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Abstract:



To obtain the whole-range true stress-true strain curves of API X65, a method is proposed based on the equal proportion principle and digital images. The tensile elongation was obtained by tracing the gauge points on the specimen surface, and the true strain and true stress of API X65 were calculated according to the formulae. The obtained true stress-true strain curves were validated by a 3-D finite element model. The true stress-true strain curve was set as the input data, while the engineering stress-engineering strain curve was set as the output data. The output data of the finite element model was the same as that of the experiment test. The findings imply that the proposed method could acquire reliable, whole-range true stress-true stain curves. These curves, which depict the material behavior of pipeline steel from initial elongation to fracture, could provide basic data for pipeline defect tolerance limit analysis and fracture assessment.
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1. Introduction


In pipeline safety evaluations, such as defect tolerance analysis and fracture assessment, the numerical finite element method is widely adopted [1,2,3]. The stress-strain curve of the pipeline forms the basic data for the full-size finite element simulation. The stress and strain data obtained by a traditional strain gauge could meet the requirements of ordinary strength evaluation, but it is not applicable for pipeline fracture assessments. Pipeline steel is a ductile material, and the crack tip will be in a large scale yielding and a large strain state, when crack propagation occurs. The traditional stress-strain curve only contains the data before the onset of necking, and the whole fracture process of the pipeline cannot be accurately described. Therefore, it is necessary to test the whole-range true stress-true strain curve of the pipeline steel.



There are many methods for testing and calculating the true stress and true strain, which are divided into three types: the special strain gauge method, the numerical finite element method, and the DIC-based method. The specimens adopted in the special strain gauge method are mainly straight rectangular cross-section specimens. In a safety analysis of pipeline steel, Xin et al. [4] used displacement sensors to measure both axial and lateral displacements, and then obtained the true stress-true strain curves of X65, X80, and other pipeline steels. However, the study did not illustrate how to get the true stress-true strain curve through the axial and lateral displacements. Based on the principle of volume incompressibility, Wang [5] proposed a true stress-true strain calculation formula for round bar specimens. Zhang et al. [6] proposed a method to test the true stress-true strain curve of rectangular cross-section specimens. He quantified the relationship between the area reduction rate and the thickness reduction rate for rectangular cross-section specimens under a tensile load. In the experiment, only three parameters (the load, displacement, and thickness) need to be tested. The thickness parameter could be tested by the special strain gauge shown in Figure 1. On this basis, Zhang et al. [7] also proposed a method to test the material properties of a weld area through a concave circular cross-section specimen. However, he did not provide a way to get the strain either.


Figure 1. Special strain gauge for testing the specimen thickness variation.
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Yao et al. [8] developed a method to obtain material uniaxial constitutive properties by combining a tensile test and a finite element method, calling it the Test-Finite element method. Kamaya et al. [9] and Joun and Kawakubo [10] also combined an experimental method and a finite element method to obtain the true stress-true strain curves. The iterative process in the combined method aimed at the equivalence of the ultimate load-displacement curves for the experiment and finite element results. However, the required iterative computation is tedious and time-consuming.



With the development of computer technology and the improvement of camera lens resolution, methods utilizing DIC (Digital Image Correlation) technology to test the material true stress-true strain curve have been widely used [11,12,13,14,15]. Based on DIC technology, Poulain et al. [16] proposed three methods to get a true stress-true strain curve: VSE (Video-based Surface Extensometry), VRE (Video-based Radial Extensometry), and local DIC. These three methods are all based on the principle of incompressible volume, and the true stress-true strain curves were tested through a virtual strain gauge. Grytten et al. [17] also proposed a method for testing the true stress-true strain curve of polymer materials based on DIC technology.



Methods using a special strain gauge are difficult to implement because special equipment is required [6,7], while the numerical finite element method is cumbersome because it requires iterative calculation [10]. The DIC-based method could accurately obtain the true strain value of the material, even if it has undergone severe necking. However, it also has large drawbacks: the erection of DIC equipment requires certain space and conditions [18]; the specimens need to be sprayed with powder before the test, and the speckle’s quality directly affects the accuracy of the final results [19]; and the operation of DIC equipment requires specialized training and learning. In addition, DIC equipment costs more than hundred thousand dollars, and the general laboratory is likewise difficult to afford. Therefore, building on the concept of DIC technology and a traditional extensometer test method, this paper develops a method to test the true stress and true strain of ductile material, pipeline steel, using only a digital camera, gauge point and equal proportion principle. Digital imaging was used to record the length during the stretching process, CAD (Computer Aided Design) software was used to extract the real extension length, and the true stain and true stress were calculated according to the formulae.




