both the value and distribution of RS. A small convective heat transfer coefficient and loading speed are recommended to obtain stable parts with uniform and low-level RS.




	(2)

	
A new layer-stripping method is put forward for interior RS measurement. The method is able to realize stress measurement in deep positions with high resolution. Measurement results are more accurate as they compensate for the stress redistribution caused by material removal. Compared with the traditional strain gauge layer-stripping method, the measurement efficiency of the new layer-stripping method is increased by 10 times.




	(3)

	
RS curves are nearly parabolic in depth, as the compressive RS change to tensile from the surfaces to the center. The transition layer with low-level RS should be retained in the subsequent machining. The peak values of compressive and tensile stresses appear on the surfaces and center, respectively. Three-fifths in the center are tensile layers, while the remainder shows compressive stresses. Nonuniform plastic deformation and temperature gradient are the two main factors that induce the RS during forging.




	(4)

	
Differences in grain size during single-pass compression are principally caused by the DRX. Grain size decreases from the surfaces to the center. Incomplete DRX results in the coexistence of stretched grains and refined grains. In the compressive regions, stress values share the same rules as grain size, while, in the tensile regions, they are contrary. In the average grain size range of G7.0~G9.0, the variety of RS is around 100 MPa for every 1.0 change in grain size. According to the residual stress and grain distribution law of the blank, the optimal positions of the part in the blank ought to be arranged close to a quarter of the forging blank to guarantee low residual stresses and a homogeneous and refined grain. Compared with the center position of the part in the blank, the residual stress of the part is reduced by 70%.













Author Contributions


Conceptualization, Z.W. and J.S.; methodology, Z.W. and J.G.; software, Y.Z.; validation, G.H., Z.W. and J.G.; formal analysis, Z.W.; investigation, Z.W.; resources, J.S.; data curation, Y.Z.; writing—original draft preparation, G.H., Y.Z. and Z.W.; writing—review and editing, Z.W., J.S., J.G., G.H. and W.C.; project administration, J.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (grant number 51905021), the National Natural Science Foundation of China (grant number 51975034) and the Industry-University-Research Collaboration Project of Aero Engine Corporation of China (grant number HFZL2019CXY026).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, H.S.; Niu, S.; Zhang, Q.L.; Fu, S.X.; Qu, N.S. Investigation of material removal in inner-jet electrochemical grinding of GH4169 alloy. Sci. Rep. 2017, 7, 3482. [Google Scholar] [CrossRef] [PubMed]

	



Brand, A.J.; Karhausen, K.; Kopp, R. Microstructure simulation of nickel base alloy Inconel 718 in production of turbine disks. Mater. Sci. Technol. 1996, 12, 963–969. [Google Scholar] [CrossRef]

	



Zouari, M.; Bozzolo, N.; Loge, R.E. Mean field modelling of dynamic and post-dynamic recrystallization during hot deformation of Inconel 718 in the absence of deta phase particles. Mater. Sci. Eng. A 2016, 655, 408–424. [Google Scholar] [CrossRef]

	



Geng, L.; Na, Y.S.; Park, N.K. Continuous cooling transformation behavior of Alloy 718. Mater. Lett. 1997, 30, 401. [Google Scholar] [CrossRef]

	



Tang, X.F.; Wang, B.Y.; Ji, H.C.; Fu, X.B.; Xiao, W.C. Behavior and modeling of microstructure evolution during metadynamic recrystallization of a Ni-based superalloy. Mater. Sci. Eng. A 2016, 675, 192–203. [Google Scholar] [CrossRef]

	



Rist, M.A.; James, J.A.; Tin, S.; Roder, B.A.; Daymond, M.R. Residual stress in a quenched superalloy turbine disk: Measurement and modeling. Metall. Mater. Trans. A 2006, 37, 459–467. [Google Scholar] [CrossRef]

	



Aba-Perea, P.E.; Pirling, T.; Preuss, M. In-situ residual stress analysis during annealing treatment using neutron diffraction in combination with a novel furnace design. Mater. Des. 2016, 110, 925–931. [Google Scholar] [CrossRef]

