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Abstract:



Press-braking bending is widely applied in the manufacture of aircraft integral panels because of the advantages of strong adaptability to different contours, simplicity of bending tools, short manufacturing time and low process cost. However, a simulation of bending process requires long-time calculation and consumes extensive computational resources. Considering the factors that the original model (ORM) of an integral panel is large and the press-braking bending is used only for the local area of integral panels with heavy thickness in practice, an equivalent calculation method for press-braking bending analysis of integral panels is proposed. The local bending area of an integral panel is simplified to a model of plate in this method. An exponential strengthening model is used to derive the equations of stress, strain and forming radius of the ORM and its simplified model (SPM). Meanwhile, the equivalent parameters of the SPM are determined and deduced based on three principles: that the material begin to be yielded simultaneously, the ultimate stress of the ORM is the same as that of the SPM at the same punch displacement, and the forming radii of neutral surfaces of the ORM and the SPM are identical after springback. The distribution of the stress and strain determined by finite element (FE) simulations are compared, and the FE simulations indicate that the contour curve of the SPM is in fairly good agreement with the profile of the ORM under the same bending process parameters, and the maximum difference is 13.17%. The computational efficiency is increased by more than 48%. Therefore, the proposed approach is quite suitable for industrial applications to improve the bending quality and efficiency of integral panels.
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1. Introduction


Aircraft integral panels have been widely used in aerospace vehicles due to their advantages of lightweight design, high strength, and high structural efficiency [1,2,3]. Because of the large thickness and high strength of integral panels, press-braking bending has become a common method for the manufacture of integral panels. The basic advantages are economical set-up as well as the enormous range of part size and complex shape that can be fabricated [4], short manufacturing time and low process cost [5,6,7]. Now, there are many aircrafts made by this forming method, such as Ukraine An series large transport aircrafts, Russia Su-27, Su-303, fourth-generation fighters and the aircrafts with high rib net panels. However, for the operators, achieving the target shape of a formed product is challenging [8]. Otherwise, they need to spend a lot of time afterwards to modify process parameters. It is easy to cause the following defects: low precision of the contours, difficulty controlling the forming process, and sometimes fractures may occur and lead to the integral panels being completely scrapped [9]. In addition, the materials of integral panels are expensive and the bending process is the last step in the manufacturing process. Therefore, the aforementioned defects can cause great economic losses [10] and project delay, and seriously affect the quality and efficiency of aircraft assembly. In order to improve the forming accuracy of the final shape and lower the time cost, FE simulation has been considered an effective tool for simulating the forming process, optimizing the forming parameters and predicting the forming results in order to replace the time consuming and costly “trial and error” method in actual fabrication [11,12,13]. Hence, the establishment of a reliable FE simulation model is the key to studying the complex forming process of integral panels.



A considerable amount of research on numerical analysis of sheet metal forming process has been performed [14]. An FE model of U-shape channel was built by Ghaei [15] to simulate the forming stage and springback stage using Abaqus/Explicit and Abaqus/Standard, respectively. A 3D dynamic FE model of an asymmetrical roll bending process is developed by Tran [16] to investigate the parameters that affect the accuracy of the final shape, the bending forces and the residual strains left in the formed plate. A three-dimensional FE model of the rotary-draw bending process of a thin-walled rectangular tube is built under the Abaqus/explicit environment by Zhao [17]. Fu [18,19] established a FE model to simulate the multiple-step incremental air-bending forming and springback processes. Henrard et al. [20] studied the accuracy of FE simulations in predicting the tool force occurring during the single point incremental forming (SPIF) process. Bui et al. [21] employed a 3D finite element analysis to simulate a cold roll-forming process and useful information like the stress/strain distribution and the final geometry after springback was obtained.



