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Abstract:



Fiber laser welding of dissimilar materials between AISI316L austenitic stainless steel and EH36 ship steels were conducted. Then the effects of welding speed on microstructure and mechanical characterization of the welded joint were investigated. Optical microscopy, Scanning Electron Microscopy (SEM), and X-ray Diffraction (XRD) were used to analyze the microstructure. Microhardness testing, transverse tensile strength, and impact tests at the temperature of −40 °C were performed to study the mechanical properties. The martensite phase formed due to the rapid cooling rate during laser welding and low Creq/Nieq ratio. The coarse martensite grains in the center seam are transformed to finer martensite grains as the welding speed increases resulting in the higher cooling rate. The microhardness of joints was about 350 HV0.3, which was twice that of the base metal because of the formation of the martensite phase. When the welding speed was 0.6 m/min, fewer defects were found, and tensile testing indicated overmatching of the weld metal relative to the base metal. In addition, the joints also exhibited better ductility and impact toughness.
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1. Introduction


The modern shipbuilding industry has exacting requirements for tonnage and speed of a ship. High strength and good corrosion resistance are vital for a ship due to the abominable working conditions. Therefore, high strength structure steel is widely applied in shipbuilding. As a type of important high strength low alloy (HSLA) structure steel, EH36 ship steel has attracted a lot of research for the advantages of low carbon, low alloy, and high strength [1,2,3,4,5,6,7,8,9]. However, EH36 steel exhibits poor corrosion resistant when it is exposed for long periods in a seawater environment. The stainless steel is a good choice to deal with this problem for its high toughness and corrosion resistance, except for its high cost [10,11,12,13]. When considering performance and economy advantages compared with a single material, welding of dissimilar metals (like HSLA steel and stainless steel) in shipbuilding provides greater flexibility for the designer and engineer. In this work, EH36 high strength steel and 316L stainless steel were joined considering economic benefits and high corrosion resistance whilst retaining high weldability [14,15,16]. Kacar et al. [14] studied seam quality of the 316L stainless steel and DIN-P355GH grade vessel steel joined by an explosive welding technique. They found that the mechanical aspects of the seam are improved compared to the parent metal. Ranjbarnodeh, E. et al. [17] studied the influence of heat input on the temperature distribution of weld zone between stainless steel and carbon steel through numerical simulation and verification experiments. Kaya et al. [18] investigated the mechanical properties of the weld interface of Grade A ship steel and AISI316L austenitic stainless steel. Consequently, mechanical properties of Grade A ship steel were increased by explosive welding with AISI316L austenitic stainless steel. Rao et al. [19] investigated microstructure, hardness, and residual stress distribution of dissimilar metal electron beam welds between maraging steel and high strength low alloy steel. Bansal, A. et al. [20] investigated the dissimilar weld between SS-316 and mild steel using microwave hybrid heating. They found the optimum temperature required for joining was 1360 degrees centigrade, and the mechanical properties were improved because of the formation of dendritic and carbides. All of these studies indicate that welding of dissimilar metals is an effective method that can take advantages of each material and improve the mechanical properties of the welded seam. As it is known, the difference of chemical composition and physical properties is a big challenge for dissimilar metals welding [21,22,23]. Traditional welding technology (like arc welding) usually has higher heat input which will lead to larger dimensions of seam and distortion. Moreover, multi-pass welding must be implemented in welding of thick heavy structure because the penetration is limited for traditional welding techniques.



High power fiber lasers offer a faster welding speed, lower heat input, lower panel distortion, and deeper penetration compared with traditional arc welding [24,25,26,27]. Hence, it is increasingly adopted in the shipbuilding industry for the major motivation of reducing distortion, as it is estimated that between 20% and 30% of the man hours used in shipbuilding is due to reworking caused by welding distortion [28]. Parkes D et al. [22] evaluated the microstructure and fatigue properties of welded joints made with fiber laser welding on high strength low alloy and DP980. Then found that due to the fast cooling during fiber laser welding (FLW), the narrow fusion zone (FZ) was composed of a highly martensitic structure. Wu et al. [29] studied the joint of dissimilar metals between ferritic stainless steel and low carbon steel that were welded by a laser beam. They found that the microstructure of weld metals consisted of few ferrite and lath martensite in the carbon steel (CS) steel. All above researches concerned microstructure and mechanical properties of laser welding joints of dissimilar metals, and some methods were proposed for the challenges of difference in thermal conductivity and surface tension of the base metals. Nevertheless, laser power, welding speed, defocusing amount, and other processing parameters play important roles on the microstructure and mechanical properties of the welding bead [30,31,32,33]. Zhang et al. [11] studied the effects of welding speed, focal position and shielding gas on joint geometry, they found that a focal position below the specimen surface was preferable. Furthermore, there is a critical region of the welding speed for achieving good full penetration joints. The influence of laser power, defocusing amount, and welding speed on the microstructure and mechanical properties of the welded seam was investigated [34,35]. Their research indicated that welding speed was one of the important processing parameters that played significant roles in the microstructure and mechanical properties of the welded seam.



