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Abstract

:

Susceptibility to weld solidification cracking in transformation-induced plasticity steel sheets was studied using a modified standard hot cracking test used in the automotive industry. To vary the amount of self-restraint, bead-on-plate laser welding was carried out on a single-sided clamped specimen at increasing distances from the free edge. Solidification cracking was observed when welding was carried out close to the free edge. With increasing amount of restraint, the crack length showed a decreasing trend, and at a certain distance, no cracking was observed. With the aid of a finite element-based model, dynamic thermal and mechanical conditions that prevail along the transverse direction of the mushy zone are used to explain the cracking susceptibility obtained experimentally. The results indicate that the transverse strain close to the fusion boundary can be used as a criterion to predict the cracking behavior. The outcome of the study shows that optimum processing parameters can be used to weld steels closer to the free edge without solidification cracking.
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1. Introduction


Solidification cracking, known as hot tearing in casting, is one of the prominent defects in welding, casting and/or additive manufacturing. Mitigating the occurrence of solidification cracking is important to achieve good weldability. For more than five decades, solidification cracking in welding/casting of various alloys has been studied extensively [1,2,3,4].



Recently, increasing environmental concern has motivated the automotive industry to develop thinner gauge steels with high strength, ductility and toughness. The use of lightweight steel in the automotive body reduces the average fuel consumption. Reduced fuel consumption leads to lower CO2 emission, thereby making the vehicle environmentally greener. For this purpose, a class of steels, called Advanced High Strength Steels (AHSS), is being continuously put into use. AHSS differs from mild steels in terms of chemical composition and microstructure. The higher alloying content in AHSS renders it susceptible to solidification cracking during welding. During weld metal solidification, grains grow perpendicular to the fusion boundary since the temperature gradient is steepest, and accordingly, the heat extraction is maximized. The solidifying dendrites meet at the weld centerline. Upon solidification, the solidifying weld metal shrinks due to solidification shrinkage and thermal contraction. As solidification progresses, the solid in the mushy zone begins to form a rigid continuous network, i.e., tensile strain is induced by the surrounding material. If the deformation exceeds a certain threshold, separation of the dendrites at the grain boundary can occur. At the terminal stage of solidification, such an opening cannot be compensated by the remaining liquid due to both low permeability and a high solid fraction [5,6]. As a result, solidification cracking occurs. Solidification temperature range, segregation of impurity elements, morphology of solidifying grains, interdendritic liquid feeding and dendrite coherency are some of the important metallurgical aspects affecting the solidification cracking tendency [7]. In a recent study [8], it was reported that impurity elements like phosphorus lead to narrow liquid channels that are difficult to fill with the remaining liquid at the last stage of solidification. The shrinkage-brittleness theory proposed by Pumphrey et al. [1] is based on the concept of coherency temperature. At the coherency temperature, the solid in the mushy region begins to form a rigid continuous network. The theory says that cracking occurs when there is some extent of coherency in the mushy region, i.e., below the coherency temperature. Pellini [2] proposed a strain-based theory for hot cracking in castings. This theory has been extended to weld solidification cracking and states that cracking occurs due to the rupture of liquid films that persist until the last stage of solidification. Building upon the work of Pellini, Prokhorov [3] considered the mushy zone as a single entity and defined the ductility of a material as solidification occurs. Later on, Zacharia [9] used the stress-based approach to describe the thermo-mechanical behavior in the weld pool vicinity. Eskin et al. [10] in their review paper elaborated existing hot tearing theories and models. These models are based on the existence of a critical stress, critical strain or critical strain rate criterion, which leads to cracking. Recent physical models from Rappaz et al. [11] and Kou [12] indicate that in the presence of local deformation, insufficient liquid feeding in the interdendritic or intergranular region results in cracking. Matsuda et al. [13] and Coniglio et al. [4], based on the experiments, concluded that the presence of a critical strain rate is responsible for cracking. However, Katgerman [14] in his mathematical model considered stresses and insufficient feeding in the vulnerable temperature range to be the cause of hot cracking. Experiments focusing on determining the physical mechanism that leads to the separation of grains at the microscopic level under welding conditions are still lacking.



