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Abstract  1 

The effect of residual stresses can be beneficial or harmful depending on their magnitude, 2 

type and distribution. This research work applied the isotropic and kinematic hardening 3 

models with different strain rates (0.001-100 s
-1

) to simulate the non-linear mechanical 4 

behavior of Twining Induced Plasticity (TWIP) steel microalloyed with titanium. A finite 5 

element (FE) thermo-mechanical model was employed to analyze the welding thermal 6 

cycle in the TWIP-Ti steel. The numerical prediction of residual stress was validated by X-7 

ray diffraction (XRD) measurements in welding critical regions. Furthermore, a residual 8 

stress critical zone (SCZ) was defined as a function of the maximum tensile residual stress 9 

and hardness in the fusion zone (FZ) and heat affected zone (HAZ). The magnitude of 10 

residual stresses estimated in the SCZ was lower than TWIP-Ti steel yield strength. The 11 

weld joint preparation and the mechanical constraint provided a control to mitigate both 12 

residual stress and distortion. Quantitatively, the results provided good weldability of the 13 

TWIP-Ti steel in higher plate thickness through the Gas Tungsten Arc Welding (GTAW) 14 

process at low heat input.     15 

 16 

Keywords: TWIP-Ti steel; welding; finite element simulation; residual stress; hardening 17 

model; X-ray diffraction.  18 

 19 

1. Introduction 20 

High-Mn austenitic steels exhibiting twining induced plasticity (TWIP) effect have 21 

attracted a growing interest for the automotive industry [1]. TWIP steels offer high strength 22 

and ductility as well as relatively high impact energy absorption, which are desirable 23 

properties in automotive structural design [2]. Another requirement in the latter industry is 24 

the weldability of the new steels introduced. This is particularly true in TWIP steels where 25 

weldability studies are infrequent. Indeed current interest in welding application of TWIP 26 

steels is focused on welds in low thickness plates (1-3 mm) obtained through the resistance 27 

spot welding (RSW) [2-3] and laser beam welding (LBW) [4-5] processes. 28 

A major welding problem is the presence of residual stresses and distortion due to the 29 

localized heat input, which generates a non-uniform deformation distribution [6]. Residual 30 

stresses produced in the weld bead region and adjacent zones are deleterious because they 31 
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can promote brittle fracture, fatigue strength reduction as well as hot and corrosion cracking 32 

propagation [7-8]. 33 

It is also well-known that heat input has a direct relationship with the magnitude of both 34 

residual stresses and distortion in welding [9]. Particularly, TWIP steels are high sensitive 35 

to welding heat input which affects both microstructure and mechanical properties [1, 10]. 36 

Grain growth in the heat affected zone (HAZ) and mechanical strength reduction generate 37 

favorable conditions for hot cracking in both fusion zone (FZ) and HAZ, which is a typical 38 

defect that limits TWIP steel weldability [2, 11]. In consequence, the study of the 39 

mechanical field around the welding area is important to establish a relationship between 40 

residual stresses and structural integrity in the FZ and HAZ of TWIP steel. 41 

However, the literature related to measurement or prediction of residual stress during 42 

welding operations in TWIP steel as well as its plastic deformation behavior during the 43 

thermal cycle, is scarce. Previous research works so far have been carried out by Mujica et 44 

al. [12] and Colombo et al. [13]. They measured residual stresses in a dissimilar weld 45 

TWIP-TRIP steels and a resistance-spot weld of Fe-16.4Mn-0.75C-1.9Al TWIP steel 46 

sheets, respectively, using X-ray diffraction. 47 

Other research works have studied the mechanical behavior of TWIP steels. For instance, 48 

Shterner et al. [14] proposed a constitutive model for a Fe-18%Mn-0.6%C-1%Al TWIP 49 

steel based on the Kocks-Mecking-Estrin (KME) model. This model considers the 50 

dislocation density produced by deformation in twinned grains and non-twinned grains. 51 