In this paper, the effects of welding speed on the microstructure and mechanical property of the fiber laser welded dissimilar butt joints between AISI316L and EH36 ship steels were studied. Welding speed was selected as the main parameter for the reasons that: (a) welding speed has a significant relationship with heat input and cooling rate which greatly influences the microstructure; (b) welding speed plays an important role in welding productivity. Optical microscopy, Scanning Electron Microscopy (SEM), and X-ray Diffraction (XRD) were used to analyze the microstructure. Then microhardness, transverse tensile strength, and impact tests at the temperature of −40 °C were performed to study the mechanical properties at different welding speed.




2. Materials and Experimental Method


2.1. Laser Welding Specimen


The materials used for fiber laser welding were 6 mm thick AISI316L austenitic stainless steel plate and 6 mm thick EH36 steel. The dimensions of the specimen were 150 mm × 100 mm × 6 mm. The butt welding performed was illustrated in Figure 1b. To control the misalignment and weld gap accurately, the plates were carefully polished and faced. The specimens had been pretreated or degreased with acetone before welding in order to eliminate the interference from oxidation film and prevent the welding bead being polluted by oil. Table 1 shows the chemical compositions of the base metals in weight percent.


Figure 1. The laser welding setup: (a) the laser welding system; (b) schematic diagram of the butt welding process; and (c) schematic diagram of the focal length and angle of incidence of laser beam.
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Table 1. Chemical composition of AISI316L austenitic stainless and EH36 (weight in %).







	
Element

	
C

	
Mn

	
N

	
Si

	
Ni

	
Cr

	
P

	
S

	
Mo

	
Fe

	
Ceq

	
Pcm






	
316L

	
≤0.03

	
≤2.0

	
≤0.1

	
≤1.0

	
10~14

	
16~18

	
≤0.045

	
≤0.03

	
2~3

	
Bal.

	
-

	
-




	
EH36

	
0.17

	
1.46

	
0.0023

	
0.32

	
0.01

	
0.04

	
0.012

	
0.0007

	
0.01

	
Bal.

	
0.43

	
0.26








Note: Ceq—Equivalent carbon content; Pcm—Welding sensitivity factor.









2.2. Procedure of Laser Welding


Figure 1a demonstrates the laser welding system utilized in this work. The laser welder adopted was the IPG YLR-4000 ytterbium-doped fiber laser (IPG Photonics, Oxford, MS, USA), and its typical BPP (Beam Parameter Product) was 22 mm × mrad. The maximum output power of the continuous-wave fiber laser was 4000 W. The laser was delivered through the optical fiber to the laser welder head, where a focusing lens with the focal length of 250 mm was installed. The wavelength is 1.07 μm and the diameter of light spot on the upper surface of the specimen was 0.3 mm. The shielding gas was argon with a flow rate of 25 L/min. Figure 1b shows the schematic of the laser welding of the 316L stainless steel/EH36 steel. The fiber laser beam welding parameters were given in Table 2.



Table 2. Laser beam processing parameters.







	
Experiment Number (No.)

	
1

	
2

	
3

	
4

	
5






	
Welding speed (m/min)

	
0.4

	
0.6

	
0.8

	
1.0

	
1.2




	
Laser power (kW)

	
4




	
Defocus amount (mm)

	
−2




	
Shielding gas

	
Argon




	
Flow rate of shielding gas

	
25 L/min




	
Incident angle of laser beam

	
10°










The electric cutting machine STDX600 (Taizhou Machine Tool Plant, Taizhou, China) was applied to cut test samples of microstructure and the mechanical properties of the joints from each weldment. The dimensions of the transverse sample are shown in Figure 2a. The microstructures of the joints were observed by optical microscope (OM). To obtain a clear image of the bead profile, all welding seams were initially polished with suitable sandpapers and diamond paste, etching with the etchant Kalling’s No. 1 (1.5% CuCl2 (cupric chloride) + 39.5% HCl (hydrochloric acid) + 26.0% C2H5OH (absolute ethyl ethanol) + 32.9% of distilled water) and cleaned by anhydrous alcohol before observing. The X-ray diffraction (XRD) (D8 Advance) and scanning electron microscope (SEM) (Helios NanoLab G3 CX) (FEI, Brno, Czech Republic) were applied to confirm the microstructural features.


