

  metals-13-01903




metals-13-01903







Metals 2023, 13(11), 1903; doi:10.3390/met13111903




Article



Selection of Magnetic Pulse Crimping Process Conditions to Improve Crimped Terminal Quality



Minseok Kim 1,2 and Jiyeon Shim 2,*





1



Department of Mechanical Design Engineering, Jeonbuk National University, Jeonju-City 54896, Republic of Korea






2



Carbon & Light Materials Application R&D Group, Korea Institute of Industrial Technology, Jeonju-City 54853, Republic of Korea









*



Correspondence: shimjy@kitech.re.kr







Citation: Kim, M.; Shim, J. Selection of Magnetic Pulse Crimping Process Conditions to Improve Crimped Terminal Quality. Metals 2023, 13, 1903. https://doi.org/10.3390/met13111903



Academic Editor: Umberto Prisco



Received: 9 October 2023 / Revised: 31 October 2023 / Accepted: 7 November 2023 / Published: 17 November 2023



Abstract


The crimping of copper terminals via hand-operated and hydraulic compressors is used to generate a compressive force between a terminal and a wire, generally on a worksite. However, this equipment often causes compression defects because non-uniform pressure is applied to the terminal surface in the radial direction during crimping. When the crimped terminal is connected to electrical parts such as the power transmission system, a low-quality crimped terminal can separate from the wire strands, increasing resistance to current flow through the terminal, energy loss, and the risk of fire due to overheating. For this reason, Magnetic Pulse Crimping (MPC), which can yield highly durable crimped terminals with uniform quality, has recently been developed. This process uses only the magnetic force generated by high electromagnetic interaction between the crimping coil part and the surface of the terminal, without physical contact. The objective of this research was to confirm the superiority of the MPC process over the conventional crimping process and then analyze the effects of the main process parameters, including the crimping length and the charge energy on the crimping part, so that this new process can be applied at worksites. To realize these goals, copper terminals and 35 mm2 copper wire strands were employed, and various types of crimping parts were manufactured under different crimping conditions. In particular, the distribution of electromagnetic force on the crimped parts were analyzed via numerical analysis. The crimping part performance was improved when the MPC process was applied to terminal crimping. In particular, decreasing the crimping length led to increased crimping quality, while increasing the charge energy caused increases in the compression ratio and pullout strength. However, excessively high charge energy caused the edge to break the wire strands; therefore, it is important to select the proper charge energy.
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1. Introduction


Crimped terminals, given that they play vital roles in sending current from a main power supply, are essential components of intelligent vehicles and electrical equipment such as renewable energy systems and appliances [1]. To crimp a terminal, wire strands are inserted into the terminal and crimped by hand. Compressing the strands of wires is the most important factor in ensuring the quality of the connection terminal. However, the tool utilized applies non-uniform pressure to the surface of the terminal during crimping, so crimped terminals often have many defects. Moreover, this tool is controlled by a worker, so achieving uniform-quality crimped terminals is very difficult [2,3,4].