However, there are still several difficulties during the establishment of FE simulation models for the bending and forming of aircraft panels. Firstly, the dimensions of an aircraft integral panel are quite large, and the stiffeners are plentiful and complicated, which lead to tremendous meshing and calculating time. Secondly, this press-braking bending process consists of multiple times of bending and springback. It is difficult to optimize the bending process by repeating calculations through FE simulation with the ORM of an integral panel, and the complicated contact conditions may lead to convergence problems. Thirdly, the press-braking bending is used only for the local area of integral panels with heavy thickness in practice; the calculation time must be immensely extended if the ORM is adopted. It is necessary to look for an equivalent calculation method to simplify the area that is not directly involved in bending load applying, instead of the complex bending process of an ORM.



Researchers have studied and established some equivalent models for the stiffened plates adopting different methods. Yan [22] simplified the integral panel with reinforced structures as a plate with virtual material for bending analysis by elastic-plastic mechanics and springback analysis, and then an equivalent finite element simulation model of reinforced panels was established. Li [7] proposed a geometrical equivalent method, which simplified the skin components to stiffener with virtual material properties. Three equivalent methods of a honeycomb sandwich had been studied by Xia [23] and Zhang [24]. The equivalent mechanical parameters of honeycomb sandwich plates were obtained with mechanical analysis of elastic properties by Liang [25] and Chen [26]. Yang et al. [27] developed a 3D homogenization method to improve the accuracy of the equivalent models of the trapezoidal corrugated core.



Although the accuracy of the equivalent models established by the aforementioned literature is acceptable, the following limitations still exist: (1) The errors because of the integrally stiffened panel being directly equivalent to a rectangular thin plate are large due to the structure changes; (2) The stress and strain distribution of the forming process are not analyzed and evaluated in detail; (3) The main equivalent parameters are almost not analyzed, and the consistency of the contours between the ORM and the SPM should be guaranteed as far as possible under the same bending process parameters; (4) The equivalent methods of the sandwich panels are only applicable to the elastic deformation stage, while press-braking bending is a plastic deformation of the material subjected to bending moment [28]. Plastic properties should be considered during creation of the SPM for the forming process of the ORM.



In this work, an equivalent calculation approach for the press-braking bending of integral panels is developed without changing the structure of the area subjected to bending load. The bending forming process is presented firstly. Then an exponential strengthening model is used to derive the equations of stress, strain and forming radius of the ORM and SPM based on elastoplastic theory. Finally, the equivalent parameters of the SPM are determined and deduced based on three principles that the material begin to be yielded simultaneously, the ultimate stress of the ORM is the same as that of the SPM at the same punch displacement, and the forming radii of neutral surfaces of the ORM and the SPM are identical after springback. To verify the reliability and precision of the equivalent calculation method, the distribution of the stress and strain determined by FE simulations are compared, and the contours at the end of the forming process are also compared between the FE models and the experimental results.




2. Press-Braking Bending Process


Because of the heavy thickness and grid structure, integral panels are rigid and cannot be fully formed solely through the shot peening forming method. Currently, the forming process of large transport aircrafts still uses the method of press-braking bending, and peening forming as an auxiliary process. In this work, both the forming process of integral panels and the press-braking bending process for local area are studied, which lay the foundation for the subsequent equivalent calculation.



In order to simplify the experiment and simulation approach against real integral panel in factory, an experimental sample is designed based on a real aircraft integral panel according to geometrical similarity, as shown in Figure 1. The experimental sample is 200-mm long, 60-mm wide, and 7.5-mm thick. The thickness of the ribs is 2 mm.


Figure 1. Experimental sample of an integral panel.
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Figure 2 demonstrates the forming process of an integral panel. The process could be briefly described as follows: (1) A blank with the material of aluminum alloy 7050-T7451 is prepared; (2) A flat sheet is obtained by milling the upper and lower surfaces of the blank; (3) A panel with grid ribs is obtained by numerical control milling from the flat sheet; (4) The joint is adopted as the workpiece to be formed by the press-braking bending method; (5) Size detection is carried out to ensure the curvature of joint meets the requirements of manufacture; (6) Peening forming process as auxiliary process is adopted to form the grid and stiffeners; (7) and (8) are size detection and subsequent processing, respectively. The process of press-braking bending for joint (i.e., the step (4)) is the main content of this paper.


