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Abstract:



This paper proposed an analytical model for describing the temperature field of multi-pass arc weld surfacing. The temperature field is described analytically assuming a bimodal volumetric model of the heat source and a semi-infinite body model of the (rebuilt) workpiece. The suggested analytical solution takes into account the temperature changes caused not only by the direct heat of an electric arc, but also by the heat of the applied weld (melted metal of electrode). The solution considers temperature increments caused by overlaying consecutive welding sequences and by self-cooling of areas previously heated. Computations of the temperature field are carried out during the multi-pass gas metal arc welding (GMAW) surfacing of a steel plate. The results are presented in the form of transient and maximum (achieved in whole welding process) temperature distributions in the element’s cross-section, as well as thermal cycles at the selected point.
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1. Introduction


In the case of multi-pass surfacing, the application of subsequent welds causes previous welds to heat up and melt. During subsequent thermal cycles, the material in a heat-affected zone can undergo multiple-phase transformations leading to the diversification of the structure between welds and the heat-affected zone, at the same surfacing parameters. It results in diversified states of strains and stresses in the heat-affected zone, as well as outside it.



Tracing changes in temperature allows one to determine the phase transformations and stress state. The knowledge of the distribution and the value of permanent deformations and internal stresses after welding is necessary due to their superposition with the strains and stresses generated during the welding process. The knowledge of thermo-mechanical state changes in the deposited steel elements is the basis for the rational design of these processes.



The modeling of the temperature field in welding processes is dominated by two approaches. The first—numerical—applies the finite difference method, elementary heat balance and finite element method (FEM). The second approach consists of analytical solutions, which most commonly use integral transformation methods and Green’s functions.



The literature on the calculation of the temperature field and the welding thermal cycles during single-welding is extensive. Modeling the temperature field during welding was initiated by works by Rosenthal [1] and Rykalin [2], who assumed point and linear models of the heat source, respectively. Eagar and Tsai [3] modified Rosenthal’s model including the two-dimensional (2D) Gaussian distributed heat source and developed a solution to the travelling heat source in a semi-infinite steel plate. Since the adoption of a point heat source located near the center of the weld results in significantly deviating from the actual temperature values, many researchers have tried to obtain the solution closest to the real temperature distribution, using different models of heat sources. The model of a double-ellipsoidal three-dimensional (3D) heat source was first introduced by Goldak et al. [4].



Na and Lee [5] used an annular heat source where the intensity of the heat flux within the center of the arc welding was determined according to the parameter defined as the radius at which the intensity of the arc power was 5% of the maximum intensity. Bo and Cho [6] derived an analytical solution for transient temperature field in finite thickness plate during single-pass arc welding, assuming Gaussian distribution of heat source. An analytical solution for temporary temperature field of fillet weld has been presented by Jeong and Cho [7] and wasapplied by Fassani and Trevisan [8] to compare the thermal cycles during multi-pass gas metal arc welding (GMAW) which was computed for Rosenthal’s models of point heat sources and one-dimensional (1D) Gaussian. The solution is presented in the form of temperature distribution perpendicular to the welding direction. On the other hand, the solution of the temperature field in a massive body caused by a half-elliptical double-ellipsoidal volumetric heat source has been presented by Nguyen et al. [9]. Kwon and Weckman [10] carried out the thermal analysis in double-sided arc welding of an aluminum alloy plate. Ghosh at al. [11] analyzed thermal behaviour during SAW (submerged arc welding) considering an oval-shaped heat source. Atonakakis et al. [12] proposed closed form solutions of the transient heat diffusion problem during the energy deposition. Salimi et al. [13] presented a novel analytical solution to the 3D transient temperature field during dissimilar material welding, with the use of the Green’s function. The analytical solution of differential equation of heat conductivity was used to describe the temperature field during a single-pass laser welding by Van Elsen et al. [14] and Franco et al. [15].



Many works concern the modeling of 3D temperature using the FE method. Temperatures in single-pass butt welding of the pipe were analyzed by Karlsson and Josefson [16], where the temperature-dependent thermal properties were used: heat capacity, thermal conductivity and convection. Mundra et al. [17] presented a computational analysis of the prediction of the heat transfer, phase transformations and the movement of the liquid during the welding with a moving heat source. Mahapatra et al. [18] carried out an analysis of the impact on the temperature distribution of parameters as the electrodes diameter, welding speed, current voltage and intensity during arc welding in gas shields. Price et al. [19,20] used double heat source and package Sysweld+ to FE thermal analysis in a single-weld bead-on-plate (MIG). Kumar and Debroy [21] proposed a model of heat and liquid transfer to determine the influence of the fillet joints’ tilt angle and the welding position on the temperature profile, the velocity field and the shape of the weld pool. Wang et al. [22] analyzed thermal cycles during welding solving the convection-diffusion heat equations. thermal FEA (Finite Element Analysis) in T-joint made using the weave-welding technique and the GMAW method was conducted by Joshi et al. [23]. Chen et al. [24] studied the effect of weave frequency and amplitude on the temperature field in the weaving welding process. Piekarska and Kubiak [25] analyzed thermal phenomena in the laser-arc hybrid welding process. The 3D finite element analysis of the flux-cored arc welding (FCAW) process in single bead-on-plate and prediction of the temperature field was conducted by Aloraier and Joshi [26].



Hongyuan et al. [27] proposed a double-ellipsoidal tilt model of the heat source to calculate the temperature field using FEM. Fu et al. [28] examined the impact of boundary conditions of a welded plate on the residual stresses using a 3D finite element model and Goldak’s double-ellipsoidal heat source model.



Perret et al. [29] and Fachinotti et al. [30] compared analytical and numerical solutions of the thermal field induced by a point source [29] and moving double-ellipsoidal and double-elliptical heat sources [30] and achieved compliance of welding thermal cycles calculated with analytical and numerical methods by constant values of thermal-mechanic properties of the material.