The model was useful to explain the stress-strain interaction at microstructural scale but 52 

without taking into account the thermal effect. Chin et al. [15] and Hong et al. [16] used a 53 

finite element (FE) model to predict residual stresses in axial and tangential directions 54 

during the cup forming test in three TWIP steels with different Al content. Nonetheless, this 55 

model did not offer enough details about the material plastic behavior. 56 

Due to the importance of residual stresses, as well as their magnitude and distribution, 57 

comprehensive methods are necessary to measure strain and residual stress in the welding 58 

of TWIP steels. A relationship between residual stress and changes in mechanical 59 

properties and microstructure is necessary to provide valuable information about 60 

weldability under specific operating parameters, particularly in TWIP steels. 61 
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Experimentally, the residual stress measurements through destructive (sectioning and 62 

contour method), semi-destructive (hole-drilling, ring core and deep hole) and non-63 

destructive (Barkhausen noise, interferometry, X-ray diffraction, neutron diffraction and 64 

ultrasonic) techniques are limited [17]. Destructive techniques based on stress relief 65 

methods discard weld samples for subsequent test [17-18]. Besides, these techniques 66 

present a low resolution in deformation measurements [17].    67 

On the other hand, semi-destructive techniques only allow measuring residual stress on the 68 

surface. These techniques also require long test periods [19]. Regarding non-destructive 69 

techniques, neutron diffraction is a powerful method that allows obtaining larger 70 

penetration depth in the residual stress measurements. Its major drawback is the equipment 71 

cost [17]. On the contrary, methods based on X-ray diffraction have been widely used in 72 

several investigations [20-22] due to their capability to measure residual stresses at micro 73 

and macro scales [17-18] in weld joints.   74 

Some studies on residual stresses have been developed by applying numerical solutions in 75 

order to analyze their effects on mechanical properties and microstructural defects in 76 

weldments [23-25]. Specifically, the Finite Element Method (FEM) has had a high 77 

acceptance to perform estimations of welding residual stress [26]. Nevertheless, numerical 78 

solutions have still limitations as computing cost, due to the complex non-linear analysis 79 

generated by the thermo-mechanical coupling and the lack of knowledge about the material 80 

properties at high temperatures [27].    81 

Thermo-mechanical numerical models used for estimation of residual stresses and 82 

distortion have been established by mathematical formulations for structural 83 

incompatibility representation, i.e., the strain gradient composed by elastic and non-elastic 84 

elements. For example, Deng et al. [28] used hardening models (isotropic, kinematic and 85 

mixed isotropic-kinematic) to estimate residual stresses in an AISI 304 steel weld butt joint 86 

performed in seventeen passes by the Gas Tungsten Arc Welding (GTAW) process. The 87 

mixed isotropic-kinematic hardening model, which considered the annealing temperature 88 

between weld passes, provided higher accuracy in its predictions. Brickstad et al. [29] 89 

applied a coupled FE thermo-mechanical model with a kinematic hardening rule to simulate 90 

residual stresses in a circumferential butt weld carried out in four weld passes. Akbari et al. 91 

[21] used another hardening models (isotropic, bilinear kinematic and elastic-perfectly 92 
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plastic) to simulate the residual stress distribution in AISI 304 stainless steel welds with U-93 

groove and V-groove joint preparations. In this case, the bilinear kinematic model provided 94 

the more accurate results.     95 

The present research work is aimed to study the welding thermo-mechanical field of TWIP-96 

