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Abstract

:

Gas and oil pipeline networks require periodic inspections to detect cracks or notches that can cause industrial accidents and environmental contamination. For these inspections, the metal magnetic memory (MMM) method could be used as a non-destructive testing (NDT) technique, which does not need expensive equipment and high-skilled operators. However, more investigations are required to quantify the size and shape of defects in ferromagnetic pipes using the MMM signals. We present experimental measurements of MMM signals around five small V-shaped notches of an ASTM-A36 steel pipe using a three-axis magnetoresistive sensor. The V-shaped notches have different values of depth (500 µm, 1000 µm, 1500 µm, 2000 µm and 2500 µm) and width (1000 µm, 1500 µm, 2000 µm, 3000 µm and 3500 µm). We measured the variations of tangential and normal MMM signals around these defects and their relationships with the size of each defect. The first V-notch defect (500 μm depth and 1000 μm width) registers variations of the tangential and normal MMM signals of 14.32 μT ± 1.62 μT and 27.95 μT ± 1.14 μT, respectively. On the other hand, the fifth V-notch defect (2500 μm depth and 3500 μm width) has variations of the tangential and normal MMM signals of 68.75 μT ± 1.10 μT and 71.37 μT ± 0.72 μT, respectively. The MMM method could be used for real-time monitoring of V-shaped notches in steel pipes. This method does not require special treatment of steel pipes.
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1. Introduction


Gas and oil pipeline networks need periodic inspections for monitoring defects that can generate damages to the surrounding environment [1,2]. Early detection of these defects could help avoid accidents in a pipeline [3,4]. These defects can be measured using non-destructive testing (NDT) techniques, such as ultrasonic testing, Eddy current testing, X-ray inspection, liquid penetrant test, thermography, and magnetic flux leakage testing [5,6,7,8,9]. For instance, ultrasonic testing can detect small flaws in pipes using ultrasonic pulses. However, this NDT technique requires operators with high technical experience [10,11]. Another NDT technique is Eddy current testing, which is used for monitoring defects in ferromagnetic pipes based on electromagnetic induction [12,13,14]. This technique requires external magnetic field sources and high-skilled operators in order to acquire the measurements. In addition, X-ray inspections can detect small flaws of pipes using expensive equipment and operators with extensive technique experience [15,16]. On the other hand, liquid penetrant testing can be employed for inspections of pipes using liquids around defects. However, this NDT technique requires pipes with surfaces free of contaminants [17]. Additionally, magnetic flux leakage testing uses an external source of magnetic flux close to surface of ferromagnetic pipes, in which the magnetic field changes around discontinuities [18,19]. Several of these NDT techniques need special treatment on the surfaces of pipes and expensive equipment. In addition, several of these techniques have problems for real-time monitoring of defects in ferromagnetic pipes.



An alternative NDT technique is the metal magnetic memory (MMM) method, which could be used for real-time monitoring of defects in ferromagnetic samples [20,21]. This method is based on the self-magnetization field of ferromagnetic samples [22,23]. The MMM method can be used for detecting early damage to ferromagnetic structures [24,25]. It is mainly used in soft ferromagnetic materials, such as medium carbon steel [26]. This method does not require an external magnetic field source, expensive equipment and special treatment on the surfaces of samples. The MMM method can be used to detect cracks in ferromagnetic structures, based on variations in residual magnetic field signals. Generally, the MMM method is employed to detect the locale of surface defects in ferromagnetic materials. However, the MMM method requires more investigations regarding the quantitative relations between the shape and size of the defects, and the variations of their tangential and normal MMM signals. A few investigations [27] have been reported about MMM signals around V-shaped notches in steel pipes. In order to study the behavior of the MMM signals of V-shaped notches, we measured the tangential and normal MMM signals around five different V-shaped notches in an ASTM-A36 steel pipe. These signals were obtained using a rotatory system, a commercial three-axis magnetoresistive sensor MAG3110 (Austin, Texas, USA, Freescale semiconductor), a mega Arduino board and a laptop. The tangential and normal MMM signals registered variations due to changes in the size (depth and width) of the V-shaped notches. This MMM method could be used for real-time monitoring of small V-shaped notches (with a minimum size of a few hundred micrometers) in oil and gas pipelines using low-cost equipment and without high-skilled operators.