As far as temperature field analysis during multi-pass welding is concerned, the works mainly concern FEM and experimental research. Reed and Bhadeshia [31] proposed a model that describes the heat cycles following the multi-pass welding. Taljat et al. [32] presented a numerical analysis of residual stresses caused by the temperature field during spiral pass welding. A wide analysis of 3D temperature distribution in steel pipes during the multi-pass welding was presented by Jiang et al. [33]. In work by Łomozik [34], temperature fields in the HAZ (Heat Affected Zone) of overlay-welded and welded steels have been modeled. Numerically calculated and experimentally measured thermal cycles were compared. The 3D thermal model was used by Deng and Murakawa [35] to calculate the temperature field in order to predict internal stresses in multi-pass butt welding (GTAW (Gas Tungsten Arc Welding) and GMAW processes) of steel pipes. In this paper, the surface model of heat source with Gaussian distribution was adopted. In the computational procedure for the analysis of temperature field in multi-pass TIG (tungsten inert gas) welding of steel pipe, Deng and Murakawa [36] applied a volumetric Goldak heat source. The results of numerical simulations were compared to experimental data from the thermocouples. Joshi et al. [37] studied several aspects of evaluating the geometric parameters of Goldak’s double-ellipsoidal heat source using an experimental case of GMAW welding of two overlapping (between 40% and 80%) beads. In the paper by Aloraier et al. [38], the 3D transient temperature during multi-pass overlapping was computed using TBW (temper bead technique). Numerical simulation was performed using FEA software. Also Heinze et al. [39] used a 3D FE model for analysis of temperature field and stresses during a multi-pass welding of thick structural steel S355J2 under high restraint conditions confirming the experimentally calculated residual stresses. Kohle and Datta [40] reported the results of analysis of the microstructure and mechanical properties after multi-pass SAW.



Some works refer only to experimental research results on multi-pass welding. Murugan et al. [41] conducted an experimental analysis of the temperature field in the multi-pass welding of steel plates. Wojnowski et al. [42] examined the welding heat cycles and microhardness in addition to conducting metallographic analysis of the tempered area in repeatedly welded steel samples. Murugan et al. [43] measured the heat cycles related to each welding pass.



In most cases of the temperature field analytical solution thus far, the energy of an electric arc was used as the heat source. For large surface deformations of a weld pool during GMAW, Wu and Sun [44] proposed the model based on a bimodal distribution of arc heat flux. Jeong and Cho [45] proposed taking into account the area of melted metal in a fillet weld by a moving bivariate Gaussian distributed heat source. Analogically, Kang and Cho [46] described the temperature field in a welding model using the GTA method taking into consideration filler wire.



In the cited works, as well as in other solutions that concern the determination of the temperature field during welding, the impact of heat transferred to the surfaced object from the molten electrode material is not taken into account. The necessity of taking the heat of molten metal into consideration in temperature field solutions in arc weld surfacing (rebuilding) processes is therefore advisable.



An analytical solution of a heat conduction equation allows rapid assessment of the temperature field and its dependence on parameters such as the source speed and its power. Therefore, this method is very popular in the description of the temperature field not only in welding processes, but others, e.g., laser heat treatment. In addition, it is difficult to find work presenting an analytical description of the temperature field during multi-pass welding induced by different point models of a heat source and the actual technological parameters of the process.



In the work, an analytical model of temperature field during multi-pass GMAW surfacing of items satisfying the infinite-model conditions of a body is presented. A bimodal heat source model has been used in the description of the temperature field. The model takes into account both the heat of an electric arc directly acting on the object and the heat of the molten electrode material. The adoption of a bimodal heat source will allow the reconstruction of the irregular shape of the fusion line, which is often found in welding practice and impossible to obtain using a single-distributed heat source. The influences of heat caused by previously padded beads as well as the weld overlap effect have been taken into account in the algorithm. This approach brings the model closer to the real phenomena occurring in the welding process.




2. The Physical Description of Surfacing by the Welding Process


The purpose of the deposition is to restore the original shape of the element (rebuilding), or to obtain better surface properties (e.g., hardfacing). This technology involves applying a layer of the molten electrode material to the treated surface. The electric arc formed between the electrode and the welded object emits the thermal field which melts the electrode and melts the surface of the object. Droplets of the molten electrode material fall into the weld pool—the molten material of the welded object—and mix with this material to form padding weld. Thus, in this process, metallurgical melting of the base material occurs, whose share in the weld pad can go up to 60% [47].



In the GMA method, forces separating metal droplets from the electrode tip and transmitting them to the weld pool are different. The most important of them are [48]:

	-

	
surface tension of the melted electrode droplet preventing it from detachment.




	-

	
gravitational force,




	-

	
Lorentz electromagnetic force (proportional to the square of the current intensity), which cuts the metal droplets from the electrode,




	-

	
pressure of the gases released at the end of the electrode,




	-

	
the electromagnetic interaction generated by changing the flow intensity of current in the arc plasma around the droplet.









In the GMA method, metal may be transferred to the weld pool in three ways: short circuit, coarse droplet and spraying [49].



A unified model to simulate the transport phenomena occurring during the GMAW process by Hu and Tsai [50,51] has been presented. A coupling between arc plasma, melting of electrode, droplet formation, detachment, transfer and impingement onto the workpiece, as well as weld pool dynamics were considered. In [52], the authors conducted simulations to study the effects of current on the temperature distributions, velocity, pressure and current density in the droplet and arc plasma.



The temperatures reached during heating, the hold time at each temperature, including the cooling rate in the temperature range of 800–500 °C, determine the nature of structures that occur in junction during and after welding. The above-mentioned transformations caused by a welding thermal cycle result in shaping distinctive structural zones of the surfaced area (Figure 1):

	-

	
fusion zone which is completely melted and has a dendritic solidification structure,




	-

	
full transformation, when there is a complete transformation of the primary structure in austenite,




	-

	
partial transformation,




	-

	
the parent material, when there have been no phase transformations.








Figure 1. Characteristic structural areas of a welded joint, depending on the temperature and the share of the carbon in the steel.
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During heating, austenite transformation takes place whose beginning and end are limited by temperatures A1 and A3 resulting from the phase equilibrium Fe–C diagram. If the maximum heating temperature exceeds the temperature of the beginning of the austenite transformation A1, but does not exceed A3, there is incomplete austenitic transformation, i.e. only part of the original structure (parent material) is transformed into austenite. However, if the temperature exceeds A3, then primary structure is completely transformed into austenite. Solidus temperature (above which the material begins to melt) defines the fusion line, and the area heated above this temperature creates a fusion zone.



In modeling of a temperature field in welding processes in the vast majority of solutions, the assumed heat source model is characterized by a direct effect of the entire amount of generated electric arc heat on the welded or surfaced object.



When welding, the weld execution takes place within the operation area of the welding arc and, by chamfering the edges of connected elements an area filled with liquid metal is determined. The fusion line is often of regular shape (usually parabolic) as well as isotherms in a heat-affected zone. However, during surfacing by welding of flat surfaces the fusion line shape is often irregular. Single-distributed heat source models accepted in the description of temperature fields do not allow one to reconstruct irregular isotherm shapes (including the fusion line). Therefore, a bimodal model is proposed.