	



Wallis, R.A.; Bhowal, P.R.; Bhathena, N.M.; Raymand, E.L. Modeling the heat treatment of superalloy forgings. JOM 1989, 41, 35–37. [Google Scholar] [CrossRef]

	



Cihak, U.; Staron, P.; Marketz, W.; Leitner, H.; Tockner, J.; Clemens, H. Residual stress in forged IN718 turbine disks. Int. J. Mater. Res. 2004, 95, 663–667. [Google Scholar] [CrossRef]

	



Marcelin, J.L. Optimization of the cooling regime of hot-rolled complex beams. Int. J. Adv. Manuf. Technol. 2006, 32, 711–718. [Google Scholar] [CrossRef]

	



Ameli, A.; Movahhedy, M.R. A parametric study on residual stresses and forging load in cold radial forging process. Int. J. Adv. Manuf. Technol. 2007, 33, 7–17. [Google Scholar] [CrossRef]

	



Chen, X.M.; Lin, Y.C.; Chen, M.S.; Li, H.B.; Wen, D.X.; Zhang, J.L.; He, M. Microstructural evolution of a nickel based superalloy during hot deformation. Mater. Des. 2015, 77, 41–49. [Google Scholar] [CrossRef]

	



Azarbarmas, M.; Aghaie-Khafri, M.; Cabrera, J.M.; Calvo, J. Microstructural evolution and constitutive equations of Inconel 718 alloy under quasi-static and quasi-dynamic conditions. Mater. Des. 2015, 94, 28–38. [Google Scholar] [CrossRef]

	



Loyda, A.; Gernandez-Munoz, G.M.; Reyes, L.A.; Zambrano-Robledo, P. Microstructure Modeling of a Ni-Fe-Based Superalloy During the Rotary Forging Process. J. Mater. Eng. Perform. 2016, 25, 2128–2137. [Google Scholar] [CrossRef]

	



Li, J.B.; Wang, X.Y.; Jin, J.S. Research on residual stresses during hot stamping with flat and local-thickened plates. Int. J. Adv. Manuf. Technol. 2017, 92, 2987–2999. [Google Scholar] [CrossRef]

	



Xu, X.Y.; Ma, X.D.; Wang, H.; Ye, Z.; Chang, J.W.; Xu, Y.; Sun, G.A.; Lv, W.J.; Gao, Y.K. Characterization of residual stresses and microstructural features in an Inconel 718 forged compressor disk. Trans. Nonferr. Met. Soc. China 2019, 29, 569–578. [Google Scholar] [CrossRef]

	



Loyda, A.; Reyes, L.A.; Hernandez-Munoz, G.M.; Garcia-Castillo, F.A.; Zambrano-Robledo, P. Influence of the incremental deformation during rotary forging on the microstructure behavior of a nickel-based superalloy. Int. J. Adv. Manuf. Technol. 2018, 97, 2383–2396. [Google Scholar] [CrossRef]

	



Ma, Q.; Lin, Z.Q.; Yu, Z.Q. Prediction of deformation behavior and microstructure evolution in heavy forging by FEM. Int. J. Adv. Manuf. Technol. 2009, 40, 253–260. [Google Scholar] [CrossRef]

	



Toro, L.; Cavazos, A.; Colas, R. Grain Size Estimation of Superalloy Inconel 718 After Upset Forging by a Fuzzy Inference System. J. Mater. Eng. Perform. 2009, 18, 1183–1192. [Google Scholar] [CrossRef]

	



Berti, G.A.; Quagliato, L.; Monti, M. Set-up of radial-axial ring rolling precess: Process worksheet and ring geometry expansion prediction. Int. J. Mech. Sci. 2015, 99, 58–71. [Google Scholar] [CrossRef]

	



Wang, J.G.; Liu, D.; Hu, Y.; Yang, Y.H.; Zhu, X.L. Effect of Grain Size Distribution on Processing Maps for Isothermal Compression of Inconel 718 Superalloy. J. Mater. Eng. Perform. 2016, 25, 677–686. [Google Scholar] [CrossRef]

