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Abstract 11 

The welding induced deformation considerably plays a vital role in the production accuracy and efficiency of marine thin-walled 12 

structures. In this study, the distortion of Gas-Tungsten Arc Welding (GTAW) on outside corner joint aluminum sheet in 13 

construction of an autonomous catamaran vehicle is investigated both numerically and experimentally. The welding deformation of a 14 

catamaran is predicted by FE elastic analysis based on the results of inherent strain obtained from Thermal-Elastic-Plastic (TEP) 15 

analysis which was employed on local models beforehand. At first, in the TEP analysis the two outside corner welded joints of 5083 16 

aluminum alloy sheets with an angle of 70 degrees of difference in length are evaluated in thermal and mechanical procedures using 17 

a three-dimensional model based on Finite Element computations. For more accuracy the softening effect in the aluminum welded 18 

specimens was investigated by Vickers Microhardness test. Afterwards, the results of the TEP analysis were employed for a shell 19 

model of an aluminum catamaran hull based on the inherent deformation theory. Verifications of numerical simulation results were 20 

performed by using two methods, metallographic observations of fusion penetration criteria in the base metal and distortion due to 21 

welding process. The results from both TEP FE and FE elastic analyses indicate reasonably good agreement with experimental 22 

results. Besides, elastic analysis applied on the catamaran shell model indicates that out-of-plane welding deformations will occur 23 

significantly near the edge whereabouts the angle of 140 degrees joint is in which the most welding distortion obtained. Along with 24 

the results shown in reduction of welding deformation, the welding speed parameter has considerable influence on decreasing out-of-25 

plane deformation without using any stiffener which results in reducing  time-consuming, cost and weight in the production stage of 26 

the aluminum autonomous catamaran vehicle.  27 

 28 
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 32 

1. Introduction 33 

 34 

Fusion welding process is used to join metals productively in a variety of manufacturing industries including 35 

shipbuilding whereabouts not only has arc welding process employed to assemble thin plates of steel maritime 36 

structures but also it is used noticeably in modern aluminum high speed catamarans. High speed catamarans have been 37 

developed by using lightweight marine-grade aluminum alloy hull to improve high-speed sea transportation, 38 

particularly for offshore applications. In addition, reaching low wave-making resistance and high transverse stability 39 

features of high speed catamaran have been a significant challenge by generating sufficient hull form which is related to 40 

how the manufacture process of hull is done(Yun and Bliault, 2012; Yun et al., 2019). Aluminum 5083 is one of the 41 

most important aluminum marine grades which are commonly replaced by steels in construction of high-speed vessel's 42 

hulls to substantially reduce fuel consumption and promote efficiency. Gas tungsten arc welding (GTAW) and Gas 43 

metal arc welding (GMAW) are two kinds of arc welding processes which are commonly used to weld aluminum 44 

alloys. Liu et al., (2012) compared gas tungsten arc welding with gas metal arc welding process in terms of weldments 45 

mechanical properties of aluminum 5083. They showed GTAW causes more strength and ductility in weldments 46 

without existing any microstructure defect compared with GMAW. Meanwhile using a mobile concentrated heat source 47 

in these types of welding process it results in non-uniform expansion and contraction and hence distortion after cooling 48 

cycle. In other words, the stress comes from thermal contraction and solidification shrinkage of weld metal results in 49 

distortion that can be divided into in-plane shrinkages and out of plane deformations like angular distortion and 50 

buckling. Distortion induced by local concentrating heat of welding process affects ultimate strength and manufacturing 51 

accuracy of structures substantially. Considering high coefficient of thermal expansion in aluminum alloy which is 52 

about twice of that in a similar steel structure, a greater distortion has been expected in aluminum welding process 53 

(Mathers, 2002). The worst problem of welding distortion is decreasing performance and dimensional accuracy in 54 

welded structures resulting in an increased time and cost in the manufacturing and repairing processes. Tsai et al., 55 

(1999) generally categorized variables into two cases named design-related and process-related variables that affect 56 

welding distortion. Some significant design-related factors consist of plate thickness, details of weld joint and material 57 

properties. The important process-related variables comprise welding speed, heat input and sequence of welding 58 

process. Therefore welding-induced distortion in design of hull shape needs to be considered in such a way that changes 59 

with geometry of the weld zone, welding sequence, constraints and welding input parameters. Therefore, proper design 60 

and careful selection of these parameters play a significant role in control of distortion. 61 

 By developing computational methods, finite element analysis (FEA) has been employed to predict quantitatively 62 

the influence of different parameters on deformation due to welding process, in particular out of plane deformation like 63 
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buckling occurred commonly in thin-walled welded structures (Guo et al., 2016; Ueda et al., 2012). At the beginning, 64 

thermal-elastic-plastic method (TEP) was used by Ueda and Yamakawa, (1971) to evaluate welding process. Goldak, J. 65 

et al., (1984) modeled mathematically a welding heat source with a double ellipsoid, based on Gaussian distribution of 66 

power density. In that model, temperature distribution contours were used to verify theoretical model. Pardo and 67 