Generally, a compression defect causes wear due to high temperatures, separation due to the loosening of the crimped part, and fires due to poor electrical contact, all of which, in turn, shorten the lifespan of the crimped terminal. Therefore, these defects drive up the manufacturing costs of the complete products. Figure 1 shows examples of fires caused by defects such as crimped terminals. The terminal, which has a non-uniform crimped part, caused poor contact between the terminal and the junction block. As a result of this condition, thermal expansion of the crimped terminal or sparks occurred, leading to reduced crimping strength of the wire strands. Eventually, a fire broke out. These problems generally lead to threats to worker safety [2,5,6]. For these reasons, the determination of a proper process for achieving high-quality crimped terminals has been intensively studied. Jongwuttanaruk and Thavornwat [3] used response surface methodology optimization of the mechanical crimping process to solve the problem wherein loose wire strands are present. Optimal crimping conditions for the terminal 064 series, which has open wings with cores exposed, were selected; in terms of tensile mechanical properties, a pull-out force of more than 0.07 kN was achieved. Yin et al. [7] used FEM analysis to investigate the effects of crimping dimensions such as crimping height, crimping width, and compressibility. Li et al. [8], using a crimping barrel, performed numerical and experimental work to investigate the relationship between pull-out force and the indentation depth of aviation wire crimp terminals. Based on the tensile simulation results, the indentation depth range was determined. However, these studies used a “U”-shaped terminal and a “Barrel”; thus, it was necessary to research ring-type terminals that have welding lines in the center of the terminal and are widely used in all industries. Recently, the high-velocity formation process has been applied to terminal crimping. This process, in which electromagnetic force is used, has many advantages, such as producing complex geometries of components and exerting uniform pressure without leaving tool marks on workpieces [9,10]. The Magnetic Pulse Crimping (MPC) process was investigated by Ali et al. using copper lugs. Their results showed better compression of wire strands inside the lugs and fewer voids compared to the conventional mechanical crimping process [10]. Rajak et al. compared two types of electromagnetic crimped terminals: internally threaded terminals and internally plain terminals. Their results showed that the internally threaded terminal had excellent performance [11]. Additionally, an analysis of the effects of a five-turn helical coil shape on crimped terminals was performed [12]. Shim et al. [2] and Saxena et al. [13] attempted to use electromagnetic force to make a crimping-ring-type terminal; they compared their durability results with those of conventional crimping processes using compressors and hydraulic compressors. This process is frequently utilized for other objects. An analytical prediction of the achievable strength of joints that utilize electromagnetic crimping under quasi-static tensional loads was introduced and presented by Weddeling et al. [14]. Mentec et al. [15] attempted the crimping of a stainless-steel tube and ring using electrohydraulic technology. These previous studies confirm that MPC is more useful than the conventional processes. However, most MPC research for terminal crimping has focused on the superiority of the MPC process under inadequate crimping conditions in terms of crimping length. In previous studies, the terminal was crimped only once, so its quality was originally low in terms of pullout strength and contact resistance. For this reason, terminals are generally crimped twice at worksites. The variation of crimping length has a close relationship with crimped terminal quality; thus, studies considering crimping length need to investigate this process at worksites. The objective of this study was thus to analyze the effects of crimping length and charge energy on crimped terminal quality. The charge energy is the force used for crimping; the crimping length is the contact length between the terminal and the copper wire strands. To realize our objectives, two types of crimped terminals were manufactured by varying the crimping conditions and evaluating their quality in terms of compression ratio, pullout strength, contact resistance, and temperature rise. In particular, numerical analyses were performed to analyze the distribution of magnetic force during the crimping process.




2. MPC Process


The MPC process is a high-velocity crimping process that uses magnetic force; thus, the MPC system consists of a pulse power source and a working coil with a concentrator and a loading jig, as shown in Figure 2. The pulse power source is instantaneously discharged to generate a primary current with high frequency in the working coil, as shown by I1 in Figure 2. The pulse power source is typically rated according to the energy storage capacity and stored charge energy, as follows [16]:


  E =   1   2   C   V   2          



(1)




where E and C are the charge energy and total capacitance and V is the charge voltage. I1 will induce secondary current I2 in the concentrator and this I2 flows through the concentrator outer surface to the inner surface as I3. Finally, I4 is induced on the surface of the terminal. The high electromagnetic fields between the concentrator inner surface and the terminal surface generate a high magnetic force between them; this magnetic force leads to high velocity, which compresses the terminal toward the copper wire strands for mechanical crimping at nearly 1000 m/s [2].



Figure 3 shows crimping of a terminal using the MPC process. Because the MPC process uses high electrical energy, it requires a remote controller and loading/unloading jig to reduce tack time and to ensure worker safety during crimping. The MPC process was initiated by inputting the terminal into a concentrator on a loading/unloading jig. Then, the concentrator traveled toward the one-turn crimping coil. It was pushed by the hydraulic compressor using an electric motor. After set-up, the electrical energy was charged to the pulse power source and then discharged by the controller to the crimping coil within a microsecond; due to this magnetic force, the terminal collided at high velocity with copper wire strands.




3. Experimental Procedure


The MPC system manufactured by WELMATE Co., Ltd. of Gimpo, Korea is shown in Figure 4. The pulse power source consisted of 10 capacitors connected in parallel. The capacitors were discharged to a coil by a triggered switch unit. The total capacitance was 613 μF and the charge voltage was less than or equal to 14 kV, so the maximum charge energy was 60 kJ. In particular, two types of concentrators were designed and manufactured using beryllium copper, as shown in Figure 5.



