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Abstract

:

This work aimed to design an undermatched lap joint that has an equal load-carrying capacity (ELCC) with a traditional equalmatched joint under out-of-plane bending. A weld strength calculation method was proposed based on the similarity of a lap joint and a T joint, as shown using linear elastic finite element (FE) analysis, and then applied in the analysis of a lap joint and the design of an ELCC lap joint. A single lap joint of HQ785 steel was chosen for experimental verification. The bending force limit of the ELCC joint was 93.35% of the theoretical prediction and 96.90% of the traditional equalmatched joint. The results show that the weld strength calculation method and the ELCC design method are reasonable and feasible.
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1. Introduction


High-strength low-alloy steels (HSLA) are widely used to reduce the weight of welded structures while maintaining or enhancing security [1,2,3,4]. However, the effectiveness of HSLA for welding structures is severely limited by welding defects, especially cold cracking (hydrogen-induced cracking), which is one of the main causes of early failure [5,6,7]. Diffusible hydrogen, which is introduced by the storage conditions [8], the welding environment [9], or directly by the raw materials, is a necessary condition for hydrogen-induced cracking.



Preheating before welding and dehydrogenation [10] after welding can eliminate cold cracking, while increasing the energy consumption and deteriorating the working environment; furthermore, improper preheating will intensify the softening and embrittlement of the heat-affected zone [11,12]. Another strategy to prevent cold cracking is to develop special filler materials, such as low hydrogen filler materials, low carbon martensite, and austenitic-martensite dual phase filler materials [13]. Besides the long development cycle and high cost, this strategy is not practical for ultra-HSLA because the microstructure that is designed based on some strengthening mechanism is difficult to form or maintain under welding conditions.



Filler materials with lower strength and higher plasticity and toughness are used to get a high-quality joint with a lower preheating temperature or without preheating operations [14,15,16,17]. The strength of such an undermatched joint is between those of the filler materials and the base metal because the weld is strengthened metallurgically and is protected from deformation by the surrounding base metal [15,18]. As the weld thickness decreases, the strength increases but the plasticity decreases significantly. The fracture mode of the joint is a brittle fracture without obvious plastic deformation. Most undermatched joints are still the weakest position in a welding structure because of their insufficiency in load carrying capacity (LCC).



Note that the LCC is a different concept from strength: strength is a material parameter with the units of megapascals (MPa); LCC is the maximum load that the section of the joint can bear, with the units of megapascal meters squared (MPa∙m2), for example. The security of a welding structure requires that the LCC of the joint is equal to that of the base metal; this is a matter that concerns both the material performance and geometrical dimensions. Appropriately increasing the weld size of an undermatched joint can make the LCC of the weld equal to that of the base metal and improve the structural reliability. The shape optimization of the weld toe is imperative to eliminate the stress concentration caused by the increased weld size (weld reinforcement for a butt joint). A Baud streamline [19], a Neuber catenary curve [20], a Schnack transition curve [21], C. Mattheck stretch triangle [22], an elliptic, and a parabola are possible optimal shapes, which can be obtained by grinding [23] or tungsten argon arc welding (TIG) dressing [24,25]. In this way, the failure mode of an undermatched joint turns to ductile fracture, where the joint is no longer the weakness of welded structure; thus, the effectiveness of the base metal HSLA is fully demonstrated.



The main problem of the equal LCC (ELCC) design method mentioned above is its difference from the existing codes, especially when dealing with the reinforcement of a butt joint. However, increasing the area of the weld section is allowed for a lap joint, which is widely used in engineering because of its simplicity in pre-welding preparation and assembly. For a side fillet weld, both the throat depth and the length can be increased and the section area of the weld can be greatly increased, and thus, an extremely low matching ratio can be adopted. For a front fillet weld, only the throat depth can be increased to the thickness of the base metal and the minimum of matching ratio is limited; however, a relatively low matching ratio can still be adopted because the thickness of the joint is twice that of the base metal.



The strength calculation methods for a lap joint fillet weld that ELCC joints designs are based upon have been prescribed under most types of loads, except for out-of-plane bending [26].