This paper is structured as follows: Section 2 describes the main parameters of the five different V-shaped notches on surface of an ASTM-A36 steel pipe and the experimental setup. Section 3 presents the results and discussions of the MMM signals related with the V-shaped notches. Section 4 describes the conclusions and future work.




2. Materials and Methods


In this section, we depict the experimental setup and main parameters of five V-shaped notches in an ASTM-A36 steel pipe.



Figure 1 shows an ASTM-A36 steel pipe (280 mm length, 89 mm outer diameter and 5.45 mm thickness) that has five different V-shaped notches on its outer surface. The dimensions of the five V-shaped notches are shown in Table 1. The first notch has minimum values of 1000 µm width and 500 µm depth. The fifth notch however has maximum dimensions of 3500 µm width and 2500 µm depth.



Figure 2 depicts the experimental setup to measure the MMM signals around five small V-shaped notches on the outer surface of an ASTM-A36 steel pipe. This system contains a rotational mechanism; a (2 mm × 2 mm × 0.85 mm) commercial three-axis magnetoresistive sensor MAG3110 (Austin, Texas, USA, Freescale semiconductor) of high sensitivity (0.1 µT), an Arduino mega 2560 (Santiago, Chile, Arduino) and data processing through an Arduino board. The rotational mechanism uses a motor with encoder (12 VDC precision Faulhaber model 2342L012CR, Clearwater, Florida, USA) that generates a rotational motion of 2 rpm. In addition, the mechanical structure of the rotational mechanism is fabricated with non-magnetic materials, such as nylamide and aluminum. Thus, the residual magnetic field of the pipe is not affected by the rotational mechanism. The steel pipe is collocated in the rotational mechanism, which is supplied with a DC power supply (B&K Precision 1761, Yorba linda, California, USA). The magnetoresistive sensor employs an I2C (inter-integrated circuit protocol) interface to communicate with Arduino mega. The distance between the magnetoresistive sensor and the outer surface of each steel pipe was kept constant at 2 mm. This distance must have a minimum value to ensure a better detection of the magnetic signals around the defects. This is due to the fact that the magnitudes of these signals significantly decrease with an increase in the distance with respect to the surface of the steel pipe. Thus, the MMM method is most sensitive for monitoring small variations of the magnetic fields close to defects on the steel pipe. The measured MMM signals around the five V-shaped notches in the steel pipe are processed using a laptop with MATLAB software. The proposed system has a simple operation that can measure tangential and normal MMM signals of the V-shaped notches on the surface of an ASTM-A36 steel pipe.




3. Results and Discussion


This section includes the experimental results of tangential and normal MMM signals around five V-shaped notches in an ASTM-A36 steel pipe. The relations between these MMM signals and the size of the notches are studied. The MMM signals are measured along the perimeter of the steel pipe. We measured the tangential and normal MMM signals around each defect, considering a separation distance (z) between −2 mm and 2 mm. Figure 3 shows six measurements of tangential MMM signals around first V-shaped notch (S1). These MMM signals registered a minimum peak (−252.83 μT ± 1.39 μT) close to the defect center (z = 0 mm). This MMM signal describes a behavior similar to a U-shaped curve. The tangential MMM signal reached its maximum variation (14.32 μT ± 1.62 μT) at the defect center. This maximum variation is related to the depth (500 μm) of the defect on the outer surface of the pipe. In addition, Figure 4 illustrates the normal MMM signals close to the first notch (S1). Due to the two edges around the notch center, the normal MMM signals present two peak values, a maximum peak (71.22 μT ± 0.66 μT) before the notch center and a minimum peak (43.27 μT ± 0.52 μT) after the notch center. This normal MMM response shows a change in its variation direction close to the notch center. This change in variation direction is related to the curvature shift of the normal MMM signal, similar to that represented by an inflection point. These two peaks have a separation distance, parallel to the z-axis, that is related to a notch width of 1000 μm. Thus, the depth and width of the V-shaped notch alter the behavior of the tangential and normal MMM signals, respectively. However, the measured curves are not symmetric around the z = 0 of each defect. This could be caused by the influence of the self-magnetic field along the perimeter of the pipe related with the stress state of the material.