Ti steel joints performed in 6.3 mm plate thickness. Regardless the welding process, low 97 

heat input has been proven by several authors to be the main factor to obtain a quality weld 98 

in TWIP steel [2, 11-12]. Accordingly, in the present work the welding process was carried 99 

out in two passes, which allowed using a low heat input. A numerical FE model was 100 

applied to estimate the residual stress and deformation magnitude/distribution in the weld 101 

joints. The FE simulation considered the application of two hardening models: isotropic 102 

and kinematic both bilinear and multilinear [30]. Then, it was determined the hardening 103 

rule to simulate residual stress development in the TWIP-Ti steel during the welding 104 

thermal cycle. The decoupled FE thermo-mechanical model assumed mechanical and 105 

thermophysical properties dependence on temperature to increase the accuracy [31]. The 106 

yield strength (YS) and ultimate tensile strength (UTS) were obtained at different strain 107 

rates and temperatures employing the JMatPro® 9.1 software. Furthermore, the 108 

temperature dependent tangent modulus (𝐸𝑇) was calculated through the elastic modulus 109 

(𝐸) and the ratio 𝐸𝑇/𝐸 as stated previously Mousavi et al. [21]. Residual stresses were 110 

measured experimentally through X-ray diffraction using the sin
2
 𝜓 method [32]. These 111 

results were validated by the FE thermo-mechanical model. Additionally, microhardness 112 

measurements were taken from weldments applying the ASTM E 384 standard [33]. The 113 

residual stress critical zone (SCZ) was defined taking into account microhardness and 114 

residual stress distributions. The estimated stress magnitude in the SCZ was compared with 115 

the TWIP-Ti steel YS to determine the weld structural integrity. 116 

 117 

2. Experimental procedure 118 

Firstly, after casting the selected TWIP-Ti steel (Fe-22Mn-1.8Al-1.2Si-0.57C-0.0216Ti 119 

wt.%) was hot-rolled. Two thickness reduction passes of 60% and 50% were applied. The 120 

rolled plates were then solubilized (T= 1100 °C during 1200 s) followed by water quench. 121 

After that, weld samples were machined in blocks of following dimensions: 40 × 20 × 6.3 122 

mm (length, width and thickness). Weld joints were performed in two passes using the 123 
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GTAW process without supplying filler material. A double V-groove joint preparation was 124 

used (Fig. 1). Table 1 shows the welding parameters used in each experiment. 125 

 126 

Table 1. Autogenous GTAW process parameters used in the TWIP-Ti weldments. 127 

Parameter: Weldment 1 Weldment 2 

Current intensity (A) 85 95 

Voltage (V) 8.4 9.2 

Welding speed (mm/s) 1.16 

Electrode type EWTh-2 

Electrode diameter (mm) 1.6 

Arc length (mm) 1.5 

 128 

 129 

Figure 1. Set up for the GTAW process applied in the TWIP-Ti steel weld samples of 6.3 130 

mm plate thickness. 131 

 132 

Tack welds were applied in the four corners of the assembly (mechanical constraint) in 133 

order to avoid excessive distortion in weldments. The heat source traveled in opposite 134 

direction in every weld pass. The second weld pass was applied once the weldment reached 135 

the thermal equilibrium after the first weld pass.  136 
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During the welding process, the thermal cycle was recorded by means of a linear 137 

arrangement of K-type thermocouples and a TC-08 data acquisition (DAQ) modulus. 138 

Thermocouples were embedded to weld samples in the rear face to avoid altering the 139 

residual stress distribution. After every weld pass, the transverse deformation was measured 140 

through a dial indicator, once the weldment reached room temperature (Fig. 2).   141 

      142 

 143 

Figure 2. Set up for the post-welding transverse deformation measurement. 144 

 145 

The post-welding residual stresses were experimentally measured through X-ray diffraction 146 