Figure 2. The dimensions of (a) the transverse sample; (b) the tensile sample; and (c) impact sample.
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A micro-hardness survey was conducted across the weld beads of the transverse samples employing a Vickers micro-hardness testing machine (HVS-1000A) (HUAYIN, Wuhan, China). All of the micro-hardness data were obtained at a load of 300 gf for a duration of 15 s. To avoid interaction effect, the distance between two consecutive indentations was set as 0.2 mm. Tensile specimens are prepared as shown in Figure 2b (the unit is mm) to evaluate the tensile strength of the joints at room temperature. Three replicates for tensile testing were prepared to minimize errors. Tensile testing was carried out using 100 kN, using an electromechanical controlled universal testing machine (AG-IS 100KN) (SHIMADZU, Kyoto, Japan) at a cross-head speed of 5 mm/min. The fracture surfaces were examined using a scanning electron microscope (SEM) (FEI, Brno, Czech Republic).



Charpy impact specimens were prepared to the dimensions (the unit is mm) shown in Figure 2c to evaluate the impact toughness of the weld metal, hence the notch was placed at the weld center. Impact testing was conducted at a temperature of −40 °C using a pendulum-type impact testing machine (PSW750, ZWICK, Ulm, Germany). The amount of energy absorbed in the fracture was recorded, and is defined as the impact toughness of the material.





3. Results and Discussion


3.1. Appearance of the Weld Cross Section


The fiber laser beam traveled along the center of the welding bead, and then the 316L stainless steel and the EH36 steel were simultaneously irradiated by the fiber laser beam. Figure 3 demonstrates the influence of welding speed on appearance of the cross section of the joint. The top surface is slightly sunken at a low welding speed, as the welding speed increases, the top surface becomes convex and narrower. The width and penetration of the welding bead decreases obviously as the welding speed increases form 0.4 m/min to 1.2 m/min, the joints appearance varied from full penetration to partial penetration. It was found that the welding speed is lower than 0.8 m/min; the weld defect was in the form of excess penetration because of the corresponding higher heat input.


Figure 3. Influence of welding speed on the cross section: (a) 0.4 m/min; (b) 0.6 m/min; (c) 0.8 m/min; (d) 1.0 m/min; and (e) 1.2 m/min.
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The heat input can be calculated from heat input = η(LP/WS), where LP and WS present laser power and welding speed respectively, and η is the welding efficiency, which is a constant of 0.8 [36,37]. So when the welding speed increases from 0.4 m/min to 1.2 m/min, the heat input reduces from 479.8 J/mm to 200 J/mm. When the welding speed is faster than 1.0 m/min, the defect of in-completed penetration occurred. In addition, it can be found that the macro cross section of the joint isn’t symmetrical on both sides of the welding direction. Actually, thermal conductivity of AISI316L is about 15 W/(m·K), while that of EH36 is about 40 W/(m·K) [38,39]. The melting of 316L is more significant than EH36 because the thermal conductivity of EH36 is higher than that of 316L. Higher thermal conductivity tends to rapidly dissipate heat away from the weld, thus leading to difficulties in reaching the melting temperature. Figure 3 also shows that large pores were trapped at the bottom of the weld at high welding speeds (>0.8 m/min). A sound appearance was obtained when the welding speed was about 0.8 m/min. Generally, an appropriate joint shape means better seam quality.




3.2. Microstructure of the Joint


Kotecki and Siewert [40] estimated the phase constituents of welding seam according to a Schaeffler diagram. In this paper, the equivalents of Ni and Cr were calculated by Formulas (1) and (2) respectively. In the formulas, Nieq and Creq represent the equivalents of Ni and Cr. As Figure 4 shows the Energy Dispersive Spectroscopy (EDS) is conducted across the center seam. Phase constituents of the center seam were identified by XRD. Figure 5 shows that the major phase is martensite.