3. The Analytical Description of the Temperature Field during Multi-Pass Surfacing


The bimodal model of the heat source in description of the temperature field during surfacing by welding is applied, finding justification in the way of transmitting heat generated by an electric arc to the surfaced object. In this model, only one heat source is physically present—an electric arc. It is assumed that part of the heat generated by the electric arc is transferred to the surfaced object by the direct impact of an electric arc. In contrast, part of the heat generated by the electric arc is consumed to heat up the electrode’s material, its melting and further heating up, until the melted material of an electrode in the form of droplets is detached under the influence of electromagnetic forces and transferred to the developing weld under their own weight.



In the analytical solutions, the influence of phase transformation heat (both solid and liquid) is generally ignored, thermo-physical properties of the material are assumed to be independent of temperature, and only the conduction effect is taken into consideration (the radiation phenomenon and the gravity field are omitted), also Joule heat (for electric arc welding) is omitted [6,7,8,9,10,11,12,13,14,53,54,55,56,57,58]. Such assumptions were also adopted in this work.



The point of departure in the description of the temperature field in a homogeneous and isotropic body is a basic differential equation of heat conduction based on the law of conservation of energy [53]. On the basis of the solution to this equation for a semi-infinite body with a moving heat source presented by Radaj [54] and Easterling [55], the author of this article describes the temperature field caused by an electric arc during single-pass surfacing, assuming a volumetric model of the heat source [59].



In the paper, it is assumed that the volume of electrode’s melted material is equal to the volume of the weld reinforcement and the amount of heat stored in the melted electrode’s material equals the quantity of heat transferred to the weld. Furthermore, it is assumed that the wire speed determines the speed of its melting. Taking into account the direct impact of an electric arc, as well as the heat transferred by the applied metal, the author determines analytically the temperature field during single-pass surfacing [60]:
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(1)




where Tw(x, y, z, t) and Ta(x, y, z, t) are temperature fields caused by heat of the weld reinforcement (used to melt the electrode) and direct influence of an electric arc respectively, while T0 denotes initial temperature. For the weld a volumetric model of the heat source is assumed, the lower limit of which is the shape of welded surface, which in turn is assumed in the solution as flat or parabolic (Figure 2). The face of the weld is determined mainly by surface tension forces. Based on experimental research, Hrabe et al. [61] proposed the parabolic shape of the face of the weld. Therefore, in this work the face of the weld is assumed to be parabolic.


Figure 2. Geometry of the weld: hw—height of the weld, ww—width of the weld, dp—depth of filling.
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For the description of the temperature field caused by an electric arc a volumetric heat source of Gaussian surface distribution is assumed (Figure 3) and parabolic change in relation to depth (Figure 4) [59]. Calculations of the temperature field are performed for a single-pass surfaced S235 steel plate. The accuracy of solution is verified comparing the calculated fusion line to that obtained experimentally by other authors [61]. In the calculations, the same technological parameters as in the experiment were assumed. In Figure 5, the calculated heat-affected zone and fusion line obtained experimentally [62] are presented. The calculated fusion line coincides with the line obtained in experiment.


Figure 3. Gaussian surface distribution of the heat source.
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Figure 4. Parabolic change of the heat source in relation to depth.
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Figure 5. Calculated heat-affected zone after single-pass surfacing: dashed line—fusion line obtained experimentally [62].
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In the temperature field modeling during multi-pass surfacing, it is necessary to take into account temperature increments, caused by overlaying consecutive welding sequences and self-cooling of areas previously heated.



Since during surfacing weld overlaps (30% to 60% of the cross-sectional area of the deposit) are used in order to obtain a smooth weld surface, in the numerical model the distances between the axes of the welds must be adequately smaller than the width of the weld.



For the proper mapping process, auxiliary time connected with the idle movement of an electrode (welding head) or other activity resulting from the needs of technological processing (e.g., correction or change of technological parameters) should also be considered.



Then, the temperature field during the application of k-th weld is determined by:
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(2)




where Δ[image: there is no content] denotes the increment of temperature caused by the already applied (cooling) j-th weld, while Δ[image: there is no content] the increment of temperature during application of k-th weld. Whereas the temperature field after application of all welds is described by:
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(3)







On the basis of solution for single-pass surfacing [60] the temperature increment at point P(x, y, z) during multi-pass surfacing (Figure 6) can be described by the following equations:


Figure 6. Scheme for describing the temperature field during multi-pass surfacing.
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For time t ≤ tc, where tc means the total time of welds application:
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(4)




for time t > tc:
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(5)




where
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(6)
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(7)
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(9)
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[image: there is no content]



(12)






[image: there is no content]



(13)
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(16)




where functions F1(y, z)–F4(y, z) and G1(y, z)–G4(y, z) are solutions of integrals using Gauss-Legendre quadrature described in the appendix, a denotes thermal diffusivity (m2/s), Cp—specific heat (J/kg K), ρ—density (kg/m3), z0 (m) denotes the depth of heat source deposition, and quantity t0 (s) characterizes the surface heat source distribution thus satisfying the relation (cf. Figure 3):
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(17)




where the rB denotes the averaged radius of heat source with Gaussian distribution [63], U (V), I (A) and η voltage, current and arc efficiency respectively, v (m/s)—velocity of heat source (welding speed), tbj (s) and tej (s)—denote starting and finishing time of applying j-th weld, defined as:
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(18)
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(19)







lj (m)—the length of j-th weld with coordinates x0j and xkj:


[image: there is no content]



(20)







tpj auxiliary time preceding the application of j-th weld.



The total amount of heat qv contained in the material of a melted electrode is expressed by the relationship [64]:
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(21)




where Δqsolid—heat necessary to heat up the electrode from the initial temperature to the melting temperature, Δqf—heat used for melting the electrode (heat of fusion), Δqliquid—heat used for heating up melted material to the temperature TL, in which the drop of metal falls on the surface of the welded material.



The value of the initial temperature of the electrode Te from the welding head is set at 100 °C. In correspondence to the above:
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(22)




where
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(23)







ve (m/s)—velocity of passing electrode wire with diameter d (m) and density ρe (kg/m3).




4. Example of Calculations


Calculations of the transient temperature field are conducted for a steel element with a length of 500 mm, width of 200 mm, and thickness of 30 mm, made with commonly used weldable construction steel S235.



Numerical simulations were performed with the author's program created in Borland Delphi environment using Borland Pascal language. In the program, the integration procedure over time is implemented according to the trapezoidal method. Near the control area (cross-section—x = 0.25 m) calculations were performed at 0.01 s with division of the integration interval at 0.0002 s. Calculations with such a time increase and with the division of the integration interval are necessary due to the high heating rates, as well as reaching maximum temperature at particular points of surfaced object at different times of the deposition process. In the anticipated areas and the heat-affected zone, temperature calculations were made at points in the distances of 1 mm, increasing the distance further from the HAZ—at the edges of the plate calculation were performed every 1 cm.