(using the sin
2
 𝜓 method) in three points (A-C), as indicated in Fig. 1. These points were 147 

coincident with critical weld regions: center of FZ, FZ-HAZ interface and HAZ in both 148 

sides of the joint. The sin
2
 𝜓 method calculates the residual stress as a function of the 149 

change in the lattice distance (𝐷0) between adjacent crystal planes [32, 34]. This distance is 150 

calculated by means of the Bragg’s law:            151 

                                                                2𝐷0 sin 𝜃0 = 𝑛𝜆                                                    (1) 152 

 153 

where 𝑛 and 𝜆 are the diffraction order and the wavelength, respectively. The residual 154 

stress magnitude (𝜎) was calculated by means of the 𝜓 angle (orientation angle between 155 

normal lines of crystal surface and sample), diffraction angle between X-ray and crystal 156 

surface (𝜃0), diffraction angle at the orientation (𝜃𝜓), Poisson ration (𝑣) and the diffraction 157 

angle (𝜃) according to the following equation [34]: 158 

 159 

                                                    𝜎 = [−
1

2
 𝑐𝑡𝑔 𝜃0 (

𝐸

𝑣+1
)]

𝜕2𝜃𝜓

𝜕𝑠𝑖𝑛2𝜓
                                         (2) 160 
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X-ray diffraction patterns were recorded from 87.5° ≤ 2𝜃 ≤ 91.99. The high-intensity 161 

diffraction peak (311) was used to measure residual stress [35]. A step size of 0.015° 2θ 162 

and a counting time of 2 s per step were used (effective total time of 974 s). 163 

Finally, transverse cuts of welded samples were carried out in order to perform the 164 

microstructural characterization by light optical microscopy (LOM) of critical weld 165 

regions. Also, microhardness measurements were taken from the cross section of weld 166 

samples applying a load of 10 g during 15 s and a step of 1500 𝜇𝑚.    167 

 168 

3. FE Thermo-mechanical model  169 

 170 

3.1. Thermal model 171 

The temperature distribution was estimated by means of FE numerical solution of the heat 172 

equation (Eq. 3) using ANSYS Mechanical® software:  173 

 174 

                                                       𝜌𝐶𝑃
𝜕𝑇

𝜕𝑡
= ∇ ∙ (k∇𝑇) + 𝑞𝑓,𝑟                                             (3) 175 

 176 

where 𝜌, 𝐶𝑝 and 𝑘 are the thermophysical properties; density, specific heat and thermal 177 

conductivity, respectively. While, 𝑞𝑓,𝑟 represents the welding volumetric heat source. The 178 

assumptions of the mathematical model are listed below: 179 

 180 

1. The volumetric heat source model proposed by Goldak et al. [36] was applied. The 181 

mathematical representation of double ellipsoidal volumetric heat source is given by: 182 

 183 

                                       𝑞𝑓,𝑟(𝑥, 𝑦, 𝜉) =
6√3𝑓𝑓,𝑟𝑄

𝑎𝑏𝑐𝑓,𝑟𝜋√𝜋
exp (−3 (

𝑥2

𝑎2 +
𝑦2

𝑏2 +
𝜉2

𝑐𝑓,𝑟
2 ))                     (4)   184 

 185 

This model considered the calculation of energy input rate (𝑄) by means of current 186 

intensity (𝐼), voltage (𝑉) and process efficiency (𝜂), which was assumed of 70% for the 187 

autogenous GTAW process [37]. The parameters 𝑎 (width), 𝑏 (depth), 𝑐𝑓 (front length) and 188 

𝑐𝑟 (rear length) correspond to the frontal and rear ellipsoids geometry. The weight functions 189 

𝑓𝑓 and 𝑓𝑟 indicate the volumetric heat distribution. The global coordinates 𝑥, 𝑦, 𝑧 were used 190 
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as well as the non-inertial coordinate 𝜉. The travel of heat source in opposite directions in 191 

each weld pass was incorporated into the computational model through a programming 192 

code performed in Mechanical APDL®. 193 

2. The TWIP-Ti steel thermophysical properties were considered temperature dependent. 194 

These were calculated by JMATPro® 9.1 software considering the chemical composition 195 

of the TWIP-Ti steel. Then, a curve fitting was applied and Eqs. 5-7 were obtained for 196 

calculating the corresponding thermal conductivity (𝑘), density (𝜌) and specific heat (𝐶𝑝). 197 