Figure 2. The forming process of an integral panel.
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Figure 3 describes the loading sequence of press-braking bending, namely the step (4) shown in Figure 2. The span of the two support bodies is [image: ]. The diameter of the punch and the support bodies are [image: ] and [image: ], respectively. The load is applied step-by-step at the three pre-defined bending points (1), (2) and (3) with the sequence shown in Figure 3. The key principles of the bending process are: (a) the punch and support bodies are moved along the bending positions in an orderly manner; (b) the punch and support bodies are moved to the next position after the bending for one pressure point is finished; (c) the bending process is completed until the curvature meets the requirements of manufacture.


Figure 3. Loading sequence of press-braking bending.
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3. Development of Equivalent Model


3.1. Equivalent Requirements


The basic equivalent requirements are to ensure that the material begins to be yielded simultaneously, the ultimate stress of the ORM is the same as that of the SPM at the same punch displacement, and the forming radii of the neutral surfaces of the ORM and the SPM are identical after complete springback. The key to establishing a SPM is to derive and calculate the equivalent parameters according to the mechanical properties of materials and the abovementioned constraints. The simplified process is presented in Figure 4. The bending area of the ORM is equivalent to a model of rectangular plate with the same thickness of ORM according to the conditions that the geometrical shape and thickness have no changes. In Section 3.2, the bending forming of SPM is analyzed firstly. Then the bending forming of the ORM is analyzed by simplifying its cross section. Finally, the equivalent parameters of the SPM are obtained according to the equivalent requirements.


Figure 4. The simplified process.
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3.2. Method


The equations of stress, strain and forming radius of the SPM and the ORM are analyzed respectively based on elastic-plastic mechanics. Finally, the equivalent parameters are obtained through equivalent requirements.



3.2.1. Bending Analysis of SPM


Assumptions for the bending analysis are summarized as follows:

	
The material is isotropic and homogeneous.



	
The plane section remains planar throughout deformation and springback.



	
The change of thickness during bending is ignored.



	
The neutral surface of bending is assumed to stay at the same position.



	
The rolling direction of the material does not have a major impact on this forming process.








The section of the equivalent rectangular plate that wraps around the punch is taken as the investigation object in this study. The cross section of the SPM is shown in Figure 5.


Figure 5. The cross section of a plate.
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The relation between the stress and strain of the material satisfies the following exponential strengthening model [29]:


[image: ]



(1)




where [image: ] is the Young’s modulus, [image: ] is the yield stress, [image: ] is the hardening coefficient, [image: ] is the hardening exponent, and [image: ] is the plastic strain which is approximately given by


[image: ]



(2)







The elastic strain, [image: ], is approximated for simplicity by the strain at yield. The stress distribution along the thickness is given by


[image: ]



(3)




where


[image: ]



(4)







Here, [image: ] is the distance between the material and neutral layer, [image: ] is the bending radius of the neutral layer, [image: ] is the thickness of the plate, [image: ] is half the thickness of elastic deformation.



When the stress of the outermost material reaches Equation (5), the material of the equivalent plate are in the plastic deformation stage.


[image: ]



(5)







The maximum stress produced by the outermost material is shown in the following equation:


[image: ]



(6)







According to the equilibrium condition of external force and internal force, the bending moment of the cross section is obtained from the following integral calculation:


[image: ]



(7)







With Equations (1)–(3), and (7),


[image: ]



(8)




where [image: ] is the width of the cross section.



In order to simplify the integral calculation, the plastic strain is replaced by total strain approximately, [image: ].



Hence, Equation (8) can be written as follows


[image: ]



(9)







The elastic resilience value of the elastic-plastic bending is the change of elastic curvature produced by bending moment, as shown in Equation (10)


[image: ]



(10)




where [image: ] is the moment of inertia of the cross section, [image: ].