Thermal properties of the welded material and electrode are determined by a = 8 × 10−6 m2/s, Cp = 670 J/kg K, ρ = 7800 kg/m3 and L = 268 kJ/kg.



In the simulation, five welds are applied in the middle part of a welded element (the coordinate of weld beginning x0 = 0.15 m) of length l = 0.2 m. The surfaced area on the top surface of the plate with sequence of the weld padding is presented in Figure 7, where a dashed line denotes the location of a cross-section, at which the analysis of the temperature distribution and welding thermal cycles was performed.


Figure 7. The scheme of Gas Metal Arc Welding (GMAW) surfaced area on the top surface of the plate with the sequence of the weld padding.
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The numerical simulation is conducted for the welding heat source of power 3500 W, which corresponds to the parameters U = 24.3 V, I = 232 A, η = 0.6 applied in trials of single-pass GMA surfacing conducted by Klimpel et al. [62]. The source connected with the activity of an electric arc with Gaussian distributed power density is characterized by z0 = 0.0062 m and t0 = 0.001 s. Likewise, in calculations for an experiment, welding speed v = 0.007 m/s, electrode wire diameter d = 1.2 mm, wire feed speed ve = 0.013 m/s and bead dimensions hw = 2.77 mm, ww = 11.93 mm (dp = 0) are assumed. In the calculations, the assumed chemical composition and properties of the electrode material (wire SG3 DIN 8559) are similar to the material of the overlaid object. Accordingly, the content of the article has been completed. Additionally, there are initial values of the temperature of electrode Te = 100 °C and temperature TL = 2500 °C assumed. The weld overlap is obtained assuming the distance between axes of particular beads equal to 8 mm.



The transient temperature distribution in the area surrounding the weld of a cross-section, halfway down the welded element is presented in Figure 8, Figure 9, Figure 10 and Figure 11: during the application of the second weld at time 0.2 s and 0.4 s after the passage of an electrode (Figure 8 and Figure 9) and during the application of the fourth weld at time 0.3 s and 0.5 s after the passage of an electrode (Figure 10 and Figure 11).


Figure 8. Temperature field (°C) in cross-section during the application of second weld 0.2 s after passage of the electrode over this cross-section.



[image: Applsci 07 00006 g008]





Figure 9. Temperature field (°C) in cross-section during the application ofsecond weld 0.4 s after passage of the electrode over this cross-section.
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Figure 10. Temperature field (°C) in cross-section during the application of fourth weld 0.3 s after passage of the electrode over this cross-section.
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Figure 11. Temperature field (°C) in cross-section during the application of fourth weld 0.5 s after passage of the electrode over this cross-section.
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In Figure 8 and Figure 10, one can observe a strong influence of the weld reinforcement heat on temperature isotherm in neighboring, previously created padding welds. The temporal temperature field during the application of the third weld at time t = 83 s (electrode’s position x = y = 0.1 m) is presented in Figure 12 (in longitudinal section on the axis of third weld) and in Figure 13 (on the top surface of a surfaced element z = 0). The obtained shapes of the heat-affected zone determined by isotherms are confirmed in the literature, for example [31,41].


Figure 12. Temperature field (°C) in the longitudinal section on the axis of third weld (y = 0.1 m) during application, at time t = 83 s (position of electrode x = 0.25 m).
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Figure 13. Temperature distribution (°C) on the surface of an element (z = 0) during the application of third weld at time t = 83 s (position of electrode y = 0.1 m, x = 0.25 m).
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Isotherms of maximum temperature obtained during the whole surfacing process in the cross-section of the element (the peak temperature contour experienced for all welds) and in the heat-affected zone are illustrated in Figure 14 and Figure 15. The field of maximum temperature shows clear asymmetry outside the heat-affected zone.


Figure 14. Maximum temperatures (°C) in the cross-section of surfaced plate.
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Figure 15. Maximum temperatures (°C) in the middle part area of cross-section.
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The depth of deposition of the heat-affected zone is determined by the initial and final temperatures of austenitization A1 = 723 °C and A3 = 835 °C, while a fusion line by the solidus temperature 1493 °C is presented in Figure 16. The depth is increasing with subsequent welds—after five beads, an increase of 0.5 mm is observed. Larger depth of fusion is the result of short padding welds, which have not cooled to the initial temperature before applying the next bead, which in turn resulted in the accumulation of heat in the surfaced area, and temperature increase. In Figure 16, point P is marked with coordinates (0; 0.104), for which thermal cycles are presented in Figure 17. At this point, the phase transformations occur twice, including melting of the material.


Figure 16. Heat-affected zone.
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Figure 17. Thermal cycles at point with coordinates (0; 0.104 m).
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In order to determine the influence of sequence of imposed padding welds on the shape and dimensions of the heat-affected zone, the temperature field was calculated with the same technological parameters of the deposition process, but simulating alternate welds padding (Figure 18).


Figure 18. The scheme of GMAW surfaced area on the top surface of the plate with alternate sequence of the weld padding.
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The alternate execution of individual beads allowed one to obtain an even distribution of the maximum temperature reached in the cross-section of the surfaced object throughout the surfacing process (Figure 19) as well as the same dimensions of the heat-affected zones for the individual beads (Figure 20).


Figure 19. Maximum temperatures (°C) in the middle part area of cross-section during surfacing with alternate sequence of the weld padding.



[image: Applsci 07 00006 g019]





Figure 20. Heat-affected zone after surfacing with alternate sequence of the weld padding.
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The disadvantage is the computation time for a full heat analysis (for the analyzed example in the article, computation time on a 4-core 2.3 GHz processor computer amounted to a few days). The computation time can be reduced by increasing the pace of integration over time, although this also reduces the accuracy of the calculations.




5. Conclusions


As part of the heat generated by an electric arc is used to melt the electrode material, which in the form of droplets falls into the weld pool, it is necessary to take into consideration the heat of the molten metal in the temperature field descriptions in arc weld surfacing processes. In this work, the analytical solution of the temperature field of multi-pass arc weld surfacing for a semi-infinite model of body is presented. The solution is obtained by adding together the temperature increments caused by the application of liquid metal and thermal radiation from the electrode as well as from the areas already heated up. The analytical model also considered a weld overlap and auxiliary time connected with the idle movement of electrode (welding head) or other activity resulting from the needs of technological processing (e.g., correction or change of technological parameters).