	



Zhu, X.L.; Liu, D.; Xing, L.J.; Hu, Y.; Yang, Y.H. Microstructure evolution of Inconel 718 alloy during ring rolling process. Int. J. Precis. Eng. Manuf. 2016, 17, 775–783. [Google Scholar] [CrossRef]

	



Tang, X.F.; Wang, B.Y.; Zhang, H.; Fu, X.B.; Ji, H.C. Study on the microstructure evolution during radial axial ring rolling of IN718 using a unified internal state variable material model. Int. J. Mech. Sci. 2017, 128–129, 235–252. [Google Scholar] [CrossRef]

	



Tang, X.F.; Wang, B.Y.; Huo, Y.M.; Ma, W.Y.; Zhou, J.; Ji, H.C.; Fu, X.B. Unified modeling of flow behavior and microstructure evolution in hot forming of a Ni-based superalloy. Mater. Sci. Eng. A 2016, 662, 54–62. [Google Scholar] [CrossRef]

	



Zhbankov, I.G.; Pering, A.V.; Aliieva, L.I. New schemes of forging plates, shafts, and disks. Int. J. Adv. Manuf. Technol. 2016, 82, 287–301. [Google Scholar] [CrossRef]

	



Dohepty, R.D.; Hughes, D.A.; Humphreys, F.J.; Jones, J.J.; Jensen, D.J.; Kassner, M.E.; King, W.E.; Mcnelley, T.R.; Mcqueen, H.I.; Rollett, A.D. Current issues in recrystallization: A review. Mater. Sci. Eng. A 1997, 238, 219–274. [Google Scholar]

	



Zheng, P.; Zheng, Y.; Wei, H.; Qian, Y. Characteristics and effects of residual stress distributed along the thickness in 2324 aluminum alloy plate. J. Acta Aeronaut. Astronaut. Sin. 1996, 17, 330–336. [Google Scholar]

	



Liu, L.; Sun, J.; Chen, W.; Sun, P. Modified Layer-Removal Method for Measurement of Residual Stress in Pre-stretched Aluminium Alloy Plate. J. Harbin Inst. Technol. 2015, 22, 34–40. [Google Scholar]

	



Steinzig, M.; Ponslet, E. Residual stress measurement using the hole drilling method and laser speckle interferometry part I. J. Exp. Tech. 2003, 27, 43–46. [Google Scholar] [CrossRef]

	



Ponslet, E.; Steinzig, M. Residual stress measurement using the hole drilling method and laser speckle interferometry part II: Analysis technique. J. Exp. Tech. 2003, 27, 17–21. [Google Scholar] [CrossRef]

	



Ponslet, E.; Steinzig, M. Residual stress measurement using the hole drilling method and laser speckle interferometry part III: Analysis technique. J. Exp. Tech. 2003, 27, 45–48. [Google Scholar] [CrossRef]

	



Steinzig, M.; Takahashi, T. Residual stress measurement using the hole drilling method and laser speckle interferometry part IV: Measurement Accuracy. J. Exp. Tech. 2003, 27, 59–63. [Google Scholar] [CrossRef]

	



Wang, Z.; Sun, J.; Li, T.; Zhang, L.; Zhang, S. Slope Measurement Method for Three-dimensional Residual Stress in 7075-T651 Aluminum Alloy Plate. J. Acta Armamentarii 2021, 42, 2004–2012. [Google Scholar]

	



Wang, Z.B.; Sun, J.F.; Liu, L.B.; Wang, R.Q.; Chen, W.Y. An analytical model to predict the machining deformation of frame parts caused by residual stress. J. Mater. Process. Technol. 2019, 274, 116282. [Google Scholar] [CrossRef]

	



Davey, K.; Ward, M.J. A practical method for finite element ring rolling simulation using the ALE flow formulation. Int. J. Mech. Sci. 2002, 44, 165–190. [Google Scholar] [CrossRef]