In order to improve the out-of-plane bending LCC of an undermatched lap joint, this work established a strength calculation method for a lap joint based on the similarity of a lap joint and a T joint, as shown using linear elastic finite element (FE) analysis. Then the failure and LCC of a lap joint was predicted and an undermatched lap joint that has an ELCC with a traditional equalmatched joint was developed. Finally, experimental verification was conducted.




2. Methods


2.1. FE Modeling


The linear elastic FE analysis was carried out using MARC 2017 (MacNeal-Schwendler Corporation, Los Angeles, CA, USA). Figure 1 shows the 2-D plane strain FE models. Only half of the T joint and the double-welded lap joint needed to be analyzed due to the symmetry. The total number of elements and nodes employed in the calculations of each situation were 2100 and 2230, 2000 and 2180, 1300 and 1421 for a T joint, a single-welded lap joint, and a double-welded lap joint, respectively. The consistency of Young’s modulus (200 GPa), the Poisson ratio (0.3), the convergence tolerance (0.1 of relative displacement), the thickness of the model (1 mm), the applied shear stress on the top (0.4 MPa), the displacement constraint (nodes on symmetric section fixed), the fillet weld sizes (5 mm), the thickness of the vertical plate (5 mm), the distance between the horizontal weld leg and the symmetric section (10 mm), the distance between the horizontal weld leg and the top (50 mm), and the meshing of the weld should be noted because it is more important than the accuracy of each FE model here.




2.2. Welding Procedure


A single lap joint was chosen for experimental verification. HSLA steel GB/T 16270:2009 HQ785 (Wuhan Iron and Steel Group Company, Wuhan, China) was used as the base metal, AWS A5.28:2005 ER110S-G (diameter 1.2 mm) (Harbin Well Welding Company Limited, Harbin, China) as the equalmatched filler material, and AWS A5.18:2005 ER70S-6 (diameter 1.2 mm) (Harbin Well Welding Company Limited, Harbin, China) as the undermatched filler material. The mechanical properties of these materials are shown in Table 1.



A welding process was applied to the test plates (10 mm thick) shown in Figure 2. An NBC500 inverter digital welder (Shandong Aotai Electric Co., Ltd. Jinan, China) was used as the welding machine. The operating temperature was 20 °C. The specific welding procedure and corresponding parameters are shown in Table 2.




2.3. Experimental Testing


The bending specimen was taken perpendicular to the welding direction, as shown in Figure 2. The throat depth of the undermatched joint was 10 mm. An arc with a radius of 10 mm was used to eliminate the stress concentration of the weld toe. The weld geometric parameters of the ELCC joint are shown in Figure 2 and Figure 3. The same shape was used in the equalmatched joint to exclude the influence of the difference in Section 1. The dimensions of the base metal specimen were 170 mm × 20 mm × 10 mm.



The wire-cutting and grinding were performed to obtain the designed shape. The prepared specimens are shown in Figure 4. Bending tests were conducted using an electron universal testing machine (CSS44300, Sinotest Equipment Company Limited, Changchun, China), as shown in Figure 5. According to ISO 5173:2000, the diameters of the supporting roller and the press roller were 30 mm and 10 mm, respectively, while the span was 2l = 80 mm. The test temperature was 20 °C and the loading rate was 2 mm/min. There were no specific standards for single-welded lap joint under out-of-plane bending to follow; however, for convenience of comparison, the experiment was conducted and recorded in the same manner as that of the base metal, where the ELCC joint and the equalmatched joint were affected by shear equally. Different supporting rollers (with the diameter of 30 mm and 20 mm, respectively) were once used to eliminate the horizontal components of the bending force but failed because the deformation of the lap joint became asymmetrical as the experiment went on.





3. Results and Discussion


3.1. Establishing the Strength Calculation Method of a Lap Joint under Out-of-Plane Bending


The theoretical derivation of the strength calculation method is very difficult because of the characteristics of the lap joint. This work took advantage of the similarity of a lap joint to a T joint, whose strength calculation method is prescribed.



As shown in Figure 6, a T joint (A), a single-welded lap joint (B), and a double-welded lap joint (C) are three of the situations involving front fillet welds that bear out-of-plane bending. These three situations are physically similar in that the load on the edge of the weld must be transmitted by the welding throat. Thus, the load-carrying characteristics of these three situations should be similar.