[image: there is no content]



(1)
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(2)






Figure 4. Energy Dispersive Spectroscopy (EDS) test across the weld metal.
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Figure 5. X-ray diffraction diagram of center seam.
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The results indicate that the center seam will only have martensite. Figure 6 demonstrates that the CCT (Continuous Cooling Transformation) curve will move to the direction of longer time and lower temperature with increasing content of alloy elements. As the welding speed increases, the cooling rate is higher, thus the cooling curve moves. The martensite phase transformation occurred as the content of alloy elements (especially Ni and Cr) and the cooling rate are high enough; then no retained austenite remains.


Figure 6. Schematic diagram of the effect of alloy elements on the Continuous Cooling Transformation (CCT) phase diagram.
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Figure 7 shows the microstructure of the center seam with different welding speeds. The white arrows represent the direction of grain growth. The columnar crystal was the main crystal type in Figure 7a. The crystal contacted in the center of the seam. As the welding speed increased from 0.4 m/min to 1.2 m/min, the grain size was refined. This is attributed to the fact that low energy input which can reduce the high-temperature residence time and decrease the tendency of grains’ growth. It indicates that the welding speed has important influence on the microstructure. There is an obvious crack in the center of the seam as shown in Figure 7e. The size of the crack is about 8 μm × 200 μm. The crack is formed due to the increase of welding speed results in the increase of cooling rate. The diffusion of elements is incomplete because of the fast cooling rate, which leads to the composition segregation and stress concentration.


Figure 7. Microstructure in the center of the weld seam with different welding speed: (a) 0.4 m/min; (b) 0.6 m/min; (c) 0.8 m/min; (d) 1.0 m/min; (e) 1.2 m/min.
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The SEM morphologies of the center seam with different welding speeds are shown in Figure 8. The lath martensite formed after phase transformation. There are some microcracks in Figure 8e because of the higher welding speed and high cooling rate. The formation mechanism of microcracks would be studied in the further investigation.


Figure 8. Comparison of the Scanning Electron Microscopy (SEM) morphologies of center seam with different welding speed: (a) 0.4 m/min; (b) 0.6 m/min; (c) 0.8 m/min; (d) 1.0 m/min; (e) 1.2 m/min.
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3.3. Mechanical Property and Fracture Behaviour


3.3.1. Microhardness


Figure 9 shows the microhardness profile of the joint cross section. In the weld, the value of microhardness fluctuates slightly across the weld; it was about 350 HV0.3 which was two times higher than that of the base materials (it is about 180 HV0.3). The value of microhardness in the heat affect zone (HAZ) of EH36 is about 240 HV0.3. The higher microhardness in center seam was attributed to the formation of harder microconstituents—such as martensite and the fine grain. It indicated that welding speed has obvious influence on the weld cross section microhardness. As the welding speed increased, the microhardness decreased initially and then increased. The highest microhardness was corresponding to 1.2 m/min and the lowest was 0.8 m/min. The possible reason is associated with welding heat input, because the welding speed 0.4 m/min has a heat higher input than that of the welding speed 0.6 m/min to 1.2 m/min, respectively. Further analysis showed that the welding speed 0.4 m/min has a result of a slower cooling rate than the welding speed 0.6 m/min to 1.2 m/min, respectively. The grain size was refined as the welding speed increases, which is attributed to the fact lower heat input which can reduce the high-temperature residence time and decrease the tendency of grains’ growth. At the same time, there is sufficient time for the diffusion of alloying element at low welding speeds.


Figure 9. Microhardness profile of the joint across section.
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3.3.2. Tensile Properties


The load-displacement curves are plotted in Figure 10, which shows the stress-strain curves of the welds at different welding speeds. Table 3 demonstrates the tensile strength of dissimilar metal laser welding samples. The tensile strength is about 520 MPa. Numbers 3, 4, and 5 failed in the weld zone, while the others failed in the base metal of EH36. The tensile strength of the weld joint with full penetration is better than that of the dissimilar metals. With the welding speed increasing, the tensile strength of the weld joint decreased, the failures occurred on the weld joint zone. In addition, the Numbers 3, 4, and 5 exhibited similar tensile strength although the significant incomplete penetration with the welding speed increasing as Figure 3 shows. Due to the presence of a significant incomplete penetration in the joint obtained with a welding speed of 1.2 mm/min, the corresponding tensile strength can be reasonably similar to those of the other samples if the cross section area considered in the calculation of stress took into account the presence of the incomplete penetration. This means that the cross section area used was 6 × 25 mm2 for the welds with a complete penetration, and about 4 × 25 mm2 (the incomplete penetration seems about 2 mm from Figure 3e) for the weld joint obtained with a welding speed of 1.2 mm/min.