Weckman(1989) discussed the prediction of the weld pool and reinforcement dimensions of gas metal arc welding 68 

process using a finite-element model. They performed a Gaussian distribution of heat flux with a consideration of mass 69 

convection due to heat source of arc and melted filler metal, respectively. Brown and Song, (1992) studied two (2D) 70 

and three-dimensional (3D) models on large structures regarding fixturing impact factor. It was found that prediction of 71 

welding distortion was gained necessarily by using 3D models. Vanli and Michaleris, (2001) investigated welding-72 

induced buckling of fillet welded joints using TEP FE analysis. They evaluated how welding parameters such as 73 

welding sequence, heat input, mechanical constrains, and size can affect the buckling behavior. Their anticipation was 74 

reasonable agreement in comparison with the experimental results. Camilleri et al., (2005) evaluated a method to 75 

develop computational efficiency of generic FEM-based to predict distortion. They proposed an uncoupled thermal and 76 

structural treatment on the full transient thermo-elasto-plastic analysis. They concluded that total out-of-plane 77 

deformations were not provided by using a 2D analysis. Wang and Murakawa, (2014) studied welding-induced 78 

distortion in thin plate structures by means of thermal-elastic-plastic FEA. The results revealed that buckling distortion 79 

is the serious problem in thin-welded structure and can be estimated by considering large deformation theory. Fu et al. 80 

(2014) investigated the problems of welding like residual stress and distortion of the T-joints under various mechanical 81 

constraints. The results of FEM and experimental method showed that mechanical boundary conditions significantly 82 

influenced out-of-plane displacement, transverse shrinkage and angular distortion.  83 

Thermal elastic plastic FE analysis is widely accepted to analyze welding problems for many types of welded joints 84 

and simple small size welded structures. Whereas, for actual size of welded structures computation process time and 85 

cost consumption are substantially large. In order to address these issues the prediction of welding deformation for large 86 

complicated structures has been computed elastically using inherent strain/deformation theory. Deng et al., (2007) 87 

conducted numerical simulation to evaluate distortion of welding in large thin structures via combination of thermal-88 

elastic-plastic method and elastic FE method based on the inherent strain/deformation theory. In the first stage, TEP FE 89 

was employed for two typical welded joints, then the influence of welding parameters for instance heat input, welding 90 

process, welding sequence and plate thickness on welding-induced buckling in thin large structures were investigated in 91 

an elastic analysis through the use of inherent deformation of the welded joints obtained from TEP FE results. Wang et 92 

al., (2013) predicted out-of-plane welding deformation in a large ship panel structure using inherent deformation 93 

method in an elastic analysis. They illustrated that both buckling and bending distortions occurred near the edge and 94 

internal region, respectively. Moreover line heating was applied to decrease welding-induced buckling and bending 95 
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distortions. Huang et al., (2016) used inherent strain/deformation approach to anticipate laser welding deformation of 96 

thin stainless steel sheets in an elastic FE analysis. They evaluated different size of stainless steel sheets numerically 97 

and experimentally. In the beginning, they applied a 3D transient TEP FEA using local solid model for different 98 

welding conditions and verification of the thermal and mechanical analysis obtained appropriate compared with 99 

experimental measurements. Then, an elastic FEA based on inherent strain/deformation theory was performed in a shell 100 

element model which was found useful. In their results, a more out-of-plane welding deformation was observed for 101 

longer plates. Wang et al., (2017) predicted welding deformation of butt and fillet welded joints of large structures 102 

using FE elastic analysis based on inherent deformations which were obtained from TEP FE analysis. They concluded 103 

that in-plane shrinkage has the most influence on size accuracy of thick plate production. Meanwhile, Wang et al., 104 

(2014) evaluated welding buckling of thin plates structures by employing FE elastic analysis considering inherent 105 

deformation components computed from TEP FEA results. They concluded that inherent longitudinal and transverse 106 

shrinkages have a key role in the magnitude of buckling for thin plate stiffened with fillet welded joints. Recently, 107 

Wang et al., (2018) investigated welding out-of-deformation by employing elastic FE analysis based on deformation 108 

theory on shell models of lightweight ship panel structures. They carried out inherent deformations from the TEP FEA 109 

results which had a good agreement by comparing with experimental results.        110 

Although much research has been completed in this field, far too little consideration has been paid to evaluate other 111 

different types of welding joint, particularly for the outside corner joints that are used to manufacture autonomous 112 

catamaran vehicle. However, it is investigated in this paper via experimental and numerical methods in both three 113 

dimensional local and global models. The objective of the present study is to evaluate the distortion behavior of welding 114 

outside corner joints in order to increase construction efficiency in production of an aluminum Autonomous Surface 115 

Vehicle (ASV) to meet the optimum performance. The configuration of the aluminum autonomous surface vehicle 116 

which has two demihulls is shown in Fig. 1(a-b). As depicted in Fig. 1(c), three kinds of outside corner joints of 117 

different angles are employed along the length of each aluminum 5083-H111 demihull of the autonomous surface 118 

vehicle. That vehicle is proposed for inspections in the field of offshore structures, named Zayandeh Rud Autonomous 119 

