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Abstract

:

Featured Application


The proposed method of laser welding on lap joints is featured with large joint strength and less loosening failure and has a potential application on modern femur surgery.




Abstract


Stainless steel wires with fiber-laser welding on lap joints are first proposed in this study to be used as cerclage wire joints for modern femur surgery, because of their potentially larger joint strength and less loosening failure than traditional joint devices. In this feasibility study, an experiment was set up to determine adequate parameters for the laser welding process in order to ensure that the wire joint of cerclage has good weld appearance, free oxidation, and suitable joint strength. A stainless steel wire 316L with a diameter of 1.6 mm, flare-welded on lap joint was used in the experiment as a specimen cerclage wire joint. Two major effective parameters were chosen for controlling a suitable fusion weld, including charge voltage and multiple frequencies of the laser irradiation. The adequate area of the laser parameters was determined from the experiment, including the ranges of charge voltage, multiple frequencies, and pulse width. The suitable welded lengths of specimens were also studied in the mechanical test to validate the joint strength. Suggested welded length has a better tensile strength than traditional cerclage joints. The paper concludes that the stainless wire joints with a fiber laser weld represents a promising alternative to traditional cerclage joint devices for modern femur surgery.
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1. Introduction


Cerclage wire is a common procedure of orthopaedic surgeons for internal fixation. It also helps as a tool for arranging femoral bone fracture. Currently, this surgery method has an indication for the treatment of multiple bone fractures such as periprosthetic fracture, femoral fracture or patellar fracture, etc. [1,2,3,4,5,6,7]. Stevens et al. mentioned that the attachment of plates using cerclage wires obviated the need for screws and a double-loop cerclage performed better than a single-loop one [1]. Cerclage wiring technique helps to achieve stable reduction of femoral fractures which can then be supplemented with a nail or a plate [2,3]. For clinical use, the treatments using cerclage wires with locking plate fixation for periprosthetic fractures of the femur promoted faster time to union, less complication, and fewer revisions [4]. The literature [5,6] also presented that many cerclage-wiring technologies in difficult femoral fractures offered a minimally invasive reduction and fixation technique, low cost, and early holding.



Cerclage and tension band wiring techniques can be inexpensively and effectively utilized in orthopedic surgical procedures, many of which are enumerated in the literatures [5,6,7]. A cerclage wire is usually bundled around two fractured bones then twisted at the end of wire to form a knot as shown in Figure 1a, or locked using a device called the crimp as shown in Figure 1b. Figure 2 is an example of fracture bone bundled with cerclage wires. Twisting is clinically the most frequently applied method for tightening and maintaining cerclage fixation [8]. Many techniques for wire twists were developed and experimentally tested in the literature. The results concluded that fastening twists were stronger than crimp techniques [9,10]. However, cerclage wires still have problems in fixation failure which untwist failure or broken wire often occurs at the innermost turn of the twists [6,7,8]. Also, cerclage cable often fails. It was reported that the multifilament structure of the cable could be destroyed by the broken cable at the crimp [11]. Moreover, a cerclage cable can be loosened during surgery immediately after clamping the cable with a crimp [12]. These weak points of cerclage wires and cables result in a decrease in the efficiency of bone fracture treatment [11]. Furthermore, if surgeons fasten the wire with less tension force, wire loosening after surgery causes fixation failure as well [7,9,10]. As a result, the patients might suffer from repeating surgery operations. Therefore, the knot of the cerclage wire is the critical point to measure the achievement in treatment.



In the study, laser techniques are proposed to weld the joints of cerclage wires [13]. As the laser has low power and high accuracy properties, the laser welding has the capacity to improve the quality and strength of common cerclage joint [14,15]. Furthermore, dental laser techniques were applied for treating the patients. Ortorp et al. reported that the use of laser-welded titanium frameworks along with implants in the edentulous mandible to treat patients provide 100% achievement by following up the patients for 10 years [16]. Fornaini et al. studied the use of Nd: YAG laser to weld titanium for intra-oral implant abutments and inserted it in pig jaws. It was reported that it can provide biomechanical strength and can endure the immediate load including the thermal load and it does not harm the bone and surrounding tissues [17,18,19]. Previous research indicated that laser welding can be used in medicate and treat the patients without the risk of thermal effect to occur on the bone and surrounding tissues.