For the applied metal, the heat source of parabolic shape in the cross-section of a weld is assumed. For the electric arc, the source with Gaussian surface distribution of power density is assumed. The dimensions of the weld and technological parameters of the process were adopted from the experience of other authors. The amount of heat transmitted by the applied padding weld was determined on the basis of the heat cumulated in the electrode melted material. Calculations of the temperature field during multi-pass arc weld surfacing are conducted on a steel plate.



Analysis of the temperature fields in the control cross-section showed a slight increase in the depth of the heat-affected zone when performing successive beads. This is due to the relatively short times between successive passages of the heat source in a sectional view. Also noticeable is the influence of heat of applied padding welds on those previously imposed causing an increase in temperature in the areas of reinforcements (reinforcements). This effect can be reduced by (often used in practice) alternate padding welds application, increasing the time between the passages of the weld heat source over particular areas of the surfaced element.



The presented model has a significant meaning especially in temperature field computations during the application of high (a few millimeters) and wide (a dozen or so millimeters) welds, because the expected dimensions of the welds are also the geometrical parameters of the volumetric model of the weld heat source.



The adoption of a bimodal heat source allowed the reconstruction of the irregular shape of the fusion line, often found in welding practice and impossible to obtain using a single-distributed heat source. In the description of the temperature field, the heat of the molten electrode has been taken into account. This approach brings the model closer to the real phenomena occurring in the welding process. The description of the temperature field is obtained by the analytical solution for multi-pass weld surfacing, unprecedented in the literature with the use of something other than a point heat source. The adopted algorithm allows one to analyze the influence of the surfacing sequence on the shape and dimensions of the heat-affected zone.



The advantage of an analytical model of the temperature field is the possibility of quick analysis of welding thermal cycle at any point of the surfaced object without determining temperatures in the whole object, as well as the possibility to easily track temperature changes for selected cross-sections of an object in the selected time of the process.
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Appendix


Functions F1(y, z)–F4(y, z) and G1(y, z)–G4(y, z) for Gauss-Legendre’s quadrature are expressed by formulas:


[image: there is no content]



(A1)






[image: there is no content]



(A2)






[image: there is no content]



(A3)






[image: there is no content]



(A4)






[image: there is no content]



(A5)






[image: there is no content]



(A6)






[image: there is no content]



(A7)






[image: there is no content]



(A8)









References


	1. 
Rosenthal, D. Mathematical theory of heat distribution during welding and cutting. Weld. J. 1941, 20, 220s–234s. [Google Scholar]

	2. 
Rykalin, N.N. Thermal Basics of Welding, 1st ed.; SA USSR: Moskva, Russian, 1947; pp. 150–156. (In Russian) [Google Scholar]

	3. 
Eagar, T.W.; Tsai, N.S. Temperature fields produced by traveling distributed heat sources. Weld. J. 1983, 62, 346s–355s. [Google Scholar]

	4. 
Goldak, J.; Chakravarti, A.; Bibby, M. A new finite element model for welding heat sources. Metall. Trans. B 1984, 15, 299–305. [Google Scholar] [CrossRef]

	5. 
Na, S.J.; Lee, S.Y. A study on the tree-dimensional analysis of the transient temperature distribution in gas tungsten arc welding. Proc. Inst. Mech. Eng. 1987, 201B3, 149–156. [Google Scholar] [CrossRef]

	6. 
Bo, K.S.; Cho, H.S. Transient temperature distribution in arc welding of finite thickness plates. Proc. Inst. Mech. Eng. 1990, 204B3, 175–183. [Google Scholar] [CrossRef]

	7. 
Jeong, S.K.; Cho, H.S. An analytical solution to predict the transient temperature distribution in fillet arc welds. Weld. J. 1997, 76, 223s–232s. [Google Scholar]

	8. 
Fassani, R.N.S.; Trevisan, O.V. Analytical modeling of multipass welding process with distributed heat source. J. Braz. Soc. Mech. Sci. Eng. 2003, 25, 302–305. [Google Scholar] [CrossRef]

	9. 
Nguyen, N.T.; Mai, Y.W.; Simpson, S.; Ohta, A. Analytical approximate solution for double ellipsoidal heat source in finite thick plate. Weld. J. 2004, 84, 82s–93s. [Google Scholar]

	10. 
Kwon, Y.; Weckman, D.C. Analytical thermal model of conduction mode double sided arc welding. Sci. Technol. Weld. Join. 2008, 13, 539–549. [Google Scholar] [CrossRef]

	11. 
Ghosh, A.; Barman, N.; Chattopadhyay, H.; Hloch, S. A study of thermal behaviour during submerged arc welding. Stroj. Vestnik J. Mech. Eng. 2013, 59, 333–338. [Google Scholar] [CrossRef]

	12. 
Antonakakis, T.; Maglioni, C.; Vlachoudis, V. Closed form solutions of the heat diffusion equation with Gaussian source. Int. J. Heat Mass Transf. 2013, 62, 314–322. [Google Scholar] [CrossRef]

	13. 
Salimi, S.; Bahemmat, P.; Haghpanahi, M. A 3D transient analytical solution to the temperature field during dissimilar welding processes. Int. J. Mech. Sci. 2014, 79, 66–74. [Google Scholar] [CrossRef]

	14. 
Van Elsen, M.; Baelmans, M.; Mercelis, P.; Kruth, J.P. Solutions for modelling moving heat sources in a semi-infinite medium and applications to laser material processing. Int. J. Heat Mass Transf. 2007, 50, 4872–4882. [Google Scholar] [CrossRef]

	15. 
Franko, A.; Romoli, L.; Musacchio, A. Modelling for predicting seam geometry in laser beam welding of stainless steel. Int. J. Therm. Sci. 2014, 79, 194–205. [Google Scholar] [CrossRef]

	16. 
Karlsson, R.I.; Josefson, B.L. Three dimensional finite element analysis of temperatures and stresses in a single–pass butt-welded pipe. Trans. ASME 1990, 112, 76–84. [Google Scholar] [CrossRef]

	17. 
Mundra, K.; DebRoy, T.; Kelkar, K.M. Numerical prediction of fluid flow and heat transfer in welding with a moving heat source. Numer. Heat Transf. 1996, 29A, 115–129. [Google Scholar] [CrossRef]

	18. 
Mahapatra, M.M.; Datta, G.L.; Pradhan, B. Three-dimensional finite element analysis to predict the effects of shielded metal arc welding process parameters on temperature distributions and weldment zones in butt and one-sided fillet welds. Proc. Inst. Mech. J. Eng. Manuf. 2006, 220, 837–845. [Google Scholar] [CrossRef]

	19. 
Price, J.W.H.; Paradowska, A.; Joshi, A.; Finlayson, T. Residual stresses measurement by neutron diffraction and theoretical estimation in single weld bead. Int. J. Press. Vessel. Pip. 2006, 83, 381–387. [Google Scholar] [CrossRef]