Some automotive industries have reported solidification cracking in certain AHSS grades during laser welding [15]. For instance, Larsson [16] reported that solidification cracking can occur during laser welding of B-pillar made of Ultra High Strength Steels (UHSS) used in the Volvo XC60 car body (Figure 1). In order to test the resistance to solidification cracking in thin sheets, VDEh(German Steel Institute) has developed a self-restraint hot cracking test [17]. In this test, bead-on-plate laser welding is conducted on single-sided clamped rectangular steel sheets with dimensions of 90 × 45 mm2. The starting position is set at a distance of 3  m  m  from the free edge with the welding direction inclined 7° to the edge. Crack length is used to assess the hot cracking susceptibility of various alloys. The test is of practical importance for overlap and flange welding geometries in order to minimize the flange width. A typical car body has 40  m  of weld flanges that are welded using resistance spot welding [18]. Resistance spot welding requires 16  m  m  of the flange width to fit the electrode system on either side [19]. The flange width can be minimized by using laser welding (Figure 2) and can lead to an overall weight reduction of up to 30–40 kg [18]. The distance from the free edge at which the welding is carried out is considered important for cracking behavior in terms of the response of the material to the amount of restraint. In this work, a different approach was adopted compared to the standard hot cracking test. Different laser welding experiments were conducted at various starting positions from the free edge at an inclination of zero degrees, i.e., parallel to the free edge. This approach was followed,




	
to maintain a constant restraint with respect to distance from the free edge during welding,



	
to understand the effect of self-restraint on susceptibility to cracking,



	
to identify the critical condition as a function of welding distance from the free edge in which no crack occurs,



	
to develop an FE-based model to understand the process and delineate the critical factor(s) that may be responsible for the cracking behavior.









2. Materials and Methods


In the present work, the weld solidification cracking susceptibility of a Transformation-Induced Plasticity (TRIP) steel was studied using the aforementioned test arrangement. Crack length was measured for each case, and the fracture surface was observed by scanning electron microscopy. A Finite Element (FE)-based thermal elasto-plastic model of the welding was constructed to substantiate the results obtained from experiments. The occurrence of a crack was not simulated explicitly. Rather, the accumulated transverse strain along the direction perpendicular to the weld was used to assess the solidification cracking susceptibility. Based on the developed understanding, optimum processing conditions can be defined to weld steels that are otherwise susceptible to solidification cracking.



2.1. Experimental Section


A 3  k  W  Nd:YAG laser was used as the heat source. The bead-on-plate laser welding experiments were conducted in keyhole mode using a power of 1100  W  and a welding speed of 10  m  m   s −1. Specimens were kept at the focal point of the optical system, and the laser spot size was 0.6mm. The experimental arrangement is shown schematically in Figure 3. The coordinate system used in the FE model is also included. The dimensions of the rectangular steel sheets were 90 × 45 mm2 and 1.25 mm thick. Table 1 shows the elemental composition of the TRIP steel used in this work. For all the experiments, the starting beam position was at   x = 0    m  m , and welding was carried out along the x direction. The starting y ordinate for different experiments was varied from 3  m  m  to 13  m  m  with each increment being 2  m  m . Each experiment was repeated with a fresh plate at least three times. The experiment at 5  m  m  was repeated ten times. Hereafter, each experiment at a certain distance from the free edge is referred to as a case. Images during welding were captured using a high speed camera. For the 13  m  m  case, the temperature cycle was measured at three Positions (P1, P2 and P3) near the fusion boundary, by using spot welded K-type thermocouples. Furthermore, the evolving transverse strain near the weld fusion boundary was measured in situ using the digital image correlation method [20]. The width of the weld bead was approximately   2.8    m  m . The length of the weld centerline crack was measured for each case. The fracture surface of the crack was observed with a JEOL 6500F scanning electron microscope (JEOL, Tokyo, Japan). Additional experiments were conducted with different heat input for the 13  m  m , 11  m  m , 9  m  m  and 7  m  m  cases. Heat input was varied by changing the welding speed to 11  m  m   s −1, i.e., 10% decrease in heat input, 12  m  m   s −1, i.e., 20% decrease in heat input, and 9  m  m   s −1, i.e., 10% increase in heat input. The overall experimental scheme is listed in Table 2.