3.1.1. The Mechanical Similarity Shown by FE Results


The stresses in the vertical direction are shown in Figure 7, and the enlarged view of the stretched side of the welds are shown in Figure 8. A high degree of similarity is observed, particularly between situations A and C. For further quantitative analysis, the stress distribution on sections selected in Figure 7 is given in Figure 9. The center of each section is located at x = 0.



As shown in Figure 9a, the curve of situation A’s section 1 and that of situation C’s section 1 coincide with each other, i.e., the stress distributions of situations A and C on section 1 are exactly the same, and the difference from that of situation B is very slight. If the stress in the vertical plate, which has little relation to the LCC of the weld, is ignored, it can be considered that the stress distributions of situations A and C in Section 2 are basically identical, while that of situation B is distinctive, as Figure 9b shows. Furthermore, the average stress of the stretched side of the weld was 2.29 MPa for situation A, 3.18 MPa for situation B, and 2.06 MPa for situation C. The load transmitted by the weld in situation C differed by only 10% from that in situation A, and it should be emphasized that the load in situation C was lower. Therefore, the load-carrying characteristics of the double-sided lap and T joint were basically the same; thus, their strength calculation methods should be the same. The average stress of situation B was significantly greater than that of situation A. Furthermore, as shown in Figure 9c, the stress distribution in section 3 was also significantly different from that of situation C.



Noticing the symmetry of the stress distribution on Section 3, as shown in Figure 9c, the weld transmitted half of the initial load, and an imaginary mirror image of the weld is used to replace the vertical plate of single welded lap joint such that the obtained physical model was similar to situations A and C when the thickness of the vertical plate was 0 (situations A0 and C0). A value of t = 0.1 mm was used to approximate 0 to accomplish the FE analysis of situations A0 and C0. The obtained result is shown in Figure 10. The stress distributions of all situations in both sections 2 and 3 tended to be the same, as seen by comparing Figure 9b with Figure 10a and Figure 9c with Figure 10b. Furthermore, the average stress of the stretched weld on section 2 was 3.64 MPa for situation A0 and 3.48 MPa for situation C0. The load transmitted by the weld in situation B was 12.6% lower than that in situation A0 and 8.6% lower than that in situation C0. Therefore, their load-carrying characteristics were basically the same and their strengths could be calculated similarly.



In fact, the joints may also work in an elastoplastic or plastic state. However, this will not change their physical and mechanical similarity. Take the plastic state for example, where the plastic moment limits transmitted by the stretched weld of situations A and C were the same (Lσy × 50 mm2, where L represents the length of the weld, and σy represents the yield strength of the filler material), and so were those of situations A0, B, and C0 (Lσy × 25 mm2).




3.1.2. The Strength Calculation Method


The strength of a T joint fillet weld can be calculated using the following equation [26]:


   τ =   M   L a ( t + a )    ,  



(1)




where M represents the value of the out-of-plane bending moment, a represents the throat depth, and t represents the thickness of the vertical plate.



Based on the physical and mechanical similarity to a T joint, the strength of a double-sided lap fillet weld can be calculated according to Equation (1); the strength of a single lap fillet weld can also be calculated according to Equation (1) (t = 0):


   τ =   M    L a  2    .  



(2)









3.2. Experimental Results


As shown in Figure 11, the failure mode of all specimens was distortion failure. The load–displacement plots are shown in Figure 12. The bending force limit is recorded as F in Table 3.




3.3. Application in the Prediction of Failure and the LCC of a Lap Joint


As shown in Figure 13, section 1 (the section with the weld throat) and section 3 are possible failure locations of a lap joint subjected to bending loads.



In section 1, the bending moment can be calculated using:


   M 1   =   1 2   F   (   l − d − k   )  ,  



(3)




in section 2 using:


   M 2   =   1 2   F   (   l − d   )  ,  



(4)




and in section 3 using:


   M 3   =   1 2  F l .  



(5)







The maximum bending moment that section 1 can withstand is:


   M   1 MAX       = c σ   y B    L t  2  ,  



(6)




where    c =   1 6    for elastic analysis and    c =   1 4    for ideal elastic-plastic analysis, and    σ y B    represents the yield strength of the base metal.



Thus, based on Equation (3), the maximum bending force that the joint can withstand is:


     F     1 MAX     =       2 M     1 MAX       l − d − k    .  