We employed 1.3 mm thickness 12 mm diameter copper terminal and 35 mm2 cross-sectional area copper wire strands in this study. The terminal surface was cleaned with alcohol and dried. No special surface treatment was applied before crimping. The prepared terminal and wire were inserted into the concentrator, and the terminal was overlapped. In particular, the gap between the terminal and the concentrator was maintained at 1.0 mm to ensure high electromagnetic interaction. The Rogowski coil for measuring current during discharge time was set up at the connection part between the pulse power source and the crimping coil. Table 1 shows the crimping conditions for this study. Case A and Case B were manufactured using a compressor for the conventional crimping process; this was tried once and then a second time to achieve 10 mm and 14 mm crimped parts, respectively. As for the MPC conditions, the charge energy was varied from 20 kJ to 26 kJ. To analyze the effect of crimping length, Case D and Case E were crimped using the two types of designed concentrators with identical charge energy. Case E, Case F, and Case G were crimped using the designed concentrator with 14 mm depth under different energy levels. After crimping, the crimping parts were evaluated according to the compression ratio, crimping pullout strength, and temperature rise, as shown in Figure 6. Comparison of cross sections of crimped terminals was carried out using an optical microscope to measure voids and to calculate the compression ratio. During the crimping process, the compression ratio α was defined as the difference in wire areas before and after crimping [7].


  α =       S   0   −   S   C       S   0       × 100 %  



(2)




where     S   0     is the terminal diameter and     S   C     is the diameter of the crimped terminal. The pullout strength was tested using the standard procedure for a wire pullout test. The MPC crimped terminal was prepared with a length of 180 mm (the terminal and wire strand length were 14 mm and 165 mm, respectively), and 15 mm of insulation was peeled off to prevent gripper slip. The transverse speed was maintained at 50 mm/min [17]. All experiments were conducted ten times to ensure reliability of results. The crimped contact resistance and temperature were measured using an LCR meter and an infrared camera.




4. Numerical Procedure


Electromagnetic–mechanical simulation is indispensable when analyzing the MPC process because it makes it possible to predict the shapes of crimped terminals by accurately identifying the magnetic force and how its distribution acts on the terminal within tens of microseconds; these values were difficult to determine in our experiment. To develop the electromagnetic-mechanical FE-model, the commercially available finite element software ANSYS/LS-DYNA (https://www.ansys.com/) was used [18]. First, an electromagnetic FE-model was established to calculate the electromagnetic force; then, a mechanical model was established to calculate the high-velocity deformation of the terminal. The crimping coil as a rigid body and the terminal as a deformable material were modeled with R3D4 and C3D8R for the FE-model. The general explicit contact algorithm was used for the terminal and wire bundle; thus, the software automatically defined the contact in the model. The Maxwell equations were solved using FEM for solid conductors and the boundary element method (BEM) for the surrounding air. The crimping coil movement was constrained in all directions, including translation and rotation. Figure 7 shows waveforms measured during crimping under various conditions. When discharge from the pulse power source had values of 20 kJ, 22 kJ, 24 kJ and 26 kJ, values of peak current of 160 kA, 200 kA, 230 kA and 268 kA were measured. For the simulation, these waveforms were input to the crimping coil as a sine wave function. However, during the MPC process, the peak current is responsible for considerable deformation, and thus up to 15   μ s   was input for the FE-model.



Figure 8 shows the FE-model developed to analyze the distribution of magnetic force. This FE-model consisted of concentrators, which had lengths of 10 mm and 14 mm as shown in Figure 9, and terminal and wire strands, which were simplified into a bundle. The MPC process used high-strain-rate deformation processes, so it was necessary to input the Johnson–Cook material constant parameter values as material properties [1,11,19]. Therefore, the Johnson–Cook constitutive model was used to model the behavior of the deforming terminals. The J-C equation, a combination of plastic strain and plastic strain rate, is shown in Equation (3):


  σ =   A +     B   ε     n       1 + C   ln  ⁡        ε  ˙        ε   0    ˙            1 −       T −   T   r o o m       T   m   −   T   r o o m         n      



(3)




where   σ   is the equivalent plastic stress (MPa), ε is the equivalent plastic strain,     ε  ˙    is the equivalent plastic strain rate (    S   − 1    ),       ε   0    ˙    is the reference equivalent plastic strain rate (    S   − 1    ),   T   is the temperature (°C),     T   m     is the melting temperature, and     T   r o o m     is the room temperature (°C). The J-C material properties and mechanical properties for copper material are shown in Table 2 [20]. During the MPC process, the peak current causes considerable deformation; thus, currents of 200 kA and 15   μ s   were inputted into the FE-model.