2.2. Modeling Approach


A sequentially-coupled 3D Finite Element (FE) thermal mechanical model with isotropic hardening was utilized for laser bead-on-plate welding. Initially, a transient heat transfer analysis was carried out to obtain the time-dependent thermal history. In this study, a frequently-used [21,22,23] 3D conical Gaussian heat source was adopted to describe the laser beam heat input (see Figure 4). The power density distribution at any plane perpendicular to the z-axis is expressed as:


   Q v  =  Q o  exp    − 3  r 2    r  o  2     



(1a)




where   Q v   is the net volumetric heat flux in W m−3,   Q o   is the maximum heat source intensity in W m−3 and r is the radial distance from the center of the heat source and expressed as:


  r =    x 2  +  y 2     



(1b)







The radius of the heat source (  r o  ) is assumed to decrease linearly through the thickness of the cone and can be expressed as:


   r o  =  r e  −    (  r e  −  r i  )   (  z e  − z )    (  z e  −  z i  )    



(1c)




where   r e   and   r i   are the radii of the top and bottom surfaces of the conical heat source, respectively. The z coordinates of the top and bottom surfaces are   z e   and   z i  , respectively.   Q o   can be determined via the energy conservation principle:


  η P =  ∫  0  H   ∫  0   2 p    ∫  0   r o    Q o  exp    − 3  r 2    r  o  2    r d r d θ d h  



(2a)




using    z e  −  z i  = H   and   z =  z i  + h   further leads to,


   Q o  =   9 η P exp ( 3 )   π ( exp ( 3 ) − 1 )   .  1   (  z e  −  z i  )   (  r  e  2  +  r  i  2  +  r e   r i  )     



(2b)







Here,  η  is the process efficiency of the laser welding and P is the laser power. The height of the heat source, i.e., H was considered to be equal to the sheet thickness, and    r e  = 1    m m   ,    r i  = 0.9    m m    were chosen to achieve the dimensions of the weld observed in the experiments.



The thermal history, i.e., temperatures (T) at (  x , y , z , t  ), was obtained by solving the following Fourier heat transfer equation using the temperature-dependent thermal properties of the material,


   ∂  ∂ x    k  ( T )    ∂ T   ∂ x    +  ∂  ∂ y    k  ( T )    ∂ T   ∂ y    +  ∂  ∂ z    k  ( T )    ∂ T   ∂ z    +  Q v  = ρ  ( T )   C p   ( T )     ∂ T   ∂ t     



(3)







Here,   k ( T )   is the temperature-dependent thermal conductivity in  W   m −1  K −1,   ρ ( T )   is the temperature-dependent density in kg m−3 and    C p   ( T )    is the temperature-dependent specific heat in  J   k  g −1  K −1.



Subsequently, the obtained thermal history was imported into the mechanical model. Hibbitt et al. [24] used the sequential thermal-mechanical modeling approach and based on the comparison with welding experiments concluded that the effect of mechanical behavior on thermal load was negligible. Since then, the sequential coupling approach was frequently applied in welding research [25,26,27]. A commercial software, COMSOLTM (version 5.2, COMSOL, Stockholm, Sweden) was used for the present analysis. Quadratic elements with a minimum mesh size of 0.3 × 0.3 mm2 and a thickness of 1  m  m  were used. The process efficiency of laser welding, i.e.,  η  was assumed to be 40% based on previous work [28] on the similar experimental arrangement. In this way, heat losses due to convection and radiation in the keyhole were taken into account. To implement the clamping conditions in the mechanical model, the displacements of the nodes between the clamp in the three directions were fixed.



The temperature-dependent thermal and mechanical properties of the steel (Figure 5) used in the present work were taken from [29]. Note that the chemical composition of the TRIP steel used in [29] was similar to the one used in this work. Latent heat, absorbed or released during melting (or solidification), was incorporated in the temperature-dependent specific heat capacity. The latent heat absorbed during melting was related to the temperature-phase fraction data, obtained using the Scheil–Gulliver solidification approximation. The thermal expansion coefficient ( α ) during solidification was considered to be dependent on the amount of solid and liquid phases. The solidification temperature range, solid and liquid phase fraction data of the steel composition were obtained from a commercial thermodynamic software, Thermo-CalcTM (database TCFE7, Thermo-Calc, Stockholm, Sweden).





3. Results


Figure 6 shows the experimental and simulated thermal cycle at points P1, P2 and P3, when welding was carried out a distance of 13  m  m . The position of the points P1, P2 and P3 with respect to the weld centerline is also indicated in the figure. P1 is at a distance of 3  m  m  (towards the free edge), while P2 and P3 are at   2.5    m  m  and 4  m  m  (towards the fixed edge). The maximum difference between the experimental and simulated temperature is 4.9%, and the standard deviation is 2%. The simulated weld bead size was also found to be in good agreement with the experimental obtained size. Therefore, the thermal history from the heat transfer model was applied in the mechanical analysis. The thermomechanical model was validated using the transverse strain measured by the digital image correlation method [20].