The bending radius of the SPM after springback can be obtained with Equations (9) and (10),


[image: ]



(11)







As can be seen from Equation (11), [image: ] is included both numerator and denominator, hence the width of the cross section has no influence on the forming radius of the plate after unloading. Besides, in order to analyse under the same bending condition and process parameters, the ORM and SPM should keep the same thickness. Namely, width [image: ] and thickness [image: ] of the SPM are not as the equivalent parameters. In this work, [image: ], [image: ], [image: ] are determined as the equivalent parameters of the SPM.




3.2.2. Bending Analysis of ORM


Integral panels are usually stiffened in both longitude and circumference. During the bending process, the deformation and stress of the longitudinal stiffened, which is parallel to the bending direction, are very small [30]. Therefore, the effect of the longitudinal reinforcement is ignored so that the analysis can be simplified. The distribution of the ribs and the simplified cross section of the ORM are shown in Figure 6.


Figure 6. Simplified cross section of the ORM.
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The centroid of the cross section is


[image: ]



(12)







From Equation (10), the same displacement deformation after springback of the SPM and ORM are obtained if Equation (13) is valid.


[image: ]



(13)




where [image: ], [image: ] are the moment of inertia of the cross section and the bending moment after bending respectively. [image: ] is the bending radius of the neutral layer of ORM.



As shown in Figure 6, the origin of coordinate is on the axis of the centroid, the inertia moment of the ORM is obtained through integration.


[image: ]



(14)







The bending moment of the neutral layer in the transverse section located under the punch of the ORM is,


[image: ]



(15)




where [image: ] is the distance between the plastic deformation zone and the elastic deformation zone to the bottom of the rib,


[image: ]



(16)







Substituting Equation (1) into Equation (15), the bending moment can be described by


[image: ]



(17)







Substituting Equation (17) into Equation (10), the forming radius of the ORM after unloading is given by


[image: ]



(18)







When the outer stress of the material reaches Equation (19), the material of the ORM are in the plastic deformation phase.


[image: ]



(19)







The maximum stress produced by the outermost material is


[image: ]



(20)








3.2.3. Equivalent Parameters


According to equivalent requirements, the following three conditions are required to meet: (i) the material begin to be yielded simultaneously; and (ii) the ultimate stress of the ORM is the same as that of the SPM at the same punch displacement; (iii) the forming radii of neutral surfaces of the ORM and the SPM are identical after springback.



The forming radius of neutral layer of the SPM and the ORM have the following relation:


[image: ]



(21)







The thickness of the SPM and the ORM is the same, namely [image: ]. According to the first condition of the equivalent requirements, (i), and with the Equations (5), (19) and (21), Equation (22) is given by


[image: ]



(22)







According to the second condition, (ii), Equation (23) can be derived as follows by Equations (6), (20) and (21).


[image: ]



(23)







According to the third condition, (iii), and with the Equations (11), (13), (18) and (21), Equation (24) is derived as


[image: ]



(24)







Based on the above derivation, Equation (22) is solved for the yield stress of the SPM, [image: ]. Hardening coefficient ([image: ]) and hardening exponent ([image: ]) can be obtained by combining Equations (23) and (24). In the case of the ORM with other complex structure, the equivalent calculation method is similar. The full procedure of the method is shown in Figure 7.


Figure 7. The full procedure of the equivalent calculation method.
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4. Simulation and Experimental Verification


4.1. FE Simulation Model


In order to verify the validity of the proposed method, FE simulation is carried out to simulate the formation of the ORM and the SPM. The material is 7050-T7451 aluminum alloy, and the properties are obtained with uniaxial tensile test on the CSS-44100 Electric Universal Testing Machine at a rate of 1.5 mm/min until fracture occurs, as shown in Figure 8. The dimensions of tensile coupons are designed according to the national standard GB/T228-2002 Metal Material Room Temperature Tensile Test Method, as shown in Figure 8a. The tensile process is shown in Figure 8b and the tensile stress-strain curves are plotted in Figure 8c (average). The forming parameters and material properties of the material are summarized in Table 1, which are used to create the FE models.


Figure 8. Uniaxial tensile test (a) geometric parameters of specimen (b) tensile process (c) Engineering and true stress-strain curve.
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Table 1. Forming parameters and material properties.