2. Experiment Preparation


The experimental material is the pipeline steel API-5L X65, and the specimen design matches the international standards ISO 6892-1-2009 [20] and GB/T 228-2002 [21]. The specific specimen size for the uniaxial tensile test is shown in Figure 2. The specimen’s thickness is 5 mm and the width is 20 mm. In this experiment, six L-T specimens were processed: L is the axial direction of the pipeline, and T is the hoop direction of the pipeline. Two specimens form a group, and three groups of specimens were tested: I1, I2, M1, M2, O1, and O2. Two specimens in the same group were machined in adjacent positions. I, M, and O stand for internal, middle, and outside, respectively, and indicate the position of material from the inner wall, the middle, and the outer wall of the pipeline. I1, M1 and O1 were tested by the method, while I2, M2, and O2 were tested by the traditional strain gauge method. Two kinds of results were used for comparison and analysis.


Figure 2. Geometrical dimension of specimen.
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After the specimen was machined, the gauge points were marked with marking pen; the distance between gauge points was 2 mm. These gauge points were distributed along the longitudinal symmetry line of the specimen. After that, the steel ruler with a scale was cut to a shorter length, and the upper part of the steel ruler was fixed on the specimen surface with the glue. The marked specimen is shown in Figure 3. The position of the steel ruler can be adjusted up and down or left and right, if it does not block the gauge points and can be fixed firmly.


Figure 3. Marked specimen.
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3. Experimental Processes


Uniaxial tensile experiments were processed on the MTS-810 type universal material testing machine (MTS System Corporation, Eden Prairie, MN, USA), at a temperature of 22 °C. The specimen was fixed on the 250 KN tensile unit with a hydraulic unit. The stretching process was controlled by a displacement mode of 1 mm/min. The specimen was loaded until it broke. The displacement and load data were recorded and accessed through the MTS control software 793.10 multipurpose TestWare (4.0, MTS System Corporation, Eden Prairie, MN, USA). The traditional strain gauge was mounted on the middle of the specimen and was fixed using rubber band. The gauge length of the strain gauge is 10 mm, and the strain range is ±15%.



To keep the load and the strain of device in synchronization, the time interval to store data was 2 s for MTS, and the time interval to take digital images was 30 s. The initial time for taking the image was set as the moment when the instrument began to stretch. In this way, the corresponding load data can easily be found according to the moment of shooting. The first, second, and third images correspond to row 1, 16, and 31, respectively, in the recorded MTS data. Finally, the true stress-true strain curve was obtained through subsequent data processing and calculation formulae.




4. Data Processing


In the stretching process of the specimen, only the upside of steel ruler was connected to the specimen, so that the length of the graduated part was not elongated when the specimen stretched (Figure 4). We defined the distance of the actual length (5 mm) as the gauge length and marked it as L0. The length of the steel ruler, 5mm in the image, can be measured by CAD software (2007, Autodesk, San Rafael, CA, USA) to obtain the length data defined as LC0. Similarly, the distance between the two points above and below the necking position can be measured by CAD software to obtain the length data defined as LCS. The actual distance between the two points above and below the necking position, LS, can be obtained according to the principle of equal proportion:


[image: ]



(1)






Figure 4. Diagrammatic sketch of measured range on the specimen.
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The strain value at this moment can be obtained by Equation (2). This strain is the Green-Lagrange strain, or engineering strain, which nee10ds to be converted to logarithmic strain according to Equation (3).
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(2)
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(3)





Finally, the true stress value of the specimen can be obtained according to the hypothesis of incompressible volume and the calculation formula proposed by Kong et al. [12]. In this way, the true stress-true strain curve of the specimen can be obtained:
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(4)








5. Results


The first specimen of each group was tested by the proposed method, and the entire stretching process of specimen is shown in Figure 5. Figure 5 demonstrates that the specimen was stretched evenly at first, and then necking occurred between Figure 5c,d, with the position of the necking near the gauge point "0". As the load was continuously applied, Figure 5e–g show the rapid development stage of necking. Finally, the specimen fractured, as shown in Figure 5h.