Figure 10. The stress-strain curves of the welds at different welding speeds.
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Table 3. Tensile strength of dissimilar metal laser welding samples.







	
Welding Speed (m/min)

	
UTS (MPa)

	
Fracture Location






	
0.4

	
555.52

	
EH36




	
0.6

	
520.60

	
EH36




	
0.8

	
517.50

	
Weld metal




	
1.0

	
509.63

	
Weld metal




	
1.2

	
490.87

	
Weld metal










The defect of in-completed penetration (Figure 3) and the porosity and pores generated in the laser welding process were responsible for lowering its strength. The fractographic analysis is shown in Figure 11. Figure 11a demonstrates the fracture surface of the EH36 base material. The fracture surface shows the typical dimpled ductile fracture surface. Figure 11b shows the fracture surfaces of weld specimens. The cup and cone phenomenon (dimple fracture) was found. There are some pores in the failure surfaces.


Figure 11. The failure surfaces of (a) the EH36 base material and (b) the welding joint.
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3.3.3. Impact Toughness


Impact toughness of weld metal was evaluated at the temperature of −40 °C using standard Charpy V-notch specimens [41]. The Charpy specimens were prepared with notch roots in the weld metal shown as Figure 2c. Table 4 shows the results of the Charpy impact testing. Table 4 shows that sample 3 exhibited the highest absorbed impact energy of 73.9 J, followed by sample 2 which is 42.9 J. Whereas the others’ impact toughness were less than 40 J. As the welding speed increases, the impact strength was improved obviously. It can be attributed to the fact that the high welding speed leads to low heat input and a high cooling rate. Therefore, the grains were refined. The impact energy of sample 4 and 5 decreased, as attributed to the in-completed penetration defects when the welding speed is too high which lead to lower heat input. The scanned fractographs of the fracture surface of charpy v-notch impact tested specimens with different welding speed are shown in Figure 12. At higher magnification, fine dimples can be clearly seen in Figure 12a and few secondary dimples can be observed at the lip of dimples in Figure 12b. This could be the reason for the high impact strength with the welding speed of 0.8 m/min. Some micro pores can obviously be seen in Figure 12c, however, the size of dimple is smaller. Fracture morphology consists of cleavage facets and a few dimples of depth size can be seen in Figure 12d,e, which depict the type of mixed fracture mode. This may be the reason for the drop of impact energy absorption. Obvious cracks are exhibited in Figure 12d, which may be the reason for the lowest impact toughness. The dimple size exhibits a directly proportional relationship with the strength and ductility, i.e., if the dimple size is finer, the strength and ductility of the respective joint are higher and vice versa.


Figure 12. SEM fractographs of impact specimens with different welding speed (a) 0.4 m/min; (b) 0.6 m/min; (c) 0.8 m/min; (d) 1.0 m/min; (e) 1.2 m/min.
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Table 4. The results of impact testing.







	
Temperature (°C)

	
Welding Speed (m/min)

	
Impact Energy (J)






	
−40

	
0.4

	
32.3




	
−40

	
0.6

	
42.9




	
−40

	
0.8

	
73.9




	
−40

	
1.0

	
37.55




	
−40

	
1.2

	
34.4













4. Conclusions


The effects of welding speed on microstructure and mechanical properties of fiber laser welded dissimilar metals between AISI316L austenitic stainless steel and EH36 ship steel joints were investigated. The following important conclusions were derived:

	
When the welding speed was lower than 0.8 m/min, the weld defect was in the form of excess penetration, while, the defect of in-completed penetration and pores occurred when the welding speed faster than 1.0 m/min. A sound seam appearance was obtained when the welding speed was about 0.8 m/min.



	
The major phase in the center seam was martensite because of the ratio of Nieq and Creq located in the martensite zone, and then the content of the alloy elements and cooling rate also lead to the formation of martensite.



	
The microhardness of joint fluctuates slightly along the weld across section, it is about 350 HV0.3, which is twice higher than that of base materials (it is about 180 HV0.3). This was caused by the formation of lath martensite. The value of microhardness in the heat affect zone (HAZ) of EH36 is about 240 HV0.3.



	
The tensile strength of the joint with full penetration is better than the dissimilar metals. The cup and cone phenomenon (dimple fracture) was found. The highest absorbed impact energy is 73.9 J. The impact toughness of the seam with different welding speed is acceptable. A sound seam with high mechanical properties can be obtained with higher welding speeds on the basis of full-penetration being accomplished. This can provide guidelines for the shipbuilding industry.
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