3.1. Observation of Solidification Cracking


Figure 7a,b shows high speed camera images captured while welding was carried out for the 5  m  m  case. It is clear from these images that crack formation occurs during welding, and the crack follows the trailing edge of the mushy zone. Figure 7c shows the image when welding was carried out at a distance of 7  m  m  from the free edge. After a certain distance, the crack ceased to propagate. The videos are available as Supplementary Data in the online version of this manuscript. The measured average crack length and the standard deviation for different cases and heat inputs are shown in Figure 8. For the case of 5  m  m , fracture was observed along the entire weld in all experiments. On further increase of the distance from the free edge, the crack length decreased, and for the case of 13  m  m  (and onwards), no solidification cracks were observed. With a 10% decrease in heat input, the crack length reduced for the 7  m  m  and 9  m  m  cases, while no crack was observed for the 11  m  m  case. With a 20% reduction in heat input, the crack length reduced further for the 7  m  m  case, and no crack was observed for the 9  m  m  case. When the heat input was increased by 10%, a crack was also observed in the case of 13  m  m . The run-on plate was not used in the experiments, the use of which may effect the crack initiation. The standard hot cracking test does not mention the use of run-on and run-off plates. The extent of edge effect on crack initiation was also material dependent. In our earlier work [8], identical hot cracking tests were performed on Dual Phase (DP) steel sheets, and solidification cracking was not observed in any of the cases.



The fracture surface of welded TRIP steel sheet was further studied by means of scanning electron microscopy. Figure 9a indicates that a liquid film entrapped between the dendrites led to cracking. This is an important observation as it helps to conclude that the cracks are indeed formed during the terminal stage of solidification. Figure 9b shows microcracks, which occur at the last stage of solidification on the dendrite tips.



The high speed camera and SEM images both corroborate the previous studies on solidification cracking [10]. Moreover, it is apparent that a material is most susceptible to cracking when the fraction of solid (  f s  ) becomes close to one [11,12,30].




3.2. Thermomechanical Analysis of the Process


Figure 10 shows the simulated results of peak temperature at the weld centerline as a function of distance for the 5  m  m  case. Due to the introduction of the heat source, the peak temperature is low at the beginning. The peak temperature reaches the steady state after approximately 5  m  m  (  x = 5    m m   ). However, due to accumulation of heat, a higher peak temperature is reached towards the last 2–3  m  m . Thermal and transverse strain analysis was conducted under the steady state regime at   x = 5    m m    along the y direction. Transverse strain data along a line L1 with starting point 2 mm from the weld centerline were extracted from the simulation results. The region in the mushy zone and the prevailing conditions where the analysis was performed are shown schematically in Figure 11 at   t = 1    s . At   t = 1    s  and   x = 5    m m   , the fraction of solid (  f s  ) approaches one at the weld centerline. Temperature and transverse strain along the line L1 were extracted at various times. Using the constitutive behavior, the total transverse strain can be decomposed as:


   ϵ  T o t   =  ϵ  e l   +  ϵ  p l   +  ϵ  t h    



(4)







Here,   ϵ  T o t    is the total transverse strain and terms on the right hand side are the elastic, plastic and thermal transverse strains, respectively. Note that the volumetric strain due to phase transformation is included in the linear coefficient of thermal expansion.



Figure 12a,b shows the temperature as a function of distance along L1 at   t = 0.5   s   and   t = 1   s   for different experimental cases. Figure 12c shows the simulated elastic, plastic, thermal and total transverse strain for the 5  m  m  case. Here, the thermal strain includes the contribution from solidification shrinkage, thermal contraction and phase transformation. From this figure, it can be inferred that the elastic and plastic strains are small compared to the thermal strain. It is thus the thermal strain that forms the significant portion of the total strain. Note that the viscoplastic effect of the material at high temperature is not considered in this work. Safari et al. [31] found the effect of viscoplasticity on the total transverse strain to be negligible. Figure 12d,e shows the transverse strain (in %) as a function of distance along L1 at   t = 0.5   s   and   t = 1   s   for different experimental cases. At   t = 1   s  , the transverse strain is a maximum at the starting point of line L1 for the 3  m  m  case and decreases as the welding distance from the free edge is increased. For the 13  m  m  case; in which no crack was observed, the threshold transverse strain is ≈  1.7 %  .