Surface Vehicle (ZRASV) (Honaryar, 2017). Deadrise angle is one of the most important design factors in the 120 

catamaran planning vehicles that can influence significantly the vehicle performance when it changes in the hull length 121 

direction. As shown in Fig. 1(c), for ZRASV the deadrise angle has been designed equal to 20 degrees and must be kept 122 

as constant in the hull length direction to promote operational efficiency of ZRASV. Therefore, considering the three 123 

outside corner joints which are particularly used in ZRASV, the significance of welding-induced distortion is 124 

dominated in the production stages of ZRASV. In this study the welding process has been investigated by both 125 

numerical and experimental methods. In the experimental method, two outside corner joints of 5083 aluminum alloy 126 

sheets of angle of 70 degrees with difference in lengths have been welded under actual conditions by gas tungsten arc 127 
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welding process. Then, a numerical simulation of the welding process is employed in two stages. First, a three-128 

dimensional elastic-plastic thermal analysis based on finite element method is performed on small models of aluminum 129 

outside corner joints and then from the obtained results, FE elastic analysis is applied via inherent strain/deformation 130 

theory to ZRASV hull in a global shell element model to investigate the treatment of produced distortion due to TIG 131 

welding process at outside corner joints used in ZRASV, with respect to angle, length and welding speed parameters of 132 

the joint. In TEP FE analysis, considering a minor effect of the mechanical process on the thermal process, an 133 

uncoupled thermal-structural analysis is performed concerning heat transfer and elastic-plastic deformation problems in 134 

Mechanical APDL environment of ANSYS finite element software (ANSYS, 2012). The whole FE thermal and 135 

structural analysis are performed respectively, and temperature dependent material properties of the base metal and 136 

filler metal used are considered. At first, temperature history is carried out using transient thermal analysis in which a 137 

moving heat source is made according to the experimental results and the results of numerical method are verified with 138 

metallographic observations of fusion penetration criteria for the base metal. Then, calculated temperature distribution 139 

is used as thermal load in the following structural analysis. The distortion of numerical results is compared with 140 

experimental data, and appropriately agrees with the experiments.    141 

 142 

 

(a) 

 

 

 

(c)  

(b) 

Fig. 1. Geometric feature of ZRASV: a) isometric view of ZRASV configuration, b) design of ZRASV demihulls, and c) welding 

outside corner joints of ZRASV demihull at angle: a= 70 degrees, b= 140 degrees and c= 60 degrees. 

     143 
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2. Experimental study 144 

 145 

In this study the outside corner joint of ZRASV of an angle of 70 degrees is investigated experimentally. Fig. 2 146 

schematically shows the two specimens conducted as experimental test samples which were chosen from an aluminum 147 

5083-H111 sheet with 2mm thickness (T) used in the production of ZRASV demihulls. Both specimens have the same 148 

breadth (B), and meanwhile, the evaluation of the effect of dimensions on distortion behavior due to welding, and 149 

different lengths (L), were employed. 150 

 151 

 152 
Fig. 2. Schematic of the specimens used in this study. 153 

 154 

To obtain proper weld quality and efficient oxide removal, an alternative current (AC- balanced wave) of gas 155 

tungsten arc welding is employed. This type of welding process is used to assemble thinner aluminum joints (less than 6 156 

mm in thickness approximately) (Mathers, 2002). The welding parameters of welding process on the specimens 157 

presented in this paper are summarized in Table 1. In the current study, the filler metal 5356 which can produce the best 158 

ductility is selected (Mathers, 2002). The chemical composition of the base metal (aluminum 5083-H111) and filler 159 

metal 5356 are tabulated in Table 2. 160 

 161 

Table 1 162 

Welding parameters in practical test. 163 

Specimens Dimensions TBL   

)( mmmmmm   

Maximum current 

(A) 

Voltage 

(V) 

Speed  

(mm/min) 

Type of joint Angle of joint 

(Degree) 

1 2200170   130 15 113.4 Outside corner 70 

2 2200220   130 15 113.4 Outside corner 70 

 164 

 165 
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Table 2 166 

Chemical composition of aluminum alloy and filler metal used (wt%)  167 

Material Si Fe Cu Mn Mg
 

Cr     
 

Zn
 
 Zr Ti 

5083-H111 (Base metal) 0.088 0.305 0.058 0.531 4.678 0.064 0.110 - 0.007 

Filler metal 5356 0.25 0.4 0.10 0.05-0.2 4.5-5.5 0.05-0.2 0.1 - 0.06-0.2 

 168 

Fig. 3 demonstrates how the specimens welding process were performed. As shown in Fig. 3(a) the sheets were 169 

initially joined at angle of 70 degrees with three tack welded beads which have the same distance to each other. Then 170 

the specimen was constrained with a metal clamp at the one of the end points of the joint. Eventually, the gas-tungsten 171 

arc welding was manually employed from the other free side of the joint. The welded specimens are shown in Fig. 3(b). 172 

 173 

 

(a) 

 

(b) 

Fig. 3. a) Conditions considered for welding process on specimens, b) welded specimens. 174 

 175 
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3. Mathematical model and TEP FE analysis 176 