(7)







For a single lap joint, according to Equation (2), the maximum bending moment that the section of a weld throat can withstand, i.e., the maximum bending moment of section 2 is:


   M  2 MAX    =   τ y W    L a  2  ,  



(8)




and for a double-welded lap joint, according to Equation (1), is:


     M    2 MAX    =   τ y W   L a ( t + a ) ,   



(9)




where    τ y W    represents the yield strength of the filler material.



Thus, based on Equation (4), the maximum bending force on Section 2 is:


     F    2  MAX     =       2 M    2 MAX      l − d    .  



(10)







The maximum bending moment that Section 3 can withstand is:


     M    3  MAX       = g M     1 MAX    ,  



(11)




where g = 4 for a single lap joint and g = 8 for a double-welded lap joint.



Thus, based on Equation (5), the maximum bending force on Section 3 is:


     F    3 MAX    =       2 M    3 MAX    l  .  



(12)







The joint will fail at the section with the smallest value of the maximum bending moment. For a traditionally designed lap joint,    k = t   ,    a =     2   2  t  ,    σ y   B    ≅  2   τ y W   , and    l − d > > k   ; then,    F  2 MAX      > F     1 MAX      when    c =   1 6    or    F  2 MAX      = F     1 MAX      when    c =   1 4   . This means that an equalmatched lap joint designed according to traditional standards will not fail at the section of the weld throat, which is consistent with the facts. If l ≤ g(l − d − k), then    F   1 MAX    ≤    F    3 MAX    , the joint will fail in section 1, and the LCC of the joint is    l   l − d − k      times that of the base metal; else,    F  3  MAX    ≤    F     1 MAX     , the joint will fail in section 3, and the LCC of the joint is g times that of the base metal.



As the bending test results show, the average F of the joint was about 1.93 times that of the base metal and 96.33% of the theoretical prediction. The slight dissimilarity was due to stress concentration caused by the shape mutation and processing marks at the weld toe. It should be note that the inequality    l − d > > k    is impossible here:    F   1 MAX       > F     2 MAX    ,   even if    c =   1 6   , where the joints should fail in the section of weld throat, which is decidedly different from the experimental result showing that the joint fails in section 1. The reason for this phenomenon was the extra aE of the equalmatched joint and the metallurgical strengthening of the ELCC joint [18].




3.4. Application in the ELCC Design of an Undermatched Lap Joint


According to the thought of ELCC [27,28], considering the characteristics of a lap joint under out-of-plane bending, the LCC of the undermatched joint (MU) should be no lower than that of the traditionally designed equalmatched joint (ME):


MU ≥ ME.



(13)







For a single lap joint, according to Equation (2):


   τ y U     L ( a   U   ) 2  ≥    τ   y E     L ( a   E   ) 2  ,  



(14)






     a   U  ≥    1 μ     a E  ,  



(15)




where    τ y U    represents the shear strength of the undermatched filler material, aU represents the throat depth of the undermatched joint,    τ y E    represents the shear strength of the equalmatched filler material, aE represents the throat depth of the equalmatched joint, and    μ =     τ y U     τ y E      represents the matching ratio.



For a double-welded lap joint, according to Equation (1):


   τ y U    L a  U     ( t + a   U   )  ≥   τ  y E    L a  E     ( t + a   E  ) ,  



(16)






   a U  ≥    1 μ   a E   (     t + a   E   )   +   1 4   t 2     −   1 2  t .  



(17)







Equations (15) and (17) are the realizing conditions of ELCC for a single lap joint and a double-welded lap joint, respectively. For a traditionally designed lap joint with    a E   =     2   2  t  , Equations (15) and (17) can be rewritten as:


   a U  ≥    1  2 μ      t ,   



(18)






     a   U  ≥  (       1 +   2     2 μ     +   1 4    −  1 2   )  t .  



(19)







The maximum of aU is t; therefore, the minimum matching ratio is 0.5 for a single lap joint and 0.6 for a double-welded lap joint.