Therefore, the laser technology is offered to prevent the cerclage wire from loosening and to reduce the broken crimp of the cerclage cable through the fused weld joint. In this research, a modern femur surgery using cerclage wires was investigated. Furthermore, a bench-scale laboratory test was implemented on a double-loop cerclage wire with fiber-laser welding on the lap joint as shown in Figure 3a. In this preliminary study, the laser welding experiments were conducted to determine the laser parameters for controlling the weld profile [20,21] on the lap joint which has a wire diameter of 1.6 mm, as shown in Figure 3b.




2. Methods


In femur surgery, the fractured bones are bundled using a cerclage wire, then twisted at the end of wire. Cerclage wire still has problems in fixation failure or wire loosening. In this study, we propose to apply the laser welding on the lap joints and used as cerclage wire joints for modern femur surgery. Because welded joints have the potential of larger joint strength and less loosening failure than that of traditional joint devices.



In the metal welding process, two or more pieces of metal welded together to form a welded joint which consists of base metal, weld metal, fusion zone and heat affected zone [15,21]. The welding process at the joint is a series of complicated processes such as local heating, metal melting and solidification, therefore, the welded joint is a region with heterogeneous ingredients, organization and mechanical properties [22,23]. The properties of the welding joint are affected by the process parameters of the laser welding such as frequency, beam power, focal length, defocus, spot size, welding beam speed, and shielding gas flow [24]. The weld appearance, i.e., the dimensions of bead width and bead height, is usually used to represent the effect of parameters as well as the process ability of laser welding [24]. In this study, we focused on the process parameters, including the ranges of charge voltage, multiple frequency, and pulse width.




3. Welding, Inspection and Mechanical Testing


In this study, an experimental work was implemented including laser welding on specimens, inspection of weld appearance, and mechanical testing of the specimens. The procedures are explained as the following subsections.



3.1. Material and Experimental Setup


In the laser welding process, stainless steel wire 316L with diameter 1.6 mm was used, as shown in Figure 4. The experiment was performed on the laser welding machine AHL – Laser (model XBW- 400). The beam source of laser welding in this experiment is Nd:YAG (wavelength 1064 nm). The focused length and defocused length of laser machine were 80 mm and 56 mm, respectively. Two stainless steel wires were aligned with each other using jig fixture for the laser welding process to be performed. The specimen was in the axis with laser head which laser beam was radiated emitted from the laser head. The weld bead between two stainless steel wires was formed and called “flare weld”. The argon gas was injected from the gas nozzle to spread on upper- and lower-plane of the specimen during welding process. The purpose of using argon gas to cover the welding area is to prevent oxidation of the specimen. In the experiment, the argon gas shielding was at the flow rate of 10 L/min; the travel speed of welding was set to be constant at 75 cm/min. The resultant welded joint of the cerclage wire is shown as Figure 5.




3.2. Inspection of Weld Appearance


In the experiment, two laser parameters were adjusted including the charge voltage (V) and the pulse frequency (Hz), while the pulse width was set to be constant at 3 ms, as shown in Figure 6. The purpose was to find the upper and the lower bound of the weld appearance which indicated that the weld process was properly performed on stainless steel wire 316L. Figure 6 shows that the upper bound of charge voltage is at 110 V, while the pulse frequency is at 12 Hz. The weld appearance contained oxidation and burns due to overheating at high charge voltage, faster heat accumulation at high pulse frequency adjustment, as well as the heat from the welding with inappropriate wire dimension. The charge voltage below the lower bound at 80 V resulted in the lack of fusion due to insufficient heat to melt the wire. Therefore, for acceptable range of laser parameters, the charge voltage is in the range of 80–110 V and the pulse frequency is in the range of 6–12 Hz. Notably, at the pulse frequency of 3 Hz, there were many gaps between weld beads that will cause the cavity defect, which might affect the joint strength.