3.3. Effect of Heat Input on Transverse Strain and Crack Susceptibility


To study the effect of heat input on the transverse strain, travel speed was varied in the FE model. The maximum transverse strain for the 11 mm case (Figure 13a) with 10% less heat input was ≈1.6%, i.e., lower than the threshold strain of the 13  m  m  case in which no cracking was observed. With 20% less heat input, the maximum transverse strain for the 9  m  m  case was ≈1.5%, i.e., below the threshold strain, while with 10% less heat input, the maximum transverse strain was ≈1.8%, i.e., above the threshold strain (Figure 13b). For the 7  m  m  case, the maximum transverse strain was higher than the threshold strain for both 10% and 20% reduced heat input. For the 13  m  m  case, with 10% higher heat input, the maximum transverse strain increased to 2.1%, as shown in Figure 13c.



In order to vary heat input, welding experiments were conducted with different travel speeds. A reversal in cracking tendency was observed; no crack was observed in the 11  m  m  case with 10% less heat input, and no crack was observed in the 9  m  m  case with 20% less heat input. With 10% higher heat input, a crack was observed even in the 13  m  m  case. The average crack length as a function of distance from the free edge and heat input is shown in Figure 8.





4. Discussion


The measured temperature cycles at the thermocouple positions and the simulated results show good agreement (Figure 6). Furthermore, the slow heat dissipation (or heat accumulation) due to a reduced amount of material towards the free edge is captured well in the simulated thermal cycles. The experimental fusion zone dimensions were also found to be in agreement with the simulated ones.



The maximum transverse strain along line L1 decreases from the 3  m  m  case to the 13  m  m  case. This result agrees well with the cracking susceptibility observed experimentally. It is observed that as the degree of self-restraint increases, the susceptibility to solidification cracking decreases, which is consistent with earlier studies [32,33]. For the 13  m  m  case, no solidification cracks were observed, and the maximum transverse strain along L1 is ≈1.7%. This value can be used as a safety factor to avoid solidification cracking in the steel tested in this work, i.e., a threshold value. A lower heat input reduces the thermal strain along line L1. Since thermal strain contributes significantly towards the total transverse strain (refer to Figure 12c), the overall transverse strain decreases. This leads to a reduction in the critical distance from the free edge at which no solidification cracking occurs. Reduction of heat input by 10% decreases the critical distance by 2 mm, while a 20% reduction decreases it by 4 mm. An increase in travel speed could be beneficial in reducing the flange width and obtaining good welds in materials that are otherwise susceptible to solidification cracking.



Tensile strains are built up behind a moving weld pool due to both solidification shrinkage and thermal contraction [9,34]. Solidification cracking occurs when the resistance of a material to cracking is overridden by the mechanical driving force for cracking. Generally, the Brittle Temperature Range (BTR) of an alloy, the temperature range over which cracking is found to occur, is used as a measure of susceptibility to solidification cracking. Sometimes, BTR is also defined as the difference between liquidus and solidus temperatures [35]. Senda et al. [36] and later on Nakagawa et al. [37], using the transvarestraint test, measured temperatures at the tail of the weld pool by plunging thermocouples. The BTR was assumed to be proportional to the maximum crack length and was defined as the temperature difference between the two extremities of the crack. However, large disparities exist in the BTR of the same material [38], raising issues with the accuracy of the method. BTR, being a material-dependent parameter, is essentially constant for the steel investigated in this study. Therefore, BTR alone cannot explain the different cracking behaviors. Clyne et al. [39] reported that the cracking susceptibility index of an alloy is directly related to the freezing time. Freezing time at the weld center was extracted from the simulated thermal histories of two cases, first the 9  m  m  case with normal heat input, i.e., in which a crack was observed, and second, the 9  m  m  case with a 20% reduction in heat input, i.e., in which no crack was observed. Liquidus and solidus temperatures were taken from the Scheil-Gulliver non-equilibrium solidification model (Figure 14). The freezing time for the first case is   0.25    s , while for the second case, it is   0.16    s . Reduction in heat input leads to higher cooling rates, and thus, the freezing time decreases. In the second case, the material spends less time in the vulnerable cracking regime and therefore is less susceptible to cracking. To compare, freezing time was also extracted for the 13  m  m  case with normal heat input and was found to be   0.25    s . No crack was observed in this case. It can be inferred that freezing time can only be used as a cracking susceptibility index when the mechanical restraint conditions do not change, and therefore, only relative tendencies can be compared.