	20. 
Price, J.W.H.; Ziara-Paradowska, A.; Joshi, S.; Finlayson, T.; Semetay, C.; Nied, H. Comparison of experimental and theoretical residual stresses in welds: The issue of gauge volume. Int. J. Mech. Sci. 2008, 50, 513–521. [Google Scholar] [CrossRef]

	21. 
Kumar, A.; DebRoy, T. Heat transfer and fluid flow during gas-metal-arc fillet welding for various joint configurations and welding positions. Metall. Mater. Trans. 2007, 38A, 506–519. [Google Scholar] [CrossRef]

	22. 
Wang, S.; Goldak, J.; Zhou, J.; Tchernov, S.; Downey, D. Simulation on the thermal cycle of a welding process by space-time convection-diffusion finite element analysis. Int. J. Therm. Sci. 2009, 48, 936–947. [Google Scholar] [CrossRef]

	23. 
Joshi, S.; Semetay, C.; Price, J.W.H.; Nied, H.F. Weld-induced residual stresses in a prototype dragline cluster and comparison with design codes. Thin Walled Struct. 2010, 48, 89–102. [Google Scholar] [CrossRef]

	24. 
Chen, Y.; He, Y.; Chen, H.; Zhang, H.; Chen, S. Effect of weave frequency and amplitude on temperature field in weaving welding process. Int. J. Adv. Manuf. Technol. 2014, 75, 803–813. [Google Scholar] [CrossRef]

	25. 
Piekarska, W.; Kubiak, M. ; Three-dimensional model for numerical analysis of thermal phenomena in laser-arc hybrid welding process. Int. J. Heat Mass Transf. 2011, 54, 4966–4974. [Google Scholar] [CrossRef]

	26. 
Aloraier, A.S.; Joshi, S. Residual stresses in flux cored arc welding process in bead-on-plate specimens. Mater. Sci. Eng. 2012, A534, 13–21. [Google Scholar] [CrossRef]

	27. 
Hongyuan, F.; Qingguo, M.; Wenli, X.; Shude, J. New general double ellipsoid heat source model. Sci. Technol. Weld. Join. 2005, 10, 361–368. [Google Scholar] [CrossRef]

	28. 
Fu, G.; Lourenco, M.I.; Duan, M.; Estefen, S.F. Effect of boundary conditions on residual stress and distortion in T-joint welds. J. Constr. Steel Res. 2014, 102, 121–135. [Google Scholar] [CrossRef]

	29. 
Perret, W.; Schwenk, C.; Rehtmeier, M. Comparison of analytical and numerical welding field calculation. Comput. Mater. Sci. 2010, 47, 1005–1015. [Google Scholar] [CrossRef]

	30. 
Fachinotti, V.D.; Anca, A.A.; Cardona, A. Analytical solutions of the thermal field induced by moving double-ellipsoidal and double elliptical heat sources in a semi-infinite body. Int. J. Numer. Method Biomed. Eng. 2011, 27, 595–607. [Google Scholar] [CrossRef]

	31. 
Reed, R.C.; Bhadeshia, H.K.D.H. A simple model for multipass steel welds. Acta Metal. Mater. 1994, 42, 3663–3678. [Google Scholar] [CrossRef]

	32. 
Taljat, B.; Zacharia, T.; Wang, X.L.; Keiser, R.; Swindeman, R.W.; Feng, Z.; Jirinec, J. Numerical analysis of residual stress distribution in tubes with spiral weld cladding. Weld. J. 1998, 77, 328s–335s. [Google Scholar]

	33. 
Jiang, W.; Yahiaoui, K.; Hall, F.R. Finite element predictions of temperature distributions in a multipass welded piping branch junction. J. Press. Vessel. Technol. 2005, 127, 7–12. [Google Scholar] [CrossRef]

	34. 
Łomozik, M. Numerical modeling of thermal cycles in steel during surfacing and welding without preheating and their comparison with experimental data. Arch. Mech. Technol. Mater. 2006, 26, 143–156. [Google Scholar]

	35. 
Deng, D.; Murakawa, H. Prediction of welding residual stress in multi-pass butt-welded modified 9Cr-1Mo steel pipe considering phase transformation effects. Comp. Mater. Sci. 2006, 37, 209–219. [Google Scholar] [CrossRef]

	36. 
Deng, D.; Murakawa, H. Numerical simulation of temperature field and residual stress in multi-pass welds in stainless steel pipe and comparison with experimental measurements. Comp. Mater. Sci. 2006, 37, 269–277. [Google Scholar] [CrossRef]

	37. 
Joshi, S.; Hildebrand, J.; Aloraier, A.S.; Rabczuk, T. Characterization of material properties and heat source parameters in welding simulation of two overlapping beads on a substrate plate. Comp. Mater. Sci. 2013, 69, 559–565. [Google Scholar] [CrossRef]

	38. 
Aloraier, A.S.; Joshi, S.; Asadi, M.; Alena, R.G.; Goldak, J.A. Microstructural and hardness modeling: Effect of multiple bead deposition in temper bead welding technique. Int. J. Energy Technol. 2010, 2, 1–11. [Google Scholar]

	39. 
Heinze, C.; Schwenk, C.; Rethmeier, M. Numerical calculation of residual stress development of multi-pass gas metal arc welding under high restraint conditions. Mater. Des. 2012, 35, 201–209. [Google Scholar] [CrossRef]

	40. 
Kolhe, K.P.; Datta, C.K. Prediction of microstructure and mechanical of multipass SAW. J. Mater. Process. Technol. 2008, 197, 241–249. [Google Scholar] [CrossRef]

	41. 
Murugan, S.; Kumar, P.V.; Raj, B.; Bose, M.S.C. Temperature distribution during multipass welding of plates. Int. J. Press. Vessel. Pip. 1998, 75, 891–905. [Google Scholar] [CrossRef]

	42. 
Wojnowski, D.; Oh, U.K.; Indacochea, J.E. Metallurgical assessment of the softened HAZ region during multipass welding. Trans. ASME 2000, 122, 310–315. [Google Scholar] [CrossRef]

	43. 
Murugan, S.; Sanjai, K.; Kumar, P.V.; Jayakumar, T.; Raj, B.; Bose, M.S.C. Temperature distribution and residual stresses due to multipass welding in type 304 stainless steel and low carbon steel weld pads. Int. J. Press. Vessel. Pip. 2001, 78, 307–317. [Google Scholar] [CrossRef]