In this study, three laser parameters were chosen including charge voltage, pulse frequency, and pulse width in order to evaluate the effects of metal melting. The concept was to design the laser parameters for welding on the stainless steel wire with desired weld width and depth. This was implemented by adjusting the rank of laser parameters for the experiment with the feedback from the inspection of weld appearance. The experimental results are listed in Table 1.




3.3. Mechanical Testing


The mechanical properties of joint strength for the laser weld were evaluated by mechanical testing to determine the load and strength of the weld beads. The resultant joint strength depends on the parameters of the laser and the length of welding. The aim of this study was to find the value of ultimate load at the failure from adjusting laser parameters and length of welding. In this study, the adequate area of the laser parameters and the length of welding were evaluated to determine the ultimate load at failure. The ultimate load at failure must be within acceptable range or more than that of previous research. Three experimental variables of welding condition (see Table 2) were used in the testing. Tensile testing was performed on a universal testing machine under a constant cross-head speed of 12.5 mm/min. The schematic of the flare weld joint under shear loading and load vector direction are shown in Figure 7.





4. Experimented Results and Discussion


4.1. Effect of Laser Parameters on Weld Bead Width


In regard with the charge voltage at 80 V, the weld result in Figure 8a shows the example of oxidation region at a high pulse frequency of 15 Hz with pulse width of 3 ms. A good weld appearance with nice ripples is shown in Figure 8b in which the pulse frequency was set at the acceptable range of 6 Hz with pulse width of 3 ms. In the case of low charge voltage at 70 V, the result in Figure 8c shows the phenomena for lacking of fusion. Based on the experimental results, the weld appearance, including the weld shape and the bead width, were affected by increasing charge voltage and pulse frequency.



The weld appearance was measured in the experiments and the results were used to investigate the connection between the weld bead width and the set values of charge voltage and pulse frequency. Figure 9 shows the weld bead width obtained at the charge voltage of 80, 90, 100, and 110 V, while the pulse frequency was set at 6 Hz and the pulse width was set at 3 ms. The weld bead width obtained at pulse frequency of 6, 9, and 12 Hz, is shown in Figure 10. The charge voltage was set at 80 V and the pulse width was set at 3 ms. It can be concluded that the increase of charge voltage and pulse frequency will result in increased bead width because the heat for metal melting is also increased. When the bead width was increased, the sound bead was also increased because the gap area was reduced. The reduction of gap area was due to the increasing of pulse frequency of welding. Based on the results shown in Figure 9, the charge voltage at 110 V could result in the highest weld bead width which is referred to as the soundest bead.




4.2. Effect of Laser Parameters on Area of Fusion, and Throat Size


Figure 11 shows the example of a cross-sectional macro structure. The weld profiles could be analyzed in details on the cross-sectional area of the metallographic specimens. The specimens were prepared using a standard metallographic process including fine polishing and electrolytic etching with oxalic acid for revealing the fusion area. In the experiment, the charge voltage was set at 80 V and 90 V, the pulse frequency was 6 Hz, 9 Hz, and12 Hz, respectively, while the pulse width was set at constant of 3 ms. The charge voltage and pulse frequency were adjusted in the experiments. Meanwhile, the macro structures were used to measure and analyze the area of fusion and the throat size of the influence when the heat was melting the stainless steel wire 316L.



Figure 12 and Figure 13 show the results of macro analysis. The experimental results indicated that the increments of charge voltage and pulse frequency result in the increment of the fusion area and throat size. In particular, the increment of charge voltage will result in the increment of fusion area drastically. At the charge voltage of 110 V and the pulse frequency of 12 Hz, the area of fusion and the throat size reach their maximum values. The tendency of the maximum tensile strength can be expected at this charge voltage and pulse frequency, because the increment of fusion area and throat size will lead to increment of joint strength as well.