Although implicit, the calculation of macroscopic strain using the FE method is based on continuum mechanics. Thus, the cracking process that occurs at the microscopic level is directly related to the local macroscopic stress/strain development in the crack vulnerable regime [40]. This approach accounts for both the thermal histories and the related mechanical response of the material.




5. Conclusions


	
With the use of the presented hot cracking test, in general, any given material is most susceptible to solidification cracking when welding is carried out close to the free edge. As the distance from the free edge increases, i.e., the degree of self-restraint increases, the susceptibility to cracking decreases.



	
The FE simulation study shows that macroscopic transverse strain near the mushy zone can be used as an indicator to explain the experimentally-observed cracking susceptibility with regards to crack length.



	
A threshold transverse strain at a point close to the fusion boundary is determined for which no cracking was observed. It is further validated by varying the heat input both in the model and the experiments.



	
Reducing the heat input decreases the susceptibility to solidification cracking or, in other words, it decreases the critical distance from the free edge at which cracking does not occur.
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Figure 1. Solidification cracking in the B-pillar of a Volvo XC60 car body. With permission from [16]. 
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Figure 2. A schematic showing the flange width required in the case of: (a) resistance spot welding and (b) laser welding. 
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Figure 3. Schematic of the hot cracking test arrangement. 
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Figure 4. 3D conical heat source with the Gaussian distribution adopted in the present work. 
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Figure 5. (a) Thermophysical material properties, (b) thermophysical material properties used in the mushy zone and (c) temperature-dependent mechanical properties. 
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Figure 6. Experimental and calculated temperature cycles for the 13 mm case. The position of the points P1, P2 and P3 with respect to the weld centerline is also indicated. P1 is at a distance of 3  m  m  (towards free edge), while P2 and P3 are at   2.5    m  m  and 4  m  m  (towards the fixed edge). 
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Figure 7. High speed camera images showing solidification cracking during welding. (a) Solidification crack initiating at the trailing edge of the mushy zone (5  m  m  case); (b) full fracture observed (5  m  m  case); and (c) the solidification crack stops propagating further (7  m  m  case). 
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Figure 8. Measured crack length for the set of experiments. 
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Figure 9. Micrographs of the fracture surface of TRIP steel (5  m  m  case). (a) Liquid film entrapped between dendrites that lead to cracking and (b) micro-cracks on the dendrite tip. 
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Figure 10. Simulated peak temperature along the weld centerline for the 5  m  m  case. 
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Figure 11. Schematic showing the prevailing conditions at   t = 1    s . The thermomechanical analysis was performed along the line L1 at   t = 0.5    s  and   t = 1    s . 
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Figure 12. (a) simulated temperature field along L1 at   t = 0.5   s   for different cases, (b) simulated temperature field along L1 at   t = 1   s   for different cases, (c), simulated strain contributions and total strain for the 5  m  m  case, (d) simulated transverse strain (in %) along L1 for different cases at   t = 0.5   s   and (e) simulated transverse strain (in %) along L1 for different cases at   t = 1   s  . 
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Figure 13. Effect of heat input on the transverse strain along L1 at   t = 1   s  . (a) The 11 mm case with normal and 10% less heat input, (b) 9 mm case with normal and 10% and 20% less heat input and (c) 13 mm case with normal and 10% high heat input. 
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Figure 14. Solid fraction (  f s  ) versus temperature for the TRIP steel calculated using the non-equilibrium Scheil-Gulliver solidification model. 
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Table 1. Composition of the Transformation-Induced Plasticity (TRIP) steel used in this work (in wt. %).
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	Elements, wt. %
	C
	Mn
	Al
	Si
	Cr
	P
	Fe





	TRIP
	0.19
	1.63
	1.1
	0.35
	0.019
	0.089
	bal.
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Table 2. Experimental scheme.
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Welding Distance (Yordinate, mm)

	
Welding Parameters




	
Laser Power (W)

	
Speed (mm s−1)






	
3, 5, 7, 9 and 11

	

	
10




	
1100

	
11




	