	44. 
Wu, C.S.; Sun, J.S. Modelling the arc heat flux distribution in GMA welding. Comp. Mater. Sci. 1998, 9, 397–402. [Google Scholar] [CrossRef]

	45. 
Jeong, S.K.; Cho, H.S. An analytical solution for transient temperature distribution in fillet arc welding including the effect of molten metal. Proc. Inst. Mech. Eng. 1997, 211, 63–72. [Google Scholar] [CrossRef]

	46. 
Kang, S.H.; Cho, H.S. Analytical solution for transient temperature distribution in gas tungsten arc welding with consideration of filler wire. Proc. Inst. Mech. Eng. 1999, 213B, 799–811. [Google Scholar] [CrossRef]

	47. 
Klimpel, A. Surfacing and Thermal Spraying—Technologies; WN-T: Warsow, Poland, 2000; p. 57. (In Polish) [Google Scholar]

	48. 
Klimpel, A. Welding, Friction Welding and Cutting of Metals; WN-T: Warsow, Poland, 1999; p. 24. (In Polish) [Google Scholar]

	49. 
Pilarczyk, J.; Pilarczyk, J. Electric Welding and Rebuilding of Metals; Ślask: Katowice, Poland, 1996; p. 157. (In Polish) [Google Scholar]

	50. 
Hu, J.; Tsai, H.L. Heat and mass transfer in gas metal arc welding. Part I: The arc. Int. J. Heat Mass Transf. 2007, 50, 833–846. [Google Scholar] [CrossRef]

	51. 
Hu, J.; Tsai, H.L. Heat and mass transfer in gas metal arc welding. Part II: The metal. Int. J. Heat Mass Transf. 2007, 50, 808–820. [Google Scholar] [CrossRef]

	52. 
Hu, J.; Tsai, H.L. Metal transfer and arc plasma in Gas Metal Arc Welding. J. Heat Transf. 2007, 19, 1025–1035. [Google Scholar] [CrossRef]

	53. 
Carslaw, H.S.; Jaeger, J.C. Conduction of Heat in Solids; pp. 256–258. Oxford University Press: Oxford, UK, 1959; (reprinted 1986); pp. 256–258. [Google Scholar]

	54. 
Radaj, D. Heat Effects of Welding. Temperature Field, Residual Stress, Distortion; Springer: Berlin/Heidelberg, Germany; New York, NY, USA; London, UK; Paris, France; Tokyo, Japan, 1992; pp. 38–48. [Google Scholar]

	55. 
Easterling, K.E. Modelling the weld thermal cycle and transformation behaviour in the heat affected zone. In Mathematical Modelling of Weld Phenomena; Cerjak, H.K., Easterling, K.E., Eds.; The Institute of Materials: London, UK, 1993; pp. 183–200. [Google Scholar]

	56. 
Nguyen, N.T. Thermal Analysis of Welds; WIT Press: Boston, MA, USA, 2004. [Google Scholar]

	57. 
Bergman, T.L.; Lavine, A.S.; Incropera, F.P.; DeWitt, D.P. Fundamentals of Heat and Mass Transfer, 7th ed.; John Wiley & Sons: Hoboken, NJ, USA, 2011; pp. 3–5, pp. 279–283 and pp. 310–327. [Google Scholar]

	58. 
Salimi, S.; Bahemmat, P.; Haghpanahi, M. Analytical model for the temperature field around a nonuniform three-dimensional moving heat source: Friction stir welding modeling. J. Eng. Math. 2016, 98, 71–91. [Google Scholar] [CrossRef]

	59. 
Winczek, J. Analytical solution to transient temperature field in a half-infinite body caused by moving volumetric heat source. Int. J. Heat Mass Transf. 2010, 53, 5774–5781. [Google Scholar] [CrossRef]

	60. 
Winczek, J. New approach to modeling of temperature field in surfaced steel elements. Int. J. Heat Mass Transf. 2011, 54, 4702–4709. [Google Scholar] [CrossRef]

	61. 
Hrabe, P.; Choteborsky, R.; Navratilova, M. Influence of welding parameters on geometry of weld deposit bead. In Proceedings of the International Conference Economic Engineering and Manufacturing Systems, Brasov, Romania, 26–27 November 2009; Volume 10, pp. 291–294.

	62. 
Klimpel, A.; Balcer, M.; Klimpel, A.S.; Rzeźnikiewicz, A. The effect of the method and parameters in the GMA surfacing with solid wires on the quality of pudding welds and the content of the base material in the overlay. Weld. Int. 2006, 20, 845–850. [Google Scholar] [CrossRef]

	63. 
Vishnu, P.R.; Li, W.B.; Easterling, K.E. Heat-flow model for pulsed welding. Mater. Sci. Technol. 1991, 7, 649–659. [Google Scholar] [CrossRef]

	64. 
Modenesi, P.J.; Starling, C.M.D.; Reis, R.I. Wire melting phenomena in gas metal arc welding. Sci. Technol. Weld. Join. 2005, 10, 610–616. [Google Scholar] [CrossRef]















































© 2016 by the author; 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/file26.jpg
1o

K
100
003 e ——— e
232225 ¢ 22z oz E

Width of eross section, m





media/file8.jpg
fusion line

0
-0.005
full transformation / "\ partial transf
001
20015 parent material

-0.02 -0015 -0.01 -0.005 0 0005 001 0015 0.02
Width of cros

section, m





media/file27.png
Height of cross section, m

)

T i

-0.01

-0.02

100

'0.03 IIIIIIIII|IIIIII1II|IIII|IIII|IIIIIIIII|HIIIIIII|IIIII|III|IIIIIIIII|IIIIIIIII|IIHIHII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII.I|IIIIIIIII||IIIIIIII|IIIIIIIII|IIIIIIIII

- — [ | ) 3 wy o =] o — — [q an =t Wy o - = ] o -]
e = 2 K8 K& 52 KF &g e e s E By S Fm  Em W o= e
o= ] o o - L] = o o - = o o = o o= o

Width of cross section, m





media/file34.jpg
Length of the plate, m

05
0.475 +
0.45
0.425 -
04 — — —
0.375
0.35
0.325 -
0.3 —
0.275
025 ==iimsnssimimmii il
0.225
02 —
0.175
0.15 o
0.125 +

section |

0. 075 .
0.05
0.025 -

L A e

0 0.04 0.08 0.12 0.16 0.2
Width of the plate, m






media/file13.png
Length of the plate, m

] gy Cross_ _
section
i/ \i
HIIIIIIIlIllHHH|IIIIIIIII|IHHH|I|IIIIIIIII
0 0.04 0.08 0.12 0.16 0.2

Width of the plate, m





media/file31.png
Hight of cross section, m

fusion line

-0.005
] full

-0.01 = transformation

partial transformation

parent material

T 11 17 T T T

|
— —
- -
)