 198 

𝑘 = 15.787 + 0.0135𝑇                                                    (5) 199 

                             𝜌 = 7545.5 − 1.03𝑇 + 9.72 × 10−4𝑇2 − 5.6 × 10−7𝑇3                      (6) 200 

                                               𝐶𝑝 = 635 + 3229𝑒
(−2(

𝑇−1340.3

66.23
)

2
)
                                         (7) 201 

 202 

3. Environmental heat losses by convection and radiation were considered as boundary 203 

conditions. The radiation heat loss was calculated through the following equation: 204 

 205 

                                                            𝑞𝑟𝑎𝑑
" = 휀𝜎𝐵(𝑇4 − 𝑇∞

4 )                                              (8) 206 

 207 

where 휀 is the thermal emissivity (0.3) [38], 𝜎𝐵 is the Stefan-Boltzmann constant (𝜎𝐵 =208 

5.67 × 10−8  𝑊 𝑚2 °𝐶⁄ ) and 𝑇∞ is the environment temperature. The convection heat loss 209 

was calculated using Newton’s law of cooling (𝑞𝑐𝑜𝑛𝑣
" = ℎ𝑇 − ℎ𝑇∞). The heat transfer 210 

coefficient (ℎ) was film temperature-dependent as stated by Garcia-Garcia et al. [39].  211 

4. The temperature before the first weld pass was the environment temperature (𝑇∞). Later, 212 

the second weld pass was carried out until the weldment reached the thermal equilibrium 213 

with the environment.   214 

 215 

3.2 Mechanical model 216 

Numerical results of the welding thermal field were linked to the mechanical field 217 

simulation to carry out estimations of residual stresses and deformation, i.e., the thermo-218 

mechanical problem was solved decoupled. The non-linear calculation of welding residual 219 

stresses and deformation considered the incremental numerical solution [30] of the strain 220 
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(휀)-displacement (𝒖) relationship (Eq. 9), stress (𝜎) - strain (휀) (Eq. 10) and the mechanical 221 

equilibrium (Eq. 11). 222 

                                                                     휀 = 𝒖/𝐿                                                           (9) 223 

                      ∆𝜎 =
𝐸𝐻′

𝐸+𝐻′
∆휀 − {

𝐸𝐻′

𝐸+𝐻′ (𝛼 −
1

𝐸2

𝑑𝐸

𝑑𝑇
𝜎) −

𝐸

𝐸+𝐻′

𝑑𝜎𝑌

𝑑𝑇
} ∆𝑇 −

𝐸𝐻′

𝐸+𝐻′
휀 �̇�∆𝑡              (10) 224 

                                                                𝜎𝑖𝑗 + 𝜌𝑏𝑖 = 0                                                      (11) 225 

 226 

where 𝐻′ and 𝛼 are the strain hardening and thermal expansion coefficients, respectively. 227 

Meanwhile, 𝜎𝑌 corresponds to TWIP-Ti steel’s YS. The body force is represented by the 228 

product 𝜌𝑏𝑖 in Eq. 11. On the other hand, the total strain 휀𝑡𝑜𝑡𝑎𝑙 is calculated as the sum of 229 

strains: i) thermal (휀𝑇), ii) elastic (휀𝑒), iii) plastic (휀𝑝) and iv) creep (휀𝑐) [30].  230 