Figure 5 shows six measurements of tangential MMM signals around the second V-shaped notch (S2), which registered a minimum peak (–224.38 μT ± 1.31 μT) close to the defect center (z = 0 mm). Before this defect, the value of the tangential MMM signal decreased achieving its minimum magnitude near the notch center. After the defect center, the tangential MMM response increased. The magnetic field shift was caused by the defect depth (1000 μm) along the outer surface of the pipe, registering a maximum variation (16.08 μT ± 1.86 μT) at the notch center. Six measurements of normal MMM signals around the second notch (S2) are shown in Figure 6. Before the first edge of the second notch, the normal MMM signals had values close to 113.80 ± 0.28 μT. After the first edge of this defect, these signals decreased to 87.40 μT ± 0.40 μT at the second edge of the notch. The width (1500 μm) of the second notch affected the magnetic signal shift along a distance close to 1.5 mm.



For the third V-shaped notch (S3), six measurements of tangential MMM signals registered a minimum peak (−202.90 μT ± 0.90 μT) near the notch center (z = 0 mm). This peak was due to the depth (1500 μm) of the third notch, as shown in Figure 7. Along the surface perimeter of the pipe, the tangential MMM response decreased at the defect center. The maximum variation of the tangential MMM signal around defect center was 66.73 μT ± 1.13 μT. Figure 8 depicts six measurements of normal MMM signals of this third notch, in which these signals have a shift in their variation direction close to the defect center. Near the first edge of this notch, the normal MMM responses achieved a maximum peak of 159.32 μT ± 0.48 μT. On the other hand, around the second edge, the normal MMM signals had a minimum value of –96.68 μT ± 0.26 μT. The difference between these two values occurs along an approximate distance of 2 mm, which is related to the width (2000 μm) of the third notch (S3).



Figure 9 and Figure 10 illustrate six measurements of tangential and normal MMM signals of the fourth V-shaped notch (S4). The tangential MMM signals registered a minimum peak value of −162.40 μT ± 1.33 μT close to the notch center (z = 0 mm). Thus, the maximum shift of the tangential MMM signal is 55.13 μT ± 1.33 μT around defect center. This variation is due to the notch depth (2000 µm) of the pipe surface. Furthermore, the normal MMM response has a change in its variation direction near to defect center, which is related with the two edges of the fourth defect (3000 µm width). In addition, Figure 11 and Figure 12 show six measurements of tangential and normal MMM signals about fifth V-shaped notch (S5). A minimum peak value (−157.27 μT ± 0.94 μT) of the tangential MMM response is measured along the notch center (z = 0 mm) and is related with to notch depth (2500 µm depth). The maximum change of the tangential MMM signal around the defect center is 68.75 μT ± 1.10 μT. On the other hand, the normal MMM signals has maximum and minimum values of 155.17 μT ± 0.43 and 83.80 μT ± 0.41 μT, respectively. These normal MMM signals registered a change in their variation direction close to the notch center. Thus, the measurement of the tangential and normal MMM signals can be used to quantify the size (depth and width) of the V-shaped notch.