4.3. Effects of Laser Parameters and Length of Welding Based on Mechanical Testing


Regarding the 5 mm welding length, the mechanical testing results of the ultimate load at failure on weld joint are shown in Figure 14 for different pulse frequency at 6 Hz, 9 Hz, and 12 Hz. The charge voltage was adjusted stepwise at 80, 90, 100, and 110 V while the pulse width was kept constant at 3 ms. Figure 15 depicts the results of 10 mm welding length. Figure 14 and Figure 15 show that the ultimate load at failure is affected by the increment of charge voltage and pulse frequency. Particularly, the increment of charge voltage results in the increment of sound bead as well as the joint strength. The experimental results of mechanical testing indicated that at the charge voltage of 110 V, the highest ultimate load at failure could be obtained. Comparing to the case of charge voltage being at 80 V, for the 5 mm welding length, the ultimate load at failure was increased from 800 N to 1200 N when the charge voltage was adjusted to 110 V, as shown in Figure 14. For the 5 mm welding length, the ultimate load at failure was increased from 1400 N to 1700 N when the charge voltage was adjusted stepwise from 80 V to 110 V, as shown in Figure 15.



Regarding the 15 mm welding length, welding failure occurred at base metal. This phenomena indicated that the weld beads are stronger than the base metal. The experimental results of mechanical testing showed that the range of ultimate load at failure is approximately 1700–1800 N in the case of 15 mm welding length. Figure 16 indicated that an increase in charge voltage and pulse frequency did not affect the ultimate load at failure significantly in comparison to the situation where the length of welding is 15 mm.




4.4. Optimal Laser Parameters


Adjusting the laser parameters and the welding length, the experimental results, considering the weld appearance and ultimate load at failure, can be analyzed to find the optimal laser parameters for welding on stainless steel 316L. In this study, the criteria for selecting the optimal laser parameters was designed to give a better ultimate load at failure or acceptable ultimate load at failure. The results are shown in Figure 17. The heat input was set at the lowest possible degree in the criteria. Figure 17 shows the laser parameters’ process-window which indicates an adequate area of laser parameters.



In the experimental work, the example of weld appearance from the adequate area have a good weld appearance or nice ripples, free oxidation, and good joint strength. The increment of charge voltage and pulse frequency results in a higher heat input and ultimate load at failure. Furthermore, the increment of weld length brings about a higher ultimate load at failure as well. For example, the 5 mm welding length has the minimum ultimate load at failure but it is still within the acceptable range, as shown in Figure 14. At the welding length of 5, 10, and 15 mm in an adequate area of laser parameters, the experimental results show that all examples have ultimate load at failure and are within an acceptable range. In addition, all examples have the ultimate load at failure more than the traditional cerclage joint.



In summary, the adequate area of optimal laser parameters is chosen with the following conditions: The charge voltage should be at the range of 80–110 V, the pulse frequency should be at the range of 6–9 Hz, while the pulse width was kept at constant of 3 ms. In this area, the heat input is low and it is free of oxidation.





5. Discussion


In this study, the cerclage wires with laser welded joints are proposed to replace the traditional cerclage wire. The objective is to resolve the untwisting problem of traditional cerclage wire as well as to increase the strength of wire joints. Laser welding technology was chosen and applied to the stainless steel wire joints because it is suitable for small pieces of specimen that require high precision.



The experiments of flare weld condition were carried out in the study to determine the range of adequate parameters during laser welding. The experimental results show that laser welding technology can be applied to weld on stainless steel wire 316L. With adequate laser parameters, the weld appearance has a nice ripple and free oxidation. The adequate area of the laser parameters obtained from the experiments includes the charge voltage range of 80–110 V and multiple frequency ranges of 6–9 Hz while the pulse width was kept at 3 ms. The welded lengths of 5, 10, and 15 mm were also tested on the mechanical test to validate the joint strength. The results also show that the welded cerclage wire joints have the potential of larger joint strength and less loosening failure than that of traditional joint devices. Meanwhile, the ultimate load at failure is within acceptable range and higher than that of previous study [25].