	
12




	
13

	
1100

	
9




	
10




	
11




	
12












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
V1 zone ¥

sd.mncfnon

< erack o8






media/file4.png
Flange
width

L

(a) Resistance spot welding  (b) Laser welding





media/file18.png
e,
Q
w‘
=

e

s
£
3 dem

1qui

L






media/file21.jpg
Distance from the free edge (Y)

» <

/.. /; caleulated from Scheil-Gulliver model

) T (Solidus isotherm)
Pisplacemen T (Liquidus isotherm)
Solidification I \

crack
A Heat
2mm from 1 source
weld centreline 1 l (Peak temperature
Displacement in Figure 10)
(Transverse stain | o ¢ for 13 mm case,
along L1, x-axis § opuasion of L1 is x = 5.
in figures 110D femperature, sirain is calculated from
¥ 1 mm 1oy ~ 0 mm, mentioned
as distance in Figure 12a ¢ Vi

X=5mm
Welding direction ——»





media/file26.png
Transverse strain, %

[\

i (a) — t =1 s (normal heat input)
. — t=1s (10 % less heat input)
1.5
-
0.5
T T T T 1771 | T T T 17T | T T T 17T | T T T T°T | T T T 17T
0 0.1 0.2 03 0.4 0.5

Distance, mm

Transverse strain, %

(b) — t = 1s (normal heat input)
— t =15 (10% less heat input)
— t = 15 (20% less heat input)

9 mm case

0.1 0.2 03 04
Distance, mm

0.5

Transverse strain, %

] (C) — t=1 s (normal heat input)

1 — t=1 5 (10 % high heat input)
2

3
5
.

0.1 0.2 03

Distance, mm

0.4

0.5





media/file27.jpg
Solid fraction (f;)

o
%
PR A

0.6
04 i
] i
0.2 \
: \
1 k3
D

1550 1600 1650 1700 1750 1800
Temperature, K





media/file3.jpg
Flange
Load width

'
(a) Resistance spot welding  (b) Laser welding





media/file22.png
p <

Distance from the free edge (Y) —»

‘ /., f, calculated from Scheil-Gulliver model

Disol T (Solidus isotherm)
isplacemenl— .7 (Liquidus isotherm)

Solidification aye
crack
Weld pool .—> Heat
2 mm from S ' f /) source
weld centreline ! l i"ﬂl (Peak temperature
Displacement in Figure 10)

Transverse strain
along L1, x-axis
in figures 11 (b-f)

e.g., for 13 mm case,

equation of L1 is x = 5.

Temperature, strain is calculated from
y =11 mmtoy = 0 mm, mentioned
as distance in Figure 12a—e

X=5mm
Welding direction ——»





media/file19.jpg
Temperature, K

2500

)
S
S
S

X
2
S

1000

5 mm case, peak temperature
along the weld line

T T T

10 20 30 40
X, mm






media/file7.jpg





media/file28.png
Solid fraction (f5)

0.8 -
0.6 -
0.4 \
0.2 \
: i,
i ¢
O I I LI I I I I I I I I I I I I I I I I I I LI

1550 1600 1650 1700 1750
Temperature, K

1800





media/file10.png
] —— Density, 10°kg/m°® 36 ]
7.8+ —— Conductivity, 10W/m K C14 784
l —— Specific heat, kd/kg K / -34 | 4, l
7.6 1 7.6 - . 3 3
—— Density, 10" kg/m
~32 10 1 —— Conductivity, 10W/m K
744 o 744 —— Specific heat, kd/kg K
7.2 30 7.2 -
- = _6 . -
7.0 ~28 14 70-
6.8 - ___—//A\ & -26 2 6.8
l -0
6.6 T T T T T T T T T T T T T T T T T 24 6.6 T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000 1660 1680 1700
Temperature, K
(c) 500 250
. — Yield strength, MPa -
] — Young's modulus, GPa i
400 — — Thermal expansion — 200
© i coefficient, 10° K- [
o i B
= - B
< 300 7 N 150
(@)] _ L
e
S i .
@ 200 — — 100
o - |
Q s -
> _ =
100 — 50
O T | T | T | T | | 1___r_'| | T | T O
200 400 600 800 1000 1200 1400 1600 1800 2000

(b)

- 3.6

-3.4

- 3.2

- 3.0

- 2.6

24

Temperature, K

T
1720

T
1740

Temperature, K

s modulus, GPa

Young

N w w
o o
Thermal expansion coefficient, 10° K

\V)