The numerical analysis was divided into two different sections. Electromagnetic analysis was used to calculate the distribution of magnetic force, which was then applied to the mechanical analysis. Figure 9 shows the results for terminals crimped by MPC with two types of concentrators. The results for the crimped terminals show good agreement with the experimental results. Therefore, the developed FE-model was employed to analyze the distribution of magnetic force during the MPC process with various values of crimping length and charge energy.




5. Results and Discussion


5.1. Compression Ratio


To characterize the E-SPR joints according to the rivet type, experiments were conducted by applying compressor crimping, because the conventional process results in a letter “B”-shaped crimping part. In contrast, a radial crimping part can be achieved using the MPC process. Images of cross sections are shown in Figure 10. The density of wire of the terminal formed by MPC is higher than that formed by the compressor; thus, many voids between wires and between wires and terminals can be observed in Cases A and B. One void was over 0.56 mm in size in Case B, as shown Figure 10b. It was found that, compared to those crimped by a compressor, terminals crimped by MPC show more uniform radial compression deformation and a minimum number of voids between wire strands and terminals. Figure 10c,f show cross-sections of parts formed by the MPC process. When 20 kJ charge energy was applied to the process, crimping parts were separated into wires and terminals during cutting. This shows that 20 kJ is not a sufficient energy level for crimping.



To analyze the effects of crimping length and charge energy in the MPC process, compression ratios were measured under various conditions, as shown in Figure 11. The maximum compression ratios for the crimping lengths of 10 mm and 14 mm were 30.3% and 18.9% under 22 kJ, respectively. With the increases in crimping length, the wire density in terminals decreased, and many voids between wires and between terminals and wires were observed. This means that increasing the crimping length led to a decrease in the compression ratio. The minimum compression ratio under 14 mm crimping length was 18.9%, for Case E at 22 kJ; the maximum compression ratio was 32.3% for Case G at 26 kJ. In Case E, due to the lower compaction, a gap of approximately 0.2 mm was measured between the terminal and the wire strands, as shown in Figure 10d. Very few internal gaps were observed in Case G, as shown in Figure 10f. By increasing the charge energy at the same crimping length, compression ratio was increased. Additionally, reductions in individual wires were observed in Case D, Case F, and Case G. The maximum diameter of an individual wire was 0.22 mm before crimping and 0.20 mm after crimping. The magnetic force increased with increases in charge energy. To analyze the magnetic force of the MPC process, the verified electromagnetic FE-model was employed.



Figure 12 shows the magnetic forces produced by the two types of concentrator during crimping. The maximum magnetic forces were calculated at 2150 N and 1250 N for Case D and Case E, respectively. The higher magnetic force was achieved using the 10 mm concentrator; the overall difference was about 900 N. However, at point C in Case D, the magnetic force decreased sharply because the gap between the concentrator and the terminal was over 2 mm and electromagnetic integration was too weak. On the contrary, unit-form magnetic force was achieved in Case E. Figure 13 shows the distribution of the magnetic force with variation in the charge energy. With increasing charging energy and identical crimping length, the magnetic force increased by about 700 N.



These results confirm that decreasing the crimping length and increasing the charge energy are effective ways of improving the crimped terminal quality.