6. Conclusions


This research examines the feasibility of laser welding and the effect of using laser weld on stainless steel wire 316L in a flare weld condition. It could be concluded that the stainless wire joints with fiber-laser weld are a promising alternative to traditional cerclage joint devices for modern femur surgery. However, one should be aware of safety procedures during the welding process to prevent any injuries to the patients in actual treatment. Several conclusions can be drawn as in the following:




	
The area of the adequate laser parameters is the charge voltage range of 80–110 V and the pulse frequency of 6–9 Hz with the pulse width kept at 3 ms. Experiments using the adequate laser parameters will result in a good weld appearance, low heat input, free oxidation, and ultimate load at failure in all of the weld lengths.



	
The increments of charge voltage and pulse frequency lead to an increase in the bead width, the area of fusion, and the throat size. The experimental results also show that the charge voltage has the main impact on the weld size and the weld shape.



	
The increments of laser charge voltage and the increment of welding length will increase the ultimate load at failure. It was also reported that the increment of welding length has a greater influence on the ultimate load at failure than adjusting the laser parameters.



	
The charge voltage is the significant parameter on the ultimate load at failure. The experimental result shows that the charge voltage of 110 V resulted in the highest ultimate load at failure.



	
The experimental result shows that length of welding 5 and 10 mm failed at weld beads, but 15 mm failed at base metal because the weld bead is stronger than base metal. Moreover, it shows that the length of welding affects ultimate load at failure more than the adjustment of laser parameters.








In future works, the adequate laser parameters obtained from this study can be used to apply with laser welding to cerclage wire of an artificial bone. In addition, the heating simulation and actual system testing can be explored to investigate the thermal behavior of laser welding on cerclage wire in the conditions of temperature being within the acceptable range.
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Figure 1. Type of cerclage (a) cerclage wire, (b) cerclage cable. 
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Figure 2. An example of fracture bone bundled with cerclage wires. 
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Figure 3. Type of proposed cerclage (a) cerclage wire (double loop) and (b) specimen with laser welding. 
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Figure 4. The schematic experimental setup. 
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Figure 5. Cerclage wire joints with laser welded. 
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Figure 6. Inspection weld appearance of laser parameters. 
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Figure 7. Schematic view of the relationship between shear loading and weld joint. 
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Figure 8. Weld appearance (a) Oxidation, (b) Good appearance with nice ripples, and (c) Lack of fusion. 
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Figure 9. Effect of charge voltage on weld bead width. 
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Figure 10. Effect of pulse frequency on weld bead width. 
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Figure 11. Cross-sectional macro structure. 
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Figure 12. Effect of charge voltage on area of fusion and throat size. 
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Figure 13. Effect of pulse frequency on area of fusion and throat size. 
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Figure 14. Effect of laser parameters on ultimate load at failure ± standard deviation (SD) (length of welding 5 mm). 
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Figure 15. Effect of laser parameters on ultimate load at failure ±SD (length of welding 10 mm). 
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Figure 16. Effect of laser parameters on ultimate load at failure ±SD (length of welding 15 mm). 
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Figure 17. Adequate laser parameters. 
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Table 1. Laser welding parameters.
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Parameters

	
Level






	
Charge voltage (V)

	
80

	
90

	
100

	
110




	
Pulse frequency (Hz)

	
6

	
9

	
12




	
Pulse width (ms)

	
3




	
Argon gas shielding (L/min)

	
10




	
Welding speed (cm/min)

	
75




	
Defocused length (mm)

	
56




	
Beam diameter (mm)

	
1.76
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Table 2. Variables for testing the tensile strength.






Table 2. Variables for testing the tensile strength.





	
Variables

	
Level






	
Charge voltage (V)

	
80

	
90

	
100

	
110




	
Pulse frequency (Hz)

	
6

	
9

	
12




	
Welding length (mm)

	
5

	
10

	
15








Note: pulse width is set at constant of 3 ms
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