 177 

The welding process of specimens was simulated based on finite element method (FEM) with indirect couple field 178 

thermal-structural nonlinear analysis in the Mechanical APDL environment of ANSYS software. As shown in Fig. 4 to 179 

enhance the accuracy of results the model was developed in three-dimensional mode. SOLID 278 nonlinear thermal 180 

brick element which has eight nodes with a single degree of releasing temperature at each node was employed for 181 

thermal analysis. It is noted that smaller mesh size was considered in the regions near the weld zone because of the high 182 

temperature gradient. For structural analysis, eight-node SOLID 45 element with three degrees of freedom at each node 183 

was used. In both analyses the model has the same mesh and a total of 84960 elements were arranged, along with the 184 

number of divisions of 60 in the weld line was chosen. Because of using filler metal in the welding process, the element 185 

birth and death strategy was employed. In fact, this method activates the killed filler elements in each step where the 186 

moving heat source reached to them. The killed elements were defined by a highly low factor to their stiffness 187 

coefficient. According to Fig. 5 to obtain accuracy in results, temperature dependent physical and mechanical properties 188 

of the base and filler metals were utilized as the input data in the software environment. In Fig. 5, k ,  , C , E ,  and 189 

  denote thermal conductivity, density, specific heat, Young's modulus, yield stress and thermal expansion, 190 

respectively. Although nearly the same material properties exist for each series of aluminum alloy, some mechanical 191 

properties may not be equal such as yield stress. It is noted that the Poisson's ratio was taken as 0.33 throughout 192 

temperature history (Farajkhah and Liu, 2016).   193 

 194 

 

(a) 

 

(b) 

Fig. 4. The performed 3D finite element mesh system in the model: a) isometric view, b) front view. 

 195 
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Fig. 5. Temperature dependent material properties for base (denoted by number 1) and filler (denoted by number 2) metals.  196 

 197 

3.1. Thermal analysis model 198 

 199 

In the FE model the temperature history at each node was calculated during welding time based on principal of 200 

energy conservation. Since it is supposed that the model can be considered as a finite volume with a surface S, the heat 201 

conduction equation can be written as following:  202 

 203 

t
TCQ

z
Tk

zy
Tk

yx
Tk

x 












































 , (1)  

 204 

where k  is the thermal conductivity, ,Q, C, t , and T represent density, internal heat source rate, specific heat 205 

capacity, welding time, and current temperature, respectively. The coordinates of x, y and z denote transverse direction, 206 

normal direction to the weld line and welding direction, respectively. The initial temperature was equal to the room 207 

temperature before the welding process )0( t  while during welding energy dissipation due to radiation heat transfer 208 

was ignored but convection-conduction boundary conditions were considered for regions which are not affected directly 209 

by welding arc, as given in Eq. (2).  210 

 211 

)( aTTh
n
Tk 

 ,  

(2)  

 212 

where n  represents the normal direction to the surface boundary, aT  shows the ambient temperature and h denotes 213 

convection heat transfer coefficient which was assumed as KmW 215 for the surfaces in contact with surrounding air.    214 
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Generally, there are two different methods for modeling the heat source distribution of the welding process. 215 

Finding out temperature in the weld pool is the first method and the second one is more commonly used that determines 216 

the heat input and thermal flux applying by the welding arc on the joint surface. Finding an equation for thermal flux is 217 

one of the most important steps which has been studied extensively. In this study, moving Gaussian heat flux 218 

distribution which is geometrically like the electric arc of tungsten inert gas (TIG) welding, was used, as shown in Fig. 219 

6. Therefore, for the regions affected by welding arc, the moving Gaussian heat flux is imposed by Eq. (3).  220 

    221 

]))[(3exp(3),,( 22
22

xvtz
rr

Qtxzq 








, (3)  

 222 

where v  is the welding speed, r  denotes the Gaussian distribution variable that is the effective radius of area which 223 

95% of heat source energy is entered and Q is the quantity of the heat input defined as Eq. (4).   224 

 225 

VIQ  , (4)  

 226 

where V  and I  denote the voltage, and current of the heat source, respectively and    is welding efficiency. In this 227 

study,   was presumed to be 0.35 and r was deemed as 1.5 mm (Saedi, 1983).  228 

 229 

 

(a) 

 

(b) 

Fig. 6. Comparison of geometric shape between Gaussian distribution and electric arc welding: a) moving Gaussian heat flux b)TIG 230 

method used in this study. 231 

 232 

3.2. Mechanical analysis 233 

 234 

In order to determine distortion due to welding, structural analysis was calculated with regard to thermo-elastic-235 

plastic fundamental principles according to isotropic strain hardening regulation along with the Von Mises criterion 236 

mentioned (Belytschko et al., 2000). To investigate the softening effect, as shown in Fig. 7, the Vickers micro-hardness 237 
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test was measured from centerline of the weld to the base metal. The results show that the lowest value is obtained from 238 

the Heat Affected Zone (HAZ). This may due to bigger grain structures observed in this area compared to other zones.  239 

Because the base metal hardness values have slight differences with HAZ, the softening issue is neglected in the 240 

mechanical model. Therefore, for predicting welding deformations at each step of the welding, the transient temperature 241 

distribution history was calculated from thermal analysis model and employed into structural analysis as body force 242 

vector ib  given in Eq. (5). Here ij represents the stress tensor based on the Cauchy' law. The governing stress-strain 243 

relationships are shown in Eqs. (6) and (7).      244 

0,  ijij b  (5)  

 

       dTCdDd th   (6)  

 245 

     pe DDD  , (7)  

 246 

where d , d , and dT are stress, strain and temperature increments, respectively.  eD  is the elastic stiffness matrix 247 

and  pD  represents plastic stiffness matrix and  thC  is thermal stiffness matrix. 248 

 249 

 

Fig. 7. The Vickers micro-hardness distribution in cross section of the weld. 