	
Items

	
Parameters

	
Values

	
Items

	
Parameters

	
Values






	
FE model parameters

	
ORM

	
L

	
200 mm

	
Material

properties

	
ORM

	
[image: ]

	
66,000 MPa




	
B

	
60 mm

	
[image: ]

	
0. 33




	
h

	
7.5 mm

	
[image: ]

	
442 MPa




	
t1

	
2 mm

	
[image: ]

	
778.8




	
t2

	
15 mm

	
[image: ]

	
0.73




	
a

	
4.5 mm

	
SPM

	
[image: ]

	
66,000 MPa




	
SPM

	
l

	
200 mm

	
[image: ]

	
0.33




	
b

	
15 mm

	
[image: ]

	
339.87 MPa




	
t

	
7.5 mm

	
[image: ]

	
363.635




	
Tools

	
d1,d2

	
15 mm

	
[image: ]

	
0.148










An FE simulation of the forming process is performed via the Abaqus 6.14 platform. The explicit algorithm of Abaqus/explicit module fitted for dynamic and non-linear analysis is used to simulate the bending process and the implicit algorithm of Abaqus/standard module adapted to static and steady analysis is used for springback simulation [31]. The punch and support bodies are considered as rigid bodies in comparison with the deformable plate [32,33]. The FE model consists of four main components: three rigid tools and one flexible plate, which are illustrated in Figure 9. 3D brick elements (C3D8R) are used to mesh the flexible models, and rigid discrete elements (R3D4) are selected to describe the discrete rigid tools. The exponential strengthening material model is used to represent the elastoplastic behavior obtained from uniaxial tensile tests. The contact type between the workpiece and the die is automatic surface–surface [34], and the workpiece is driven and deformed to the bending plate through these contact surfaces.


Figure 9. FE simulation models of SPM and ORM.
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4.2. Bending Experiment


The CSS-44100 Electric Universal Testing Machine is used to validate the FE simulation model. The radius of both the punch and the support bodies are 15 mm, and the distance between the support bodies is 50 mm. The displacement of both the left and right bending points are 3 mm and the intermediate bending point is 3.5 mm. The loading positions (1), (2) and (3) are indicated in Figure 10. The measurement points are used to obtain the contour data of the bent specimen after unloading using portable 3D Photograph Meter.


Figure 10. Bending experiment of ORM.



[image: Metals 08 00364 g010]








5. Results and Discussion


In this section, the experimental and simulation results are compared and analyzed. The final shapes and stresses distribution of the ORM and SPM are obtained and discussed respectively. The efficiency of FE simulation calculated with SPM is compared with ORM analysis.



5.1. Distribution of Stress and Strain


The successive forming process and the stress distribution of the SPM and the ORM can be seen in Figure 11, depicting the equivalent Mises stress in different loading positions of the formation process. It is seen that the Mises stress increases when the punch displacement increases from 3 mm to 3.5 mm, and as expected, the maximum Mises stresses are concentrated below the indenter and the bottom surface of the bent specimens. This stress distribution after punch displacement is consistent with the previous work by Anokye-Siribor [35], which means that the metal farther away from the neutral axis has been stressed beyond the yield strength, and has been plastically or permanently deformed. The maximum relative error of Mises stress between the SPM and ORM is 7.78%. Furthermore, it can be observed that the maximum Mises stress of the SPM is greater than that of the ORM; the difference may be due to the calculation error of the equivalent parameters. However, it is beneficial to ensure the forming quality of the ORM.


Figure 11. Mises stress distribution of SPM (a–c) and ORM (d–f) at three loading positions.
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In the longitudinal direction, the residual stresses distribution of the SPM and the ORM after bending and springback at the end of the simulations are shown in Figure 12. The distribution is consistent with the research results of literature [36,37]. Namely, springback relaxes a large amount of stress and causes the tensile and compressive stresses to have their largest values near the neutral layer.