	



Reti, T.; Fried, Z.; Felde, I. Computer simulation of steel quenching process using a multi-phase transformation model. Comput. Mater. Sci. 2001, 22, 261–278. [Google Scholar] [CrossRef]

	



Song, R.H.; Qin, H.L.; Li, D.; Bi, Z.N.; Zhang, J. An experimental and numerical study of quenching-induced residual stresses under the effect of dsa in an in718 superalloy disc. J. Eng. Mater. Technol. 2021, 144, 011002. [Google Scholar]

	



Deng, H.Z.; Wang, L.; Liu, Y.; Song, X.; Meng, F.Q.; Huang, S. The evolution law of δ phase of in 718 superalloy in temperature/stress coupled field. Mater. Charact. 2021, 184, 111684. [Google Scholar] [CrossRef]








[image: Aerospace 09 00092 g001 550] 





Figure 1. Microstructure of the specimens before compression. 
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Figure 2. Specimen shapes before and after forging. 
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Figure 3. RS measurement arrangement (PRISM). 
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Figure 4. Measurement method and specimens with measuring positions. 
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Figure 5. Stress redistribution and corresponding deformation. 
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Figure 6. Experimental and analytical results of deformation in layer 1. 






Figure 6. Experimental and analytical results of deformation in layer 1.



[image: Aerospace 09 00092 g006]







[image: Aerospace 09 00092 g007 550] 





Figure 7. Forging simulation model. 
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Figure 8. Convective heat transfer coefficient curves used in FE simulations: (a) air cooling; (b) oil cooling; (c) water cooling. 
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Figure 9. Simulation results of effective stress under T = 1020 °C and V = 25 mm/s. (a) air-cooling, (b) oil-cooling, (c) water-cooling. 
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Figure 10. Simulation results of effective stress under V = 25 mm/s and water cooling. (a) T = 950 °C, (b) T = 1020 °C, (c) T = 1040 °C, (d) T = 1100 °C. 
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Figure 11. Simulation results of effective stress under T = 1020 °C and water cooling. (a) V = 5 mm/s, (b) V = 25 mm/s, (c) V = 50 mm/s, (d) V = 100 mm/s. 
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Figure 12. Simulation results of final forging temperature under T = 1020 °C. (a) V = 5 mm/s, (b) V = 25 mm/s, (c) V = 50 mm/s, (d) V = 100 mm/s. 
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Figure 13. Distributions of residual stresses at depth: (a) simulation results; (b) measurement results. 
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Figure 14. Simulation results of effective strain and temperature after compression. (a) Effectively strain, (b) Temperature. 
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Figure 15. Metallographic specimen with test positions. 
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Figure 16. Grain morphologies at specified positions: (a) position A1; (b) position A2; (c) position A3; (d) position B1; (e) position B2; (f) position B3; (g) position C1; (h) position C2; (i) position C3. 
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Figure 17. Grain size revolution regularity at specified regions. 
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Figure 18. Mapping relationship between grain size and residual stresses. 
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Figure 19. Residual stress division based on grain size. 
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Table 1. Chemical composition and mechanical properties of GH4169.
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Elements

	
C

	
Cr

	
Co

	
Al

	
Ti

	
Nb

	
Ni






	
wt%

	
   ≪ 0.08   

	
17.0~21.0

	
   ≤ 1.0   

	
0.30~0.70

	
0.75~1.15

	
4.75~5.50

	
Bal.




	
Mechanical properties

	
Temperature (20  ℃ )




	
Tensile strength    σ b   (MPa)

	
1372




	
Elongation  δ (%)

	
14.6




	
Coefficient of thermal expansion (    10   − 6   / ℃  )

	
13.2




	
Thermal conductivity (W/(m °C))

	
13.4
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Table 2. Value of parameters in the constitutive model.
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	Material
	Q (J/mol)
	   R   ( J / ( mol · K ) )   
	A
	n
	   α   





	GH4169
	413,118
	8.314
	   4.51 ×   10   16     
	5.05
	0.0024
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