0.07
0.075
0.095-
0.105

0.12
0.125

Width of cross section, m

0.13





media/file39.png
Hight of cross section, m

3
-0.005—
] full _ partial transformation
0.0 transformation Pt cgteTi
T | s rrEEEEEEE
— oL oL v D il v il i W ™ el N u
< = < = - 2 S — = = ~ N - i
= = S = S = - S — = = S —
- = < - - ] -

Width of cross section, m

S





media/file12.jpg
Length of the plate, m

0.5
0.475
0.45
0.425
04 —
0.375
0.35
0.325 -
0.3 —
0.275

025+ -———---~-

0.225
02 —
0.175
0.15
0.125
0.1 —
0.075
0.05
0.025

0

section |

0

LR LR LR ER ARl LARRLARRY AR AR

0.04

0.08 0.12
Width of the plate, m

0.16 0.2





media/file18.jpg
Hight of cross section. m

0005

001

0015}

007

0075

00

0085

§ H

o108

Width of cross section, m

ons

012

0125






media/file9.png
Height of cross section, m

| fusion line
0_
-0.005-
0.01-
20.015- parent material
| I B B B | N SR B I B B B B R B B T 1T 1 1§ 1 11 1 17

[T LI T 1 T
-0.02 -0.015 -0.01 -0.005 0 0.005 0.0 0.015 0.02

Width of cross section, m





media/file14.jpg
Heigth of cross section . m

p
0015 .
5§ % 4885383231

Width of cross section, m

013





media/file35.png
Length of the plate, m

0.5

0.475 —
0.45
0.425

0. 375 n
0.35
0.325

0. 275 —
0.25
0.225

0. 175 —
0.15
0.125
0.1 —
0.075
0.05
0.025

section

5/ e\l

llIl]IHI]IIllIIlHIIIHIHIIIIHIIHH]IIHHIH

0 0.04 0.08 0.12 0.16 0.2

Width of the plate, m





media/file20.jpg
o
= ]
Fsaro
. =
a0
H
s
20
a0
oo
o
.,
g s
L A :

W tonas ss01 Jo WAIEY





media/file23.png
Height of section, m

\ Wy
i w &
0.01 200\_/

rr o+t o r~.r...prr . rr 1 &1 &ttt 1 ] ©t 1. 1.1

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28

L1 |

o

o
.OM
o

Length of longitudinal section, m





media/file5.png
qﬂl(l}'(

4

Gmax
(&

s

\ J





media/file36.jpg
0075

008

085

009

M

095
o1

Width of cross section, m





media/file15.png
0oz

200

elo

SCro

I
-l
p—
=

W © UoId3s sSoId Jo ISIoH

Width of cross section, m





media/file19.png
00z

200

700

[0

010

|
v
(o))
o
o

I
o0
<
=

SLOO

W ‘U01}93s SS0ID JO WYIIH

LO0

Width of cross section, m





media/file28.jpg
8o

200

o

5800

Width of





media/file2.jpg
V=






media/file32.jpg
Temperature, °C

3000
2800
2600
2400
2200
2000
1800
1600
1400
1200
1000

800

600

400

200

3

|
|
|
|
|
|
|
|
4
t
|
|

HWWWNWHWWMWNWWHﬁmﬁwwwwmWWNWWWWWWMWWWWWWW

000000000002 D
—AAFTAOERSS =

Time, s






nav.xhtml


  applsci-07-00006


  
    		
      applsci-07-00006
    


  




  





media/file11.png





media/file6.jpg
0|

D 1-(5,))





media/file24.jpg
0.13-

0.124

°

Width of the plate, m
o

0.08

0.07
02 021 022 023 024 025 026 027 028

Length of the plate, m





media/file29.png
Hight of cross section, m

0
-0.005
20.01- Q
_ AN
i 200 200
-0.015- 200 200
N A R B A | | rrrjprrrrjrrroprrorprrrryprrrorpr ot oot
I~ v [+ a] uy o U'e] — ) o u cl U’ (s8]
— [y < ®© < = S o =t v v cl !
o < o < o < - S — S - o
o [} [a o ] o

Width of cross section, m





media/file1.png
Max. temperature

| s
Partial melting

= = 41600

oC

Coarse grain

EK:—1 500—
\ 1400
1300
- 1200

Full

transformation

|
| 1100
| 1000
=

!
_L

artial transformatiol
- — — ===+

800
A

Recrystalization

_|_ _1_600-_

™0

| Carbon content 400

500
1%

300
200
100—

| 700 ~

0

Time





media/file37.png
% P10
SE1°0

1o

e rrrrp e

|
W)
ol
o

|
o
S

200

LI I I

SIT0

[1°0

|
Uy
o
p—
o

I I
S

|

200
|
U
=)
S
S

600

¢80°0

ey rrrrprrri

I
)
<
=)

—SL0°0

[N

LO0

W “Uo0I}99s SS0Id JO JYIIH

Width of cross section, m





media/file10.jpg





media/file7.png
N

G e (1-(3,))






media/file33.png
3000
2800
2600
2400
2200

A3

2000
1800
1600
1400
1200
1000

800

Do Qaeradwa],

Al

600
400
200





media/file16.jpg
Haeigth of cross section, m

o
&
0.005- -
=
oo P .
-
aons
5 £ 5 %2 3 § z g z 2 2 1
¢ 8 ¢ 8 s 3 s s 3 ¢ 3

Width of cross section, m

013





media/file38.jpg
0005

001

parial transformation
parent material

s

Width of cross section, m





media/file3.png
X

Al





media/file22.jpg
021 022 0.23 0.24 0.25 0.26 027 0.28
Length of longitudinal section, m





media/file17.png
0oz

200

W ‘uo0I}d3s SS0I1 JO YIFIoeH

m

-

Width of cross section





media/file4.jpg
G

e

|






media/file30.jpg
fusion line
0

0005

partial transformation

-0.01°| _transformation

parent material

0.09

Width of cross section, m





media/file25.png
m

Width of the plate

<
o
i

rr o 1] 1 1. rr . rrprr~.r.~.Jrr.rrrrrr 1.1 11t 1 1 1 T 1711

0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28
Length of the plate, m





media/file0.jpg
Max. temperature

1600

+






media/file21.png
0oz

200

| [N KN NN U N N RN DN R N NN NN NN N (NN R NN NN U DN NS O NN RO N R GO RN N IR ER B DN N N R
—
—
o

7200

SC1'0

SIT0

$60°0

|
o)
<
=

W “u01d3s $S0Id Jo WIIH

Width of cross section, m