Figure 5. Stretching process of the specimen. (a) chuck displacement 1.3 mm; (b) chuck displacement 6.4 mm; (c) chuck displacement 15.6 mm; (d) chuck displacement 17.6 mm; (e) chuck displacement 18.3 mm; (f) chuck displacement 19.3 mm; (g) chuck displacement 20.3 mm; (h) chuck displacement 21.1 mm.
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The test results of the two methods for specimen I were compared, and the comparison shows that the true stress-true strain curves obtained by the two methods were essentially coincident before necking. When the true strain value was 0.22, the true stress tested by the proposed method and the strain gauge were 655.0 MPa and 673.3 MPa, respectively, and the error was 2.7%. Similarly, the engineering stress-engineering strain curves of the two methods were also basically coincident before necking. When the engineering strain value was 0.24, the engineering stress value measured by the proposed method and the strain gauge were 527.8 MPa and 539.4 MPa, respectively, and the error was 2.2%.



After reaching the maximum load point, the true stress tested by the strain gauge began to decrease. The true stress obtained through the proposed method continued to increase with the strain increase, until the specimen broke. This result is consistent with the test results of Xin et al. [4], Yao et al. [8] and Kong et al. [12]. The true stress and true strain continued to increase with the displacement load after the necking of the specimen.



The engineering stress-engineering strain curves of I1 and I2 were compared (Figure 6), showing that the increase of the strain tested by the strain gauge slowed after the onset of necking. This is mainly because the strain gauge result is an average value. Although the strain at the necking position increased rapidly after the onset of necking, the growth of the average strain value was not obvious in the range of the strain gauge. In addition, the test results were also affected by the measuring range of the strain gauge, which means that the strain gauge cannot obtain accurate data when the deformation of the specimen exceeds the strain gauge range.


Figure 6. Comparison of the test results of specimens I1 and I2.
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The test results of specimens M1, M2, O1, and O2 are presented in Figure 7 and Figure 8. The results show the same law as specimens I1 and I2. However, compared with the test result of specimen I1, there was a significantly lower end for the true stress-true strain curves of specimens M1 and O1. This is mainly because the initial distance between the gauge points in the middle part of the specimen was 2 mm, while it was 5 mm at the upper and lower parts of the specimens, as shown in Figure 9. Meanwhile, the necking and the final fracture positions of specimens M1 and O1 were either upper or lower and deviated from the center (dense markers) of the specimen. As a result, at the end of the specimen stretching, the large distance between gauge points was unable to accurately capture the local strain of the severe necking part.


Figure 7. Comparison of the test results of specimens M1 and M2.
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Figure 8. Comparison of the test results of specimens O1 and O2.
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Figure 9. Distribution diagram of gage points on specimen O.
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6. Verification of the Results


To verify the results of the proposed method, an FEM (Finite Element Method) model of I1 was established using Abaqus 6.11 (Dassault Simulia Company, Providence, RI, USA) for comparative analysis. The 3D FEM was meshed with the C3D8R element. In addition, the intermediate part of the specimen was refined, as shown in Figure 10. The element size in the refines zone is 0.125 mm. The transition from a coarse mesh away from the middle region to a fine mesh in the middle region is achieved by using a structured transitional mesh pattern. As the mesh in the middle section of the specimen was refined, there is no geometric imperfection implied to induce the necking. Total number of elements and nodes are 8204 and 10,285, respectively.


Figure 10. Specimen′s finite element model.
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GTN model was chosen as the material’s model. The failure criterion is Equation (5) [22].
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(5)




where [image: ] is mises equivalent stress; [image: ] is flow stress; [image: ] is the average normal stress; q1, q2 and q3 are coefficients. Tvergaard and Needleman [23] proposed that by setting q1 = 1.5, q2 = 1.0 and q = q12 a better fit to experimental data could be achieved. f* is a function of the void volume fraction f and is defined as follows:
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(6)







For the API X65 pipeline steel, both Sandvik et al. [24] and Dybwad et al. [25] found that when fc = 0.13, the results of numerical simulations and experiments are in good agreement. fF = 0.15 + 2f0. In addition, f0 was chosen as 0.00015 according to Han et al. [18].