 231 

                                                           휀𝑡𝑜𝑡𝑎𝑙 = 휀𝑇 + 휀𝑒 + 휀𝑃 + 휀𝑐                                     (12) 232 

 233 

The vector 𝑢 includes the nodal displacements in spatial coordinates (𝑥, 𝑦, 𝑧) and 𝐿 is a 234 

length scale. The assumptions applied to the mechanical model were: 235 

- In the stress-strain analysis of welding, the elastic behavior was simulated by means 236 

of the Hooke law and the plastic behavior was solved through a rate independent 237 

plasticity model. 238 

- The mechanical properties were temperature dependent (Fig. 3) to increase the 239 

accuracy of residual stress and deformation calculations [31].   240 

- The creep strain was neglected in the mechanical field simulation because to the 241 

heating time is very short [40]. 242 

- Isotropic and kinematic hardening models were used to calculate the inelastic 243 

incompatibility produced during the welding thermal cycle. 244 

- The Von Misses yield criterion [41] was applied in the mechanical model: 245 

 246 

                        𝑓(𝜎, 𝜎𝑦) = 𝜎𝑒 − 𝜎𝑦   with    𝜎𝑒 = √
3

2
(𝜎: 𝜎 −

1

3
𝜎2)                   (13) 247 

 248 

where 𝜎𝑦 is the yield strength and 𝜎𝑒 is the effective Von Misses stress [41]. 249 

 250 
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 251 

Figure 3. TWIP-Ti steel mechanical properties temperature dependent calculated by means 252 

of the JMatPro® 9.1: a) Young’s modulus, b) Tangent modulus, c) Thermal expansion 253 

coefficient, d) Poisson ratio. 254 

 255 

Applying the above assumptions to the mathematical model, the stress-strain equation (Eq. 256 

10) and the total strain equation (Eq. 12) were modified as follows:  257 

 258 

                                   ∆𝜎 =
𝐸𝐻′

𝐸+𝐻′
∆휀 − {

𝐸𝐻′

𝐸+𝐻′ (𝛼 −
1

𝐸2

𝑑𝐸

𝑑𝑇
𝜎) −

𝐸

𝐸+𝐻′

𝑑𝜎𝑌

𝑑𝑇
} ∆𝑇                     (14) 259 

                                                           휀 = 휀𝑇 + 휀𝑒 + 휀𝑃                                                    (15) 260 

 261 

The stresses must satisfy the equilibrium equation (Eq. 11) while the total strain (휀𝑡𝑜𝑡𝑎𝑙) 262 

must fulfill the compatibility condition (Eq. 16). When this condition do not equals zero, 263 

the incompatibility 𝑅 exists, thus residual stress exists too (Eq. 17).   264 
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                                     [
𝜕2𝜀𝑥

′

𝜕𝑦2 +
𝜕2𝜀𝑦

′

𝜕𝑥2 −
𝜕2𝛾𝑥𝑦

′

𝜕𝑥∙𝜕𝑦
] + [

𝜕2𝜀𝑥
"

𝜕𝑦2 +
𝜕2𝜀𝑦

"

𝜕𝑥2 −
𝜕2𝛾𝑥𝑦

"

𝜕𝑥∙𝜕𝑦
] = 0                        (16) 265 

                                                  𝑅 =  − [
𝜕2𝜀𝑥

"

𝜕𝑦2 +
𝜕2𝜀𝑦

"

𝜕𝑥2 −
𝜕2𝛾𝑥𝑦

"

𝜕𝑥∙𝜕𝑦
]                                            (17) 266 

 267 

Eq. 18 is the plastic flow rule associated with the model yield surface: isotropic and 268 

kinematic. This rule represents the plastic strain evolution in relation with the plastic 269 

potential (𝑄) and the non-elastic strain increment (𝑑𝜆). 270 

                                                                    𝑑휀𝑝 = 𝑑𝜆
𝜕𝑄

𝜕𝜎
                                                    (18) 271 

 272 

The interaction between thermal stresses (𝜎𝑖,𝑗) and the thermal strain (휀𝑡) was calculated 273 

through the next equation:  274 

                                 휀𝑖𝑗 =
1+𝜈

𝐸
𝜎𝑖𝑗 −

𝜈

𝐸
𝜎𝑘𝑘𝛿𝑖𝑗 + 𝜆𝑠𝑖𝑗 + [𝛼 +

𝜕𝛼

𝜕𝑇
(𝑇 − 𝑇0)] 𝑑𝑇            (19)    275 

 276 

Fig. 4 shows the engineering stress-strain curves estimated by JMatPro® 9.1 for TWIP-Ti 277 