—_
&)

T
1760

T
1780

1800






media/file14.png
IM’llShy

I zone 1
e f “oF¥ .:
&7 o

Solld1ﬂc§flon
1ack i






media/file11.jpg
1100

1000

200

800

700

600

500

Temperature, K

400

300

200

EXPP1

Time, s

40

50

© P34 mm)
* P2(25 mm)

© P13 mm)

Free edge,





media/file6.png
—p : Weld line
P1, P2, P3 : Thermocouple positions
—p [.1: Transverse strain
m . e
calculated along this line
e.g., for the 13 mm case, the
equation of L1 is x = 5, and
N O0 mm  strain is calculated from

N y=1lmmtoy=0mm
N
N
* )|
Distance from the ~<3 —_ —
free edge (Y) o N
- N _ - = P





media/file15.jpg
S
=Y

—6— Normal heat input

44_5 —¥— 10 % less heat input
g 424 —0— 20 % less heat input
>3 —&— 10 % more heat input
< 7
B0
@ 7
5
x|
S
510
S 10
&1 A
g A
2
< |
0
_l'\‘l'l‘f‘\l‘l‘
5 6 7 8 9 10 11 12 13

Distance from the free edge, mm

14





nav.xhtml


  metals-08-00673


  
    		
      metals-08-00673
    


  




  





media/file16.png
e i
o = O

10

Average crack length, mm

—&— Normal heat input
—v— 10 % less heat input
—o— 20 % less heat input
—A— 10 % more heat input

T T T T [ T T T T T ]
7 8 9 10 11 12 13
Distance from the free edge, mm






media/file2.png





media/file20.png
2500

i

4 2000-
]

2

<

S

]

Q.

5 1500-
—~

1000

5 mm case, peak temperature
along the weld line

10

20 30 40
X, mm






media/file23.jpg
(a) — 3mm
=
- =i
i =i
H — Bam
Eu
H
T R e
Disme,men
- .
= @ [T
) =] = G =
i, 7o |[ % —— Blastic srin
, == |5 g =
Trem | £
o —hm §
= g
-
% T | iy i A
b i e S UMM U
i, Ditaacernm
»
]
TR

T i Distiie i






media/file5.jpg
Distance from the
firee edge (V)

—

PLP2LP3
m—> L1 Transverse strain

£ Weld line
Thermocouple posit

caleulated along this line
g forthe 13 mm case.the
equationof L1 5 - . and
Stain s calelated from
y=limmtoy = 0mm





media/file24.png
Temperature,

1000

Transverse strain, %

] (a) — 3 mm
i — S5 mm
~ - 7 mm
S 800__\ — 9 mm
5 i 11 mm
§ : — 13 mm
g 600 -
g
400 -
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 2 4 6 8 10 12
Distance, mm
1600 2.5—
E(b) —— 3 mm - (C) — Total transverse strain
1400 3 —— 5mm < 2 — Thermal strain
] 7 mm S - Elastic strain
1200—: — 9 mm -% 1.5 — Plastic strain
x 11 mm fg —
1000_: — 13 mm Q1 | 5 mm case at t = 1s
800- 5
N n ]
] t=1s § 0> :\
600 3 -
] = 03
400 =
T e T -0.5 T T[T T[T T TIT T [TT T [TT T [TT77T
0 2 4 6 8 10 12 0 05 1 15 2 25 3 35
Distance, mm Distance, mm
1 3 Cl
= = | o=
l — 25 ] o -
0.751
| k=
i - <
] Lo
1\ Q
|
0 0.05 01 2 —
<
:
""" LI B LI L B B L B B
6 8 10 12

Distance, mm Distance, mm





media/file1.jpg





media/file25.jpg
@ — 1= ot bt (pormal bt gy 15wt b b
T, T s,

. |,

] H

f

I i






media/file12.png
Temperature, K

1100

1000 -

900

oo

o

o
|

700 —
600 —
500 —
400 —
300 —

200 .

EXP P1

Time, s

40

50

® P3 (4 mm)
® P2(2.5mm

e P13 mm)’

Free edge






media/file9.jpg
(b)

S
- A
[k
N -
© — p
e
- s,
i = s
g s
Lo =
: H
@ it

Thoma expansion cosficint, 10° K-

Tompesswe, K





media/file0.png





media/file8.png
......

d)
travel spee
v (






media/file17.jpg
Liquid film entrapped

1