The load is displacement-controlled. The specimen was loaded by applying a load on one end while the other end was fixed. The stretching process is displayed in Figure 11. The processes of uniform stretching, necking, rapid necking development, and fracture are accurately simulated. The engineering stress and the load are in a proportional relationship, as are the engineering strain and the displacement, so the engineering stress-engineering strain curves (as an alternative of the load-displacement curve) obtained by the FEM and the proposed method (Figure 12) were compared. If the error is small, the test results of the proposed method are reliable.


Figure 11. Stretching process of the specimen in finite element simulation. (a) chuck displacement 1.3 mm; (b) chuck displacement 6.4 mm; (c) chuck displacement 15.6 mm; (d) chuck displacement 17.6 mm; (e) chuck displacement 18.3 mm; (f) chuck displacement 19.3 mm; (g) chuck displacement 20.3 mm; (h) chuck displacement 21.1 mm.
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Figure 12. Comparison of the engineering stress-engineering strain of three methods.
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Before necking occurs, the three results are basically coincident. After the onset of necking, the test results of the strain gauge decreased rapidly, while the results of the proposed method and the FEM decreased gently. Before the engineering strain reached 0.8, the engineering stress of the proposed method and the FEM were still relatively close. When the engineering strain reached 0.74, the error of the engineering stresses between the two methods was 3.5%, which is still within an acceptable range. The comparison results show that the proposed method is feasible.



For further illustrating the effect of gauge point distance on the test results, seven values of gauge point distance (GPD) were studied. The values of GPD are 0.25 mm, 0.75 mm, 1.75 mm, 2.0 mm, 2.5 mm, 3.5 mm, and 5 mm, respectively. The engineering strain-engineering stress curves for different GPD values are presented in Figure 13. As shown in Figure 13, except that the GPD is 5mm, the engineering stress-engineering strain curves of different GPD values are almost coincident. Even when the engineering strain reached 0.92, the differences between those engineering stress-engineering strain curves are very small. Thus, the GPD should be less than or equal to 3 mm (2 mm are recommended) when the proposed method is used for obtaining the whole-range uniaxial tensile properties of pipeline steel.


Figure 13. Comparison of engineering strain-engineering stress curves for different gauge point displacements.
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7. Conclusions


In a traditional uniaxial tensile experiment, a strain gauge is generally used to measure the strain value, with a gauge distance of 10 mm. In this paper, a method for testing the true stress-true strain curves of pipeline steel was proposed using a scale distance of 2 mm, which could capture subtler stress and strain values. The proposed method and the traditional strain gauge method were both used to test the engineering stress-engineering strain curves and true stress-true strain curves of six specimens in three groups. Next, the true stress-true strain curves obtained by the proposed method were verified and checked by the established finite element model. Finally, the test results of both methods were compared and analyzed. The main conclusions are as follows:



(1) The true stress-true strain curve and engineering stress-engineering strain curve are basically coincident in the results of the proposed method and the traditional strain gauge method before the onset of necking. This indicates that the pre-necking data obtained by the proposed method is effective and reliable.



(2) After the onset of necking, the true stress and true strain values obtained through the proposed method continued to increase with load displacement. However, the true strain value obtained by the traditional strain gauge grew slowly and the true stress value showed a decreasing trend, which is obviously illogical. The traditional strain gauge could not get effective data after the onset of necking, but the proposed method could still capture the true stress and the true strain.



(3) The true stress-true strain curve of the proposed method was verified by the established finite element model. The engineering stress-engineering strain curves of these two methods were compared, and the results show that they are very close when the strain is less than 0.74.



(4) The layout of gauge points in the proposed method has a great influence on the accuracy of the test results, and the smaller the distance between gauge points, the more accurate the test results will be. The gauge points should be evenly distributed along a symmetric line, and the distance is recommended to be less than 3 mm.
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