steel at different temperatures and strain rates: 0.001 s
-1

, 0.01 s
-1

, 0.1 s
-1

, 1 s
-1

, 10 s
-1

 and 278 

100 s
-1

. Stress-strain curves were used for the material specification into the mechanical 279 

model, which was solved numerically in ANSYS Mechanical®. In addition, engineering 280 

stress-strain curves predicted by JMatPro® 9.0 software presented a reasonable agreement 281 

with previous experimental results reported by Jung et al. [42]. They performed uniaxial 282 

tensile tests on Fe-17Mn-0.62C-0.01Si-0.08Ti TWIP steel using a strain rate of 0.001s
-1

 283 

and a temperature range of 100°C up to 800°C. Fig. 5 shows the comparison between 284 

stress-strain curves obtained experimentally in [42] and the estimations performed through 285 

JMatPro® 9.0 software. The variation of normal stress magnitudes decreases at higher 286 

temperatures (Fig. 5), which is desirable to enhance the FE simulation accuracy of residual 287 

stress distribution in welding zones with higher temperature gradient.  288 
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 289 

Figure 4. Engineering stress-strain curves of TWIP-Ti steel at different temperatures and 290 

strain rates of: a) 0.001 s
-1

, b) 0.01 s
-1

, c) 0.1 s
-1

, d) 1 s
-1

, e) 10 s
-1

 and f) 100 s
-1

. 291 

 292 

Figure 5. Validation of engineering stress-strain curves estimated through JMatPro® 9.1 293 

software with tensile tests experimental data carried out at a strain rate of 0.001s
-1

 and 294 

different temperatures: a) 300°C b) 400°C c) 600°C d) 700°C e) 800°C. 295 

 296 
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At higher temperatures (>800°C), the mechanical strength of TWIP-Ti steel exhibited a 297 

steep decrease, as shown in Fig. 4. This strength reduction agrees with the results reported 298 

by Hamada et al. [43]. Besides, at higher temperatures (>900°C), the elongation increases 299 

due to dynamic recrystallization [43]. The increasing temperature (>300°C) generates a 300 

stacking fault energy (SFE) increment [44], which inhibits mechanical twinning and only 301 

dislocation glide occurs [45]. 302 

For bilinear hardening models (isotropic and kinematic) the parameters C1 and C2 (strain 303 

hardening coefficient) were defined, as shown in Fig. 6. These parameters, C1 and C2, 304 

corresponding to the YS and strain-hardening coefficient, respectively. The stress-strain 305 

curves of TWIP-Ti steel provide the YS at different temperatures and strain rates (Fig. 4). 306 

Meanwhile, the strain-hardening coefficient was calculated as indicates in Fig. 6a. For 307 

multilinear hardening models (isotropic and kinematic), the variation of plastic strain-stress 308 

relationship was defined in order to determine the parameters Pi (normal stress) and Pj 309 

(plastic strain) (see Fig. 6). The multilinear behavior is characterized by a series of elasto-310 

perfectly plastic lines at different points (Pi, Pj) [46].  311 

 312 

Figure 6. a) Bilinear stress-strain relationship, b) Multilinear stress-strain relationship. 313 

 314 

Temperatures were defined as thermal loads through the programming code done in 315 

Mechanical APDL®. Meanwhile, essential boundary conditions were the tack welds 316 

applied in sample corners (Fig. 7a), which restrained the displacements in the calculation 317 

domain (Fig. 7b). 318 

 319 
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 320 

Figure 7. a) Tack welds applied in corners of TWIP-Ti steel plates, b) Essential boundary 321 

conditions applied into the calculation domain. 322 

 323 

3.3 Mesh and computational solution  324 

In the FE thermo-mechanical model two meshes with similar topologies were used to ease 325 

the results transfer from the thermal field to the mechanical. The mesh used for thermal 326 

model was formed by 40680 hexahedral elements type SOLID90 and 178525 nodes. While, 327 

the mechanical model mesh had the same number of nodes and elements but, type 328 