 250 

As depicted in Fig. 8(a) the first thermal loads step of the welding process is presented at the origin of coordinate 251 

system. Purple elements which activated in each step demonstrate the molten filler droplets on the base metal. As 252 
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shown in Fig. 8(b), the boundary conditions were taken into consideration by restraining the longitudinal edge for 253 

displacement in the transverse direction and one node was restricted in all directions at the end point side where the 254 

welding is finished.   255 

 256 

 

(a) 
 

(b) 

 

(c) 

Fig. 8.a) First thermal load step of the welding process b) schematic of boundary conditions c) coordinate system. 

 257 

 258 

4. FE elastic analysis based on inherent strain/deformation method 259 

 260 

According to the fact that TEP FEA features are led to increase in calculation time when evaluating welding 261 

deformation of large complex structures, FE elastic analysis based on inherent strain/deformation that is more practical 262 

than former method, is used to predict ZRASV's welding deformation.  263 

 264 

4.1. The theory of inherent strain/deformation  265 

 266 

The inherent strain produced due to complex thermal-mechanical behavior of the welding process is dependent 267 

particularly on welding heat input, type of welded joint, materials, welding speed and plate thickness. Generally, the 268 

total inherent strain t can be divided into five components as shown in Eqs. (8) and (9). (Huang et al., 2016; Wang et 269 

al., 2018, 2017). 270 

        271 

trthcrpet    (8)  

 

trthcrpet   ,   (9)  

 272 
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where e  denotes elastic strain and    is inherent strain which mainly has led to welding deformation and residual 273 

stresses as a summation of p , cr , th , tr   that are namely plastic strain, creep strain, thermal strain and phase 274 

transformation strain, respectively. For simplicity the creep and phase transformation due to minor values were ignored, 275 

besides after welding process when temperature turns back to ambient temperature, thermal strain amount 276 

approximately equals to zero. Therefore, as shown in Eq. (9) the inherent strain value is equal to plastic strain amount in 277 

all directions. 278 

It would be awkward to predict welding deformation in FE elastic analysis by employing inherent strain amounts 279 

directly for each node. To save computation time the inherent deformation is used with a hypothesis. this hypothesis is 280 

that there is a measure of inherent deformation for each cross section of the weld joint, which is then proposed 281 

efficiency instead of inherent strain distribution in FE elastic analysis as an amount for every section perpendicular to 282 

the welding line. In general, there are four components of inherent deformation, and they are transverse shrinkage, 283 

longitudinal shrinkage, longitudinal bending and transverse bending caused by longitudinal and transverse inherent 284 

strains for a welded thin plate. The amount of inherent deformation components is calculated by integrating longitudinal 285 

inherent strain 
z and transverse inherent strain 

x over the transverse section normal to the weld line as follows 286 

(Murakawa et al., 2010; Wang et al., 2018): 287 

   288 

where z , x , z  and x are inherent longitudinal shrinkage, inherent transverse shrinkage, inherent longitudinal 289 

bending and inherent transverse bending, respectively. I  is defined as the moment of inertia of unit sheet according to 290 

Eq. (14) using system coordinates relations shown in Fig. 8(c), along with h that denotes the thickness of the sheet.  291 

 292 

  dxdy
h zz  1  

(10)  

 

  dxdy
h xx  1  

(11)  

   dxdyhy
I zz )

2
(1   

(12)  

 

   dxdyhy
I xx )

2
(1   

(13)  

2
180,2cos

24
)1(

24
)1(2cos

22

22  





  hhhhIIII
I yyxxyyxx , 

(14)  
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4.2. Description of FE elastic analysis on ZRASV 293 

 294 

 The distribution of the residual plastic strains situated near the weld line is used to calculate inherent deformation 295 

components. When welding lines are large sufficiently, they will be free from length and width of the weld and are 296 

utilized to employ as a former strain in the FE elastic analysis which is suitable for simulating large thin welded 297 

structures (Huang et al., 2016; Wang et al., 2018). Due to semi-static behavior of moving thermal source except for the 298 

two ends, there have been small changes in the amount of the plastic strain through the welding line for a specific weld 299 

joint. Therefore, inherent deformation is obtained constantly by choosing deliberately only one part of cross section 300 

perpendicular to weld line that is better in the middle of the joint. As shown in Eqs. (10) - (13) inherent deformations 301 

have been evaluated at the middle cross section of the specimen 2 by using inherent strains distribution as presented in 302 

Fig. 9(a) which was calculated from the TEP FE analysis results. Firstly, the elastic FE analysis was gained for 303 

specimen 2 by employing obtained inherent deformations as mechanical load through the inherent strain zone. The 304 

model was built with a 3D mesh by a four-node shell 181 element with three degrees of freedom at each node as 305 

illustrated in Fig. 9(b). After the numerical model was verified by comparing with experimental distortion results 306 

gained from specimen 2, it is applied to the shell 181 element global model of ZRASV as depicted in Fig. 9(c) with the 307 

same boundary conditions as considered for welding process performed on ZRASV experimentally as shown in Fig. 308 

9(d). In the experimental test, outside corner joints were restricted in one direction perpendicular to the weld line. 309 

Furthermore, one node at the middle part of ZRASV was constrained in all directions. 310 

 311 

(a) 

(b) 
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(c) 

 

(d) 

Fig. 9. a) Distribution of plastic strain in the middle cross section of the 70-degree joint b) shell element model of specimen 2 (purple 

region represents inherent strain zone) c) shell element model of ZRASV and constraints d) ZRASV demihull constraints with tack 

welded beads.  