The matching ratio of the shear strength was assigned using the value for the yield strength. According to Equation (18), aU = 9.88 mm, and for the convenience of processing and manufacturing, 10 mm was adopted. The average F of an ELCC joint was 96.90% of an equalmatched joint, even if aE has been enlarged. The similarities between an ELCC joint and an equal-matched joint in LCC (F) illustrate that the ELCC design method proposed here is reasonable and feasible.





4. Conclusions


In order to improve the LCC of an undermatched lap joint under out-of-plane bending, this work established a strength calculation method for a lap joint and then developed an undermatched lap joint design based on the principle of ELCC. The specific conclusions are listed below.



(1) Through linear elastic FE analysis, the similarity of a T joint, a single-welded lap joint, and a double-welded lap joint in terms of load-carrying characteristics was verified; thus, the weld strength calculation method of a lap joint under out-of-plane bending was proposed.



(2) The failure and LCC of a lap joint under out-of-plane bending was discussed. The maximum bending force on different sections was calculated and the failure location was predicted. The results agreed well with those of a lap joint designed according to traditional standards.



(3) The concept of ELCC for a lap joint under out-of-plane bending was given, i.e., the LCC of an undermatched joint was equal to that of a traditionally designed equalmatched joint. The realizing condition of ELCC was put forward.



(4) A single lap joint was chosen for the experimental verification, where HQ785 as the base metal, ER110S-G as the equalmatched filler material, and ER70S-6 as the undermatched filler material were used. The bending force limit of an ELCC joint was 93.35% of the theoretical prediction and 96.90% of an equalmatched joint. The results show that the weld strength calculation method and the ELCC design method proposed in this study are reasonable and feasible.
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Figure 1. 2-D finite element (FE) models of the joints. 
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Figure 2. Plate dimensions and the sampling method. 
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Figure 3. The weld geometric parameters of equal load-carrying capacity (ELCC) joint. 
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Figure 4. The prepared specimens. 
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Figure 5. Bending test. 
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Figure 6. Front fillet welds under out-of-plane bending. 






Figure 6. Front fillet welds under out-of-plane bending.



[image: Metals 11 00161 g006]







[image: Metals 11 00161 g007 550] 





Figure 7. Distribution of the stress in the vertical direction. 
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Figure 8. Stress distribution of the stretched side of the weld. 
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Figure 9. Comparison of the stress distribution in certain sections. 
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Figure 10. Comparison of the stress distribution in certain sections. 
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Figure 11. The specimens after bending. 
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Figure 12. The load-displacement curves. 
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Figure 13. Lap joint under out-of-plane bending. 
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Table 1. Chemical composition (wt.%) and mechanical properties of materials.






Table 1. Chemical composition (wt.%) and mechanical properties of materials.





	Materials
	C
	Si
	Mn
	Cr
	Mo
	Ni
	Tensile Strength σu (MPa)
	Yield Strength σy (MPa)
	Elongation Rate A (%)





	HQ785
	0.10
	0.20
	1.41
	0.56
	0.33
	-
	840
	790
	18



	ER110S-G
	0.09
	0.55
	1.68
	-
	0.43
	1.02
	835
	760
	20



	ER70S-6
	0.10
	0.90
	1.65
	-
	-
	-
	560
	405
	32
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Table 2. Welding procedure and the corresponding parameters.






Table 2. Welding procedure and the corresponding parameters.





	Joint Type
	Welding Process
	Current Type/Polarity
	Welding Current (A)
	Arc Voltage (V)
	Welding Speed (mm/s)
	Shielding Gas/Flow Rate (L/min)
	Preheating Temperature (°C)





	Equalmatched
	MAG
	DC/−
	270
	30
	5.5
	CO2/5 Ar/18
	80 ± 5



	Undermatched
	MIG
	DC/−
	200
	19
	2
	Ar/13
	-
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Table 3. Bending test results of the specimens.






Table 3. Bending test results of the specimens.





	
Sample Type

	
Base Metal

	
Equalmatched Joint

	
ELCC Joint




	
Sample No.

	
1

	
2

	
3

	
1

	
2

	
3

	
1

	
2

	
3






	
F (kN)

	
23.38

	
23.22

	
23.29

	
45.02

	
44.88

	
44.77

	
44.96

	
44.06

	
41.48




	
Average of F (kN)

	
23.30

	
44.89

	
43.50




	
Bending Angle (°)

	
125

	
121

	
108
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