SOLID186 recommended for simulation of elastoplastic materials [46]. Mesh element sizes 329 

of 0.3 mm, 0.5 mm and 0.8 mm (with a bias factor of 6) were applied to the discretization 330 

of FZ, HAZ and base material (BM), respectively (Fig. 8a).   331 

The mesh metric was measured considering the parameters: skewness and orthogonal 332 

quality. Figs. 8b and 8c show the mesh element distribution graphs as a function of quality 333 

parameters. The orthogonal quality was close to 1 and the skewness tended to zero 334 

indicating quality meshes [46].    335 

A mesh-independent solution was achieved for the FE welding thermal model. Fig. 8d 336 

shows the comparison between temperature estimations obtained by three FE meshes (with 337 

different number of elements) and the experimental thermal history measured in the point A 338 

near to the FZ.  339 

The numerical solution of the welding thermal model was obtained in 3090 iterations using 340 

a time step of 0.5 s and a tolerance of 0.1% for the heat convergence criterion. On the other 341 

hand, the solution of the mechanical model was achieved after 5600 iterations and a 342 
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tolerance of 1% for the force convergence criterion. The computational model was solved 343 

in a workstation with Intel Core i7-6500U 3.1 GHz 16GB RAM processor. 344 

 345 

 346 

Figure 8. a) Mesh used in the welding thermal and mechanical models, b) Mesh elements 347 

orthogonal quality distribution, c) Mesh elements skewness distribution, d) Mesh-348 

independent solution study in the thermal model. 349 

 350 

4. Results and discussion 351 

The FE thermo-mechanical model assessed the isotropic and kinematic hardening models 352 

to simulate the elastoplastic behavior of the TWIP-Ti steel during the welding thermal 353 

cycle. Fig. 9 shows the longitudinal residual stress distribution estimated by the FE thermo-354 

mechanical model at different cross-section points of the welded joint 1 considering a strain 355 

rate range of 0.001 – 100 s
-1

 (Fig. 4).  356 

As can be seen in Fig. 9, all hardening models predicted almost the same magnitudes for 357 

tensile residual stresses in the FZ (0-5 mm) regardless of the strain rates. However, the 358 

residual stress estimations in the HAZ and BM (5-40 mm) exhibited variations with the 359 

strain rate in each hardening model (Fig. 9). These results were in good agreement with the 360 
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engineering stress-strain curves estimated by JMATPro® 9.1 software (Fig. 4). At higher 361 

temperatures (>1000°C), the mechanical strength of TWIP-Ti steel is low and almost the 362 

same for all strain rates, as shown in Fig. 4. On the other hand, the more significant 363 

variations in the mechanical strength of TWIP-Ti steel are found at low temperatures 364 

(<1000°C).  365 

 366 

Figure 9. Longitudinal residual stress estimated at different strain rates by different 367 

hardening models: a) Bilinear isotropic, b) Multilinear isotropic, c) Bilinear kinematic, d) 368 

Multilinear kinematic. 369 

 370 

As already mentioned, both strain hardening models (isotropic and kinematic) depend on 371 

mechanical strength constants (YS, E, 𝐸𝑇, strain-hardening coefficient, ultimate tensile 372 

strength, etc.,), which change with temperature. In the FZ, the higher temperatures 373 

(>1000°C) generated almost the same magnitudes of residual stresses due to the low 374 

mechanical strength of TWIP-Ti steel (Fig. 9). While in HAZ and BM, the lower 375 

jmc
Tachado

jmc
Texto insertado
1000 ºC

jmc
Tachado

jmc
Texto