 312 

5. Results and discussion 313 

 314 

The results predicted in TEP FE method were validated in comparison with results obtained from experimental 315 

observations in this research. Welding deformation behavior was then investigated with regard to effect of angle and 316 

length parameters of the outside corner joint. Afterwards, the FE elastic analysis was applied to ZRASV global model 317 

after it was validated by comparing the distortion results obtained from specimen 2 shell model against the experimental 318 

results. Finally, in order to lower the changes in amount of deadrise angle in the length of hull direction, a proper 319 

welding speed of 230 mm/min has been performed in production of ZRASV by identifying the joint which has more 320 

critical deformation than other joints used in ZRASV demihull.      321 

   322 
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5.1. Validation of the TEP FE analysis model  323 

 324 

For thermal analysis, the penetration criterion of the molten metal in the specimens considered by metallographic 325 

observations as illustrated in Fig. 10(a) was estimated to be 0.74 mm. Meanwhile the average amount of the penetration 326 

was obtained roughly about 0.688 mm from numerical analysis as shown in Fig. 10(b). In this figure the red zone was 327 

reached to the melting point of about 570 C   (Mutombo and Toit, 2011) while the maximum error was obtained of 328 

about 7.02 %. Fig. 10(c) shows the temperature contours on the specimen 1 when the moving heat source is in the 329 

middle of the weld line.  330 

As shown in Fig. 11 the results of numerical structural analysis are validated by considering the observations of 331 

deformation after actual welding process on the two specimens. The results indicate that angular distortions occurred 332 

for both experimental and numerical methods. Also shown in Fig. 11 the angular distortion of two normal cross sections 333 

with respect to the weld line has the longest distance to each other between welding start point (z=0) and welding end 334 

point (z=170 mm for specimen 1, and z= 220 mm for specimen 2). The results obtained from angular distortion are in 335 

good agreement with the experimental method.   336 

 337 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 10.Verification the thermal results of finite element and experimental method: a) metallographic observations (the distance 

between two large markers in the microstructure observation is 100 micrometers), b) the middle cross section of the finite element 

model (the red zone is equal to melting point of the work piece), c) temperature contour on the specimen 1 in the middle of the weld 

line.    
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 338 

 

(a) 

 

(b) 

 

(c) 

Fig. 11. Verification of the angular distortion results of mechanical analysis and experimental methods for two specimens: a) 339 

experimental observations, b) numerical results for specimen 1, and c) for specimen 2.    340 
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 341 

5.2. The effects of angle and length of the joint on welding induced distortion  342 

 343 

Fig. 12 shows the comparison of the predicted distortion due to welding for different angles of outside corner joint 344 

in the first and end of the welded parts. The results were obtained under welding conditions in Table 1 for specimen 1 345 

(L/B<1), because a constant weld metal volume was employed for the whole of the joints. As shown in Fig.12(a) the 346 

maximum deflection in all x, y and z directions increases when the angle of the joint increases. As illustrated in Fig. 347 

12(b) this incremental deflection has been detected with angular distortion observation. In other words, with the 348 

increase of the joint angle, angular distortion has increased, and the maximum angular distortion occurred for the 140-349 

degree joint. Fig. 12(b) also illustrates the angular distortion behavior changes with the increase of the angle of the 350 

outside corner joint.  351 
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(b) 

Fig. 12.The effect of angle joint on welding distortion: a) displacement vector sum of the joint (m), b) angular distortion in the first  

(z =0) and in the end (z=170 mm) of the welded parts.  

 353 

Regarding ZRASV hull joints, the effect of the joint length on welding distortion is investigated just for three 354 

outside corner joints with angle of 60, 70 and 140 degrees. In addition, the welding condition is the same as in Table 1 355 

for specimen 2 (L/B>1) and a constant weld metal volume is also considered for all the three outside corner joints. As 356 

shown in Fig. 13(a) for each of the three angle joints the maximum deflection is higher than the results as shown in Fig. 357 

12(a). It indicates that the resistance of the sample on deflection reduces with increasing in length of the joint. In other 358 

words, stiffness has decreased when length of the sample becomes larger. Comparisons of Figs. 12 and 13, for the joints 359 

with an angle of 60 and 70 degrees show the joint with longer length (L/B>1) has different directional angular distortion 360 

than the shorter ones (L/B<1). Moreover, the Fig. 13(b) reveals that obtained angular distortion for an angle of 60 and 361 

70 degrees joints not only is lower than the results gained in short sample ones (L/B<1) as shown in Fig. 12(b), but also 362 

the angular changes of the joints between first and end of welded parts are lower than short sample ones and 363 

approximately have the same value to each other. This conclusion also has reached in Fig. 11(a) in which the angular 364 

distortion of the two specimens with joint angle of 70 degrees compared with each other experimentally. This may be a 365 

reason for producing a nonlinear deflection along the weld line in longer samples of 60- and 70- degrees joints as 366 

shown in Fig. 14(a-b). Meanwhile, the angular distortion of longer and shorter samples for an angle of 140 degrees joint 367 

is almost the same and the angular changes between the two first and end welded parts for longer sample are as small as 368 

shorter one as mentioned in Figs. 12 and 13. It can be a reason of nonlinear deflection obtained along weld line for both 369 

long and short samples with angle of 140 degrees joint as depicted in Fig. 14(c). According to Fig. 14, the maximum 370 

nonlinear deflection which causes buckling distortion in the sample with an angle of 140-degree joint is significantly 371 
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higher, compared with the joints with an angle of 60 and 70 degrees. Also in Fig. 14(a-b) the buckling distortion 372 

observed at the joint with angle of 70 degrees is slightly greater than joint with angle of 60 degrees. 373 

 374 
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 (First) (End) 

(b) 

Fig. 13. Distortion due to welding of the joints with angle of 60, 70 and 140 degrees at longer length (L/B>1): a) displacement vector 

sum of the joints (m) b) angular distortion in the first (z=0) and in the end (z=220 mm) of the welded parts. 