Table 2 indicates the values of minimum tangential MMM signals at the center of the V-shaped notches, as well as the maximum and minimum normal MMM signals at the edges of each notch. Furthermore, the maximum variations of tangential MMM signals around five notches are indicated in Table 3. Tangential MMM signals had variations of 14.32 μT ± 1.62 μT and 16.08 μT ± 1.86 μT close to center of the first and second notches, respectively. Moreover, the third notch shows a higher tangential MMM signal shift (66.73 μT ± 1.13 μT) in comparison with those of the first two defects. In the fourth notch, we observed a tangential MMM signal variation of 55.13 μT ± 1.33 μT, which is higher than those of the first and second notch. The fifth notch had a change of tangential MMM signal of 68.75 μT ± 1.10 μT, which is higher than that registered by the other defects. In addition, Table 3 contains the normal MMM signal variations around the two edges of the five V-shaped notches, considering the maximum and minimum peak values. In the first notch, a shift (27.95 μT ± 1.14 μT) in the normal MMM signal is registered between the two edges of the defect. The second notch has a normal MMM signal shift of 26.4 μT± 0.54 μT. For the third and fourth notches, the normal MMM signal variations were 62.63 μT ± 0.50 μT and 51.98 μT ± 0.64 μT, respectively. On the other hand, the fifth notch achieves a maximum normal MMM signal shift of 71.37 μT ± 0.72 μT. For these normal MMM signals, the first and second notches have the lowest tangential MMM signal variation. The first defect (500 μm depth) generates an alteration of tangential and normal MMM signals around the pipe, which could be used for monitoring its position and size. Figure 13 depicts la maximum variation of tangential MMM signal with respect to the depth of the V-shaped notch. For the first three defects, the maximum variation of this MMM signal increases when the depth increases. For the fourth and fifth defects, the variation of the tangential MMM signal is lower. For instance, the fourth defect has a lower variation with respect to third defect. This could be due to the saturation of the variation of this MMM signal. The fifth defect has a slight increase with respect to the third and fourth defect. Thus, this variation of tangential MMM signal has a nonlinear behavior. Figure 14 depicts the maximum variation of normal MMM signals with respect to the width of the V-shaped notches. In addition, this signal has a nonlinear behavior. The third and fifth width have highest variations of tangential MMM signals. The fourth width has a variation slightly lower than the third width. For both tangential and normal MMM signals, the third and fifth notches had highest variations. On the other hand, the fourth notch had a small reduction of the variations of the tangential and normal MMM signals in comparison with those of third notch. The five notches had the highest alteration for both MMM signals in comparison with those of the first four notches. Moreover, the maximum variations of tangential MMM signals increased for the first three defects. However, this signal registers a magnetic saturation for the fourth and fifth defect, achieving a small difference in comparison with those of the third defect. Based on the results measured in this work, this MMM method could be used to detect V-shaped notches with depth and width higher that 500 µm. The study about the variations of tangential and normal MMM signals around small V-shaped notches of an ASTM-A36 steel pipe could be used for monitoring the location and size of these defects. The MMM method could be employed for real-time inspection of small V-shaped notches (at scale of a few hundred micrometers) of steel pipes using low-cost equipment and without high-skilled operators.




4. Conclusions


An experimental study of the variations of tangential and normal MMM signals around five small V-shaped notches on the surface of an ASTM-A36 steel pipe was reported. These signals were measured using system formed by a rotational mechanism, a magnetoresistive sensor (MAG3110, Austin, TX, USA, Freescale semiconductor), an Arduino mega (ATmega2560, Santiago, Chile, Arduino) and a data processor. This system does not need expensive equipment, external magnetic field sources and operators with extensive experience. The relationship between the depth and width of each defect with respect to the variations of the tangential and normal MMM signals were studied. The tangential MMM signals around each defect registered a behavior similar to U-shaped curve, which the maximum shift of this signal was related with the defect depth. On the other hand, the normal MMM signals about each defect presented a maximum peak before notch center and a minimum peak after notch center. The separation between these peaks were related to the width of each defect. The smallest defect registered the low shift (14.32 μT ± 1.62 μT and 27.95 μT ± 1.14 μT) of tangential and normal MMM signals in comparison with those of the other notches. The variations of the tangential MMM signals had an increment for the first three defects. However, this signal had a magnetic saturation for the fourth and fifth notch, keeping a small difference in comparison with those of third notch. The largest notch had the highest change (68.75 μT ± 1.10 μT and 71.37 μT ± 0.72 μT) of tangential and normal MMM signals with respect to those of the other defects. The relations between these MMM signals and the size of the V-shaped notches were studied. The MMM method could be used to quantify the size (depth and width) of the V-shaped notch.



In future research, we will consider the influence of the magnetic field due to the stress state of the pipe material.
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Figure 1. Five V-shaped notches (a) of different widths and depths (1000 µm × 500 µm, 1500 µm × 1000 µm, 2000 µm × 1500 µm, 3000 µm × 2000 µm, and 3500 µm × 2500 µm) on the outer surface and (b) along the perimeter of an ASTM-A36 steel pipe. 
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Figure 2. Measurement system of tangential and normal MMM signals around five different V-notch defects on the outer surface of an ASTM-A36 steel pipe. 
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Figure 3. Variation of tangential MMM signals around the first V-shaped notch (1000 µm width and 500 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 
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Figure 4. Variation of normal MMM signals around the first V-shaped notch (1000 µm width and 500 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 
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Figure 5. Variation of tangential MMM signals measured around the second V-shaped notch (1500 µm width and 1000 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 
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Figure 6. Variation of normal MMM signals measured around the second V-shaped notch (1500 µm width and 1000 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 
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Figure 7. Variation of tangential MMM signals measured around the third V-shaped notch (2000 µm width and 1500 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 
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Figure 8. Variation of normal MMM signals measured around the third V-shaped notch (2000 µm width and 1500 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 
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Figure 9. Variation of tangential MMM signals measured around the fourth V-shaped notch (3000 µm width and 2000 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 
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Figure 10. Variation of normal MMM signals measured around the fourth V-shaped notch (3000 µm width and 2000 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 






Figure 10. Variation of normal MMM signals measured around the fourth V-shaped notch (3000 µm width and 2000 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests.