5.2. Pullout Strength of Crimped Part


During the operation of a system connected with a crimped terminal, occurrence of separate terminals and wires can cause many kinds of damage, such as fire and system breakdown. Therefore, pullout strength is a very important factor required to maintain terminal function during energy transmission. Figure 14 shows the strength of the pullout tests for the various crimping conditions. The pullout strengths induced by the compressor for Case A and Case B were measured at 1.560 kN and 2.041 kN under different crimping lengths. Because the crimping length increased from 10 mm to 14 mm in Case B, the pullout strength increased slightly. During the MPC process, the pullout strengths of Case D and Case E were measured at 2.936 kN and 1.702 kN, respectively. When the crimping length increased from 10 mm to 14 mm with 22 kJ charge energy, the pullout strength decreased by about half. Because the magnetic force for crimping decreased according to the increasing crimping length, as seen in Section 5.1, the pullout strength decreased sharply in Case E. To analyze the effect of charge energy, the pullout strength values of Cases E, F, and G were compared. The pullout strengths of Case E and Case F were 1.702 kN and 3.147 kN; it was found that increasing the charge energy led to increased pullout strength due to the increased magnetic force, as shown in Figure 14. The pullout strength depends on the compression ratio of the plasticized crimp between the terminal and the wire strands [21]. The compression ratio increases with deformation, which increases with charge energy. Unexpectedly, the pullout strength decreased in Case F, which was manufactured to have the highest charge energy. Because a portion of copper wire strands adjacent to the edge of the terminal were squashed and compressed during crimping by the high magnetic force, this sample broke easily during the pullout strength test. From these results, it can be confirmed that, although compared to the compressor process the MPC process is effective in terms of pullout strength, too-high charge energy can lead to decreased pullout strength. Therefore, proper charge energy selection is important to achieve high-quality MPC crimped parts.




5.3. Contact Resistance and Temperature


The most important role of crimped terminals is current flow from power supply to equipment; thus, contact resistance is important to prevent energy loss. The lower the contact resistance, the less heat is generated at the crimped terminal. A properly crimped terminal should have minimum contact resistance to ensure maximum current flow through it [11]. For this reason, the contact resistance and the temperature of the terminal surface were measured; the values are presented in Table 3. The contact resistance of terminals crimped using compressors was approximately 33 mΩ, while the contact resistance of terminals crimped according to MPC varied with crimping length and charge energy. The contact resistances of Case D and Case E were measured and found to be 26.1 mΩ and 30.8 mΩ, respectively. With the increase in crimping length, the resistance values increased under identical charge energy. The contact resistance of Cases E, F, and G were compared to investigate the effect of charge energy. The contact resistances of Case E and Case F were measured at 30.8 mΩ and 24.8 mΩ. These results show that increasing the charge energy led to decreased contact resistance of MPC crimped parts.



Figure 15 shows measured temperatures of crimped terminals under various conditions over a period of 120 min. After 40 min, the temperature of the terminal crimped using a compressor was measured and found to be approximately 32.5 °C. The MPC terminal had a temperature of 31.1 °C. As time passed, the temperature difference increased and, after 120 min, the maximum temperature of the terminals crimped using the compressor and MPC were 37.8 °C for Case A and 34.3 °C for Case E.



Generally, increasing contact resistance causes a temperature rise. In particular, the temperatures of Cases D and F were compared to select the proper MPC condition; it was found that the temperature rise of Case D was higher than that for Case F, as shown in Figure 16. From these results, it can be seen that increasing the charge energy is a better method of achieving high-quality crimping parts than decreasing the crimping length.





6. Conclusions


In the present study, the superiority of the MPC process compared to the conventional crimping process was verified and the effects of main process parameters, which include crimping length and charge energy, on MPC crimped parts were analyzed via experimental and numerical work. The observations from this study can be summarized as follows:




	(1)

	
The effect of crimped length on crimped terminal quality was analyzed for the first time. When the crimped length was 10 mm in the MPC process, the maximum values of the compression ratio and pullout strength of MPC were 32.3% and 3.147 kN, respectively.




	(2)

	
The electromagnetic–mechanical FE-model was developed to analyze the MPC process; the simulation results were in good agreement with the experimental deformation results. To employ the developed FE-model, the effect of concentrator length and the effect of charge energy on the crimped terminal were quantitatively analyzed. The achieved distribution of electromagnetic force on crimped terminal can be applied as fundamental data to terminals of similar shape.




	(3)

	
The effect of crimping length on MPC crimped parts was investigated using two types of concentrator, with crimping lengths of 10 mm and 14 mm. With increases in the concentrator length, the quality of crimped parts decreased sharply. From the simulation results, it was confirmed that the electromagnetic force decreased by 20% at a concentrator length of 14 mm.