 375 

 376 

 

(a) 
 

(b) 

Z - Coordinate (mm)

dy
(m

m
)

dx
(m

m
)

0 50 100 150 200

-0.01

0

0.01

0.02

0.03

0.04

0.05

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

dy (170 mm)
dx (170 mm)
dy (220 mm)
dx (220 mm)

Z - Coordinate (mm)

dy
(m

m
)

dx
(m

m
)

0 50 100 150 200-0.04

-0.02

0

0.02

0.04

0.06

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

dy (170 mm)
dx (170 mm)
dy (220 mm)
dx (220 mm)



 

23 
 

 

(c) 

Fig. 14. Comparison longitudinal displacement along weld line in x and y directions for both short (L/B<1 ) and long (L/B>1) length 377 

samples of each outside corner joints of ZRASV: a) joint with angle of 60 degrees b) 70 degrees c) 140 degrees.   378 

 379 

5.3. FE elastic analysis on ZRASV and its validation  380 

 381 

Fig. 15 illustrates the validation of the FE elastic analysis that was done by using inherent deformation data 382 

presented in Table 3. These data obtained for all three welded joints of ZRASZ from the centre of the weld line via the 383 

distribution of inherent plastic strain calculated from TEP FEA and employed according to the welding conditions used 384 

for specimen 2. As shown in Fig. 15(c) the deflection model of specimen 2 is used to the summation of displacement in 385 

the x and y directions (Fig. 15(a-b)). The numerical method was then verified by a comparison with experimental 386 

results obtained from specimen 2 depicted in Fig. 11. The results show reasonable agreement by the maximum error of 387 

approximately 13% which can be an acceptable. With regard to assumption considered in this paper as well as minor 388 

buckling occurred in the center part of the weld line as illustrated in Fig. 14(b), can be the reasons for this error.  389 
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(c) 

Fig. 15. Welding-induced distortion of FE elastic analysis on specimen 2: a) displacement in x direction (m) b) displacement in y 391 

direction (m) c) deflection calculated from summation of displacement in x and y directions.   392 

 393 

Table 3 394 

Inherent welding deformation components of outside corner joints. 395 

Angle of the joint (Degree) Longitudinal inherent 

shrinkage 
z  (mm) 

Transverse inherent 

shrinkage 
x  (mm) 

 

Transverse inherent 

bending 
x (rad) 

Longitudinal inherent 

bending 
z (rad) 

60 -0.00779 -0.0054 -0.0081 0 

70 -0.01015 -0.0059 -0.0082 0 

140 -0.054 -0.96 -0.0686 0 

 396 

5.4. Influence of welding speed on ZRASV demihull distortion   397 

 398 

Based on obtained results from angular distortion and bucking distortion due to welding of outside corner joints 399 

with an angle of 60, 70 and 140 degrees, the joint with an angle of 140 degrees have the greatest angular distortion and 400 

buckling than other two joints. Therefore, in this part, the influence of welding speed on ZRASV demihull model has 401 

been investigated approximately with a double amount more than pervious welding speed (113.4 mm/min) for the 140 402 

degrees joint. As presented in Table 4 inherent deformation components were calculated for 140 degrees under the same 403 

welding conditions for specimen 2 just with the higher welding speed (230 mm/min) as well as, the pervious data in 404 

Table 3 were employed for the 60- and 70- degree joints.  405 

 406 

 407 
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Table 4 408 

Inherent welding deformation components for welding speed 230 mm/min. 409 

Angle of the joint (Degree) Longitudinal inherent 

shrinkage 
z  (mm) 

Transverse inherent 

shrinkage 
x  (mm) 

 

Transverse inherent 

bending 
x (rad) 

Longitudinal inherent 

bending 
z (rad) 

140 -0.101 -0.55 -0.060 0 

 410 

 Fig. 16(a) illustrates how welding sequence is performed in production of ZRASV demihull. The start points of 411 

welding process for each joint are considered particularly to dominate a steady state of heat transfer in the aluminum 412 

hull. Welding-induced distortion in the elastic FE analysis of ZRASV model under two welding speed conditions 113.4 413 

mm/min and 230mm/min is demonstrated in Fig. 16(b). There was a steady out-of-plane deformation along welding 414 

line near the 140 degrees welded joint where the maximum distortion is occurred. The reason why deformation 415 

calculated was placed nearest to 140 degrees joint can be a result from having greatest deformation for the 140 degrees 416 

joint than the other joints from TEP FE analysis. For low welding speed (113.4 mm/min), the maximum displacement 417 

reached roughly about 14 mm in z direction. Meanwhile, for high welding speed (230 mm/min), the maximum 418 

displacement of elastic analysis improved and reached approximately 8 mm that is less than the amount carried out with 419 

low welding speed condition. Even more importantly as shown in Fig. 16(d)  the aft part of the ZRASV affect 420 

significantly the efficiency of its performance and hence it can result in buckling and angular distortion due to welding 421 

process and it can cause significance change on the amount of deadrise angle, followed by negative influence on 422 

ZRASV operation as mentioned before. As can be seen this negative influence is declined remarkably in the high 423 

welding speed. 424 

  425 
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 (welding speed= 113.4 mm/min) 

 

Displacement in y direction (m) 
(welding speed= 113.4 mm/min) 
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(welding speed= 230 mm/min) 
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(c) 

Fig. 16. a) sequential welding used for outside corner joints of ZRASV, b) Out-of-plane welding  distortion of FE elastic analysis on 

global shell model of  ZRASV, c) displacement vector sum and predicted distortion effect on ZRASV.   