Figure 12. Longitudinal residual stress distribution of SPM (a) and ORM (b).
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The equivalent plastic strains distribution in the longitudinal direction and through the thickness direction below the punch of the formed specimens after releasing the loading are shown in Figure 13. The simulation results reveal that the maximum strains are mainly concentrated on specimen surfaces due to structural bending, and the strains away from the punch remain low.


Figure 13. Equivalent plastic strain distribution of SPM (a) and ORM (b).
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5.2. Contours of the Forming Workpieces


To verify the geometry of the final shapes of the forming workpieces after springback, the contour figure data of the ORM and the SPM are obtained from the FE simulation models when the forming processes are completed, as illustrated in Figure 12 and Figure 13. A good agreement between the SPM and the ORM can be observed in Figure 14, and the calculated error is less than 13.17%. Therefore, the SPM can simulate the bending forming of the ORM quite well. Compared with the experimental results, the deformation error of the ORM is slightly smaller than that of the SPM. The error between the FE simulations and the experimental results may result from the assumptions for theoretical analysis and FE simulation of bending process, and the error of the contour data of the bent specimen result from both the measurement method and fitting method. Moreover, the accuracy of indenter displacement also affects the final shapes of the forming workpieces in the bending experiment.


Figure 14. Comparison of contours.
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5.3. Comparing the Reaction Force between FE Simulation and Experiment


Figure 15 shows the comparison of the reaction force between FE simulation and experiment in the cases of punch displacement 3 mm and 3.5 mm. The FE simulation results of ORM show a good agreement with the experimental results. It is observed that the reaction force increases as the punch displacement increases. However, the error of the simulation results of SPM as compared with the experimental results is larger. The difference mainly results from factors such as ignoring the position change of the neutral surface, the error of material model, and the influence of the shear stress when calculating the equivalent parameters. It is also observed that the reaction force is zero with increasing punch displacement at the beginning of loading and the punch displacements exceed 3 mm and 3.5 mm at the end of loading in the FE simulation results, because the punch and support bodies are not fully contacted with the specimen in the assembly model and there is a 0.1 mm gap between them to ensure the convergence of FE calculation.


Figure 15. Comparison of the rection force between FE simulation and experiment.
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5.4. Efficiency Analysis


In terms of the efficiency of the FE simulation, the calculation time of the ORM and the SPM are compared in Figure 16. The efficiency has been improved by more than 48%. In terms of the structure, the SPM is consistent with the area of bending load applying of the ORM. Therefore, the SPM can replace the ORM in the optimization of bending process to lower the amount of iterative calculation. The efficiency of modeling and calculation can greatly improve, and the computing non-convergence is avoided.


Figure 16. Calculation time of ORM and SPM.
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6. Conclusions


An equivalent calculation method for press-braking bending analysis of integral panels is proposed to solve the problem that long-time calculation and extensive computational resources are required for simulating the bending forming process with an ORM. The main conclusions are as follows:

	(1)

	
With the detailed analysis of the bending forming and springback of the SPM and ORM, the equivalent parameters for the SPM including the yield stress [image: ], hardening coefficient [image: ] and hardening exponent [image: ] are determined and obtained according to the equivalent requirements.




	(2)

	
The FE simulation is carried out to simulate the bending forming of the ORM and the SPM. The simulation results indicate that the maximum relative error of Mises stress between the SPM and ORM is 7.78%, and the calculated error of contours between ORM and SPM is less than 13.17%.




	(3)

	
The fact that the SPM has a similar stress distribution and contour curve comparing with the ORM under the same forming parameters, suggests that the SPM can replace the ORM in the FE simulation to avoid a large number of mesh generation and in the optimization of bending process to lower the amount of iterative calculation.




	(4)

	
Compared with ORM, the calculating efficiency of the FE simulation with SPM is improved significantly (by more than 48%), while ensuring simulation accuracy.









To improve the simulation accuracy, the anisotropy of the material should be taken into account in the FE simulation of the forming process. The effect of machining-induced residual stress on the accuracy of the simulation should be further studied.
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