	(4)

	
The effect of charge energy on MPC crimped parts was measured according to variation in charge energy. With the increase in charge energy from 20 kJ to 24 kJ, the compression ratio and pullout strength increased. The simulation results confirmed that the electromagnetic force increased by 30% as the charge energy increased.




	(5)

	
High-quality MPC crimped parts can be obtained by reducing the crimping length and increasing the charge energy. When applying the MPC process on site, the most significant values were the contact resistance and temperature. The results show that, to achieve high-quality crimped terminals, increasing the charge energy is a more effective method than reducing the crimping length.




	(6)

	
Although 26 kJ electrical energy was employed for terminal crimping, the lowest pull-out strength was measured because a portion of wire strands adjacent to the edge of the terminal were squashed. This result shows that selection of proper charging energy is the most important factor for achieving high-quality crimped terminals. These results can contribute to the design of MPC processes for many kinds of crimping components in various industries.
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Figure 1. Fires due to defects of crimped terminals. 
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Figure 2. Schematic view of MPC process. 
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Figure 3. Set-up of MPC process. 
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Figure 4. MPC system in this study. 
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Figure 5. Two types of designed concentrator. 
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Figure 6. Set-up of crimped part quality tests. (a) Tensile test, (b) temperature test. 
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Figure 7. Input current waveforms. 
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Figure 8. FE-model for MPC process. 
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Figure 9. MPC crimped terminals with different crimping lengths, analyzed using the FE-model. 
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Figure 10. Cross-sections of parts crimped under various conditions. (a) Case A, (b) Case B, (c) Case D, (d) Case E, (e) Case F, (f) Case G. 
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Figure 11. Compression ratio of MPC crimped terminal. 
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Figure 12. Magnetic force values of two types concentrator (charge energy: 22 kJ). 
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Figure 13. Magnetic force values with various energy charges (concentrator length 14 mm). 
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Figure 14. Pullout strength of crimped terminals under various conditions. 






Figure 14. Pullout strength of crimped terminals under various conditions.



[image: Metals 13 01903 g014]







[image: Metals 13 01903 g015] 





Figure 15. Temperature of terminals crimped under various conditions. 
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Figure 16. Effects of charge energy and crimping length on temperature rise of crimped terminal. (a) Charge energy 22 kJ, crimping length 10 mm; (b) charge energy 26 kJ, crimping length 14 mm. 
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Table 1. Crimping conditions.






Table 1. Crimping conditions.





	

	
Crimping Process

	
Charge Voltage (kV)

	
Charge Energy (kJ)

	
Crimping Length (mm)






	
Case A

	
Compressor

	
-

	
-

	
10




	
Case B

	
-

	
-

	
14




	
Case C

	
MPC

	
8.2

	
20

	
10




	
Case D

	
8.5

	
22

	
10




	
Case E

	
8.5

	
22

	
14




	
Case F

	
8.9

	
24

	
14




	
Case G

	
9.2

	
26

	
14











 





Table 2. Values of Johnson–Cook material constant parameter [11,20].






Table 2. Values of Johnson–Cook material constant parameter [11,20].





	
Mechanical and Electrical Properties




	
Density (kg/m3)

	
Modulus of Elasticity (GPa)

	
Poisson’s Ratio

	
Thermal Conductivity

(   W / m K   )

	
Electrical Resistivity

(   Ω m   )






	
8960

	
124

	
0.27

	
588

	
   1.7 ×   10   − 8     




	
Johnson–Cook material constant parameter




	
A (MPa)

	
B (MPa)

	
n

	
C

	
Tm (K)

	
m




	
90

	
292

	
0.31

	
0.025

	
1331

	
1.09











 





Table 3. Contact resistance of crimped terminals.






Table 3. Contact resistance of crimped terminals.





	

	
Crimping Process

	
Charge Energy

(kJ)

	
Crimping Length (mm)

	
Contact Resistance

(    m Ω   )






	
Case A

	
Compressor

	
-

	
10

	
34.1




	
Case B

	
-

	
14

	
32.3




	
Case C

	
MPC

	
20

	
10

	
-




	
Case D

	
22

	
10

	
26.1




	
Case E

	
22

	
14

	
30.8




	
Case F

	
24

	
14

	
24.8




	
Case G

	
26

	
14

	
23.1
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