 

Fig. 17 illustrates the welding-induced distortion in the elastic FE analysis of ZRASV compared with the 426 

experimental results of welding the demihull of ZRASV at the same welding conditions. Based on the obtained results, 427 

ZRASV has been welded by employing high welding speed for the 140- degree joints to reduce welding deformation as 428 

shown in Fig. 17(a). This figure clearly shows the maximum deflection is occurred near the 140-degree joint 429 

experimentally and numerically. To confirm this issue, two lines are chosen near this area to obtain displacement in the 430 

hull length direction that are illustrated in Fig. 17(b). A glance at the Fig. 17(c) reveals a nonlinear distribution for 431 

displacement for both two lines in which the accuracy of computational displacement in comparison with experimental 432 

observation is well proved. Besides, results of elastic FE analysis are in good agreement with the experimental data as 433 

demonstrated in Fig. 17(d). By comparing the two different welding speed conditions in Fig. 17(c) and aft part cross 434 

section shown in Fig. 17(d), for higher speed, deadrise angle is changed considerably less than the lower speed possibly 435 

leading to an improvement of ZRASV performance efficiently.  436 

 437 
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(d) 

Fig. 17.  Comparison welding-induced distortion in elastic model for both low speed (113.4 mm/min) , high speed (230 mm/min) and 

experimental model of ZRASV (welding speed = 230 mm/min):  a) displacement vector sum (m) and predicted distortion effect on 

ZRASV, b) line 1 and line 2 positions, c) Out-of-plane welding  distortion of FE elastic analysis and experimental method at lines 1 

and 2 , d) distortion of aft cross section in FE elastic analysis and experimental model of ZRASV.  

    438 

5. Summary and Conclusions 439 

 440 

In this paper welding-induced out-of-plane deformation in an aluminum autonomous catamaran vehicle was 441 

investigated both experimentally and numerically by employing an efficient FE elastic analysis based on inherent 442 

strain/deformation theory. In this study, inherent deformation components from three typical kinds of outside corner 443 

joints were carried out from the results of TEP FE analysis. This analysis was performed on the local model joints and 444 

validated by the obtained experimental results from welding distortion. Considering the fact that aluminum outside 445 

corner joints had been investigated less than other types of joints, in this research all efforts were done to find a novel 446 

method in order to predict accurately welding deformation of a large aluminum structure that has diversity outside 447 

corner welded joints. The most important results are as following: 448 
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1- The error rate obtained from comparison of the thermal analysis results between simulation and experimental 449 

methods is approximately 7%, which indicates a high accuracy and acceptability of thermal numerical method. 450 

Meanwhile, there is a reasonable acceptance for angular distortion in simulating the welding process compared with 451 

experimental results, which indicates the convenience of TEP FEA results for calculating inherent deformation 452 

components. 453 

2- According to TEP FEA results, in all outside corner joints angular distortion was observed. Meanwhile, by 454 

increasing the angle of joint, angular distortion is enhanced and the maximum angular distortion occurred in the joint 455 

with angle of 140 degrees. Besides, considering L/B ratio, it was found when the length of the outside corner joints 456 

increases (L/B>1), the angular changes between two first and end welded parts will decrease. Meanwhile, the nonlinear 457 

displacement caused buckling appeared along weld line. 458 

3- The welding-induced deformation results of FE elastic analysis on ZRASV shell model comparing with welding 459 

experimentally on ZRASV hull were in good agreement. This shows that FE elastic can be an efficient and effective 460 

way for predicting out-of-plane deformation of large aluminum welded structures accurately. Also, the results show that 461 

inherent transverse shrinkage has a considerable influence on production of out-of-plane welding deformation on the 462 

outside corner welded joints.   463 

4- The obtained results of both TEP and FE elastic analysis show the joint with the angle of 140 degrees is the most 464 

critical joint which has both maximum angular distortion and buckling distortion in both longer (L/B>1) and shorter 465 

(L/B<1) samples among other joints used in ZRASV hull.   466 

5- Welding speed parameter was investigated by using FE elastic analysis on ZRASV shell model. It was 467 

concluded that by doubling in welding speed (from 113.4 mm/min to 230 mm/min), out-of-plane deformation reduced 468 

substantially, in which the maximum displacement was decreased to about 8 mm from 14 mm. Employing higher 469 

welding speed especially for the joint with higher distortion (140 degrees joint) caused more changes in deadrise angle 470 

of ZRASV. Furthermore, reducing amount of nonlinear displacement in the hull length direction occurred at higher 471 

welding speed. Not only do these results thrive performance and quality of ZRASV, but also it can stop the time-472 

consuming and cost of removing distortion after welding process.           473 
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