[image: Applsci 11 03940 g010]







[image: Applsci 11 03940 g011 550] 





Figure 11. Variation of tangential MMM signals measured around the fifth V-shaped notch (3500 µm width and 2500 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 






Figure 11. Variation of tangential MMM signals measured around the fifth V-shaped notch (3500 µm width and 2500 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests.
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Figure 12. Variation of normal MMM signals measured around the fifth V-shaped notch (3500 µm width and 2500 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests. 






Figure 12. Variation of normal MMM signals measured around the fifth V-shaped notch (3500 µm width and 2500 µm depth) of the ASTM-A36 steel pipe, which were measured using six experimental tests.



[image: Applsci 11 03940 g012]







[image: Applsci 11 03940 g013 550] 





Figure 13. Maximum variation of tangential MMM signals versus depth of the V-shaped notch of the ASTM-A36 steel pipe. 






Figure 13. Maximum variation of tangential MMM signals versus depth of the V-shaped notch of the ASTM-A36 steel pipe.
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Figure 14. Maximum variation of normal MMM signals versus width of the V-shaped notch of the ASTM-A36 steel pipe. 






Figure 14. Maximum variation of normal MMM signals versus width of the V-shaped notch of the ASTM-A36 steel pipe.
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Table 1. Dimensions of five V-shaped notches on the surface of an ASTM-A36 steel pipe.






Table 1. Dimensions of five V-shaped notches on the surface of an ASTM-A36 steel pipe.





	V-Notch Defect
	Width (µm)
	Depth (µm)





	S1
	1000.0
	500.0



	S2
	1500.0
	1000.0



	S3
	2000.0
	1500.0



	S4
	3000.0
	2000.0



	S5
	3500.0
	2500.0
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Table 2. Maximum and minimum values of tangential and normal MMM signals around the center and edges of the five V-shaped notches of an ASTM-A36 steel pipe.






Table 2. Maximum and minimum values of tangential and normal MMM signals around the center and edges of the five V-shaped notches of an ASTM-A36 steel pipe.





	V-Notch Defect
	Minimum Tangential (Bz) MMM Signal around Notch Center

(μT)
	Maximum Normal (By) MMM Signal around Notch Edge

(μT)
	Minimum Normal (By) MMM Signal around Notch Edge

(μT)





	S1
	−252.8 ± 1.39
	71.2 ± 0.66
	43.3 ± 0.52



	S2
	−224.4 ± 1.31
	113.8 ± 0.28
	87.4 ± 0.40



	S3
	−202.9 ± 0.90
	159.3 ± 0.48
	96.7 ± 0.26



	S4
	−162.4 ± 1.33
	87.1 ± 0.86
	35.1 ± 0.30



	S5
	−157.3 ± 0.94
	155.2 ± 0.43
	83.8 ± 0.41
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Table 3. Variations of tangential and normal MMM signals around the center and edges of the five V-shaped notches of an ASTM-A36 steel pipe.






Table 3. Variations of tangential and normal MMM signals around the center and edges of the five V-shaped notches of an ASTM-A36 steel pipe.





	V-Notch

Defect
	Maximum Variation (ΔBz) of the Tangential MMM Signal around Notch Center

(μT)
	Maximum Variation (ΔBy) of the Normal MMM Signal between the Edges of Notch

(μT)





	S1
	14.32 ± 1.62
	27.95 ± 1.14



	S2
	16.08 ± 1.86
	26.4 ± 0.54



	S3
	66.73 ± 1.13
	62.63 ± 0.50



	S4
	55.13 ± 1.33
	51.98 ± 0.64



	S5
	68.75 ± 1.10
	71.37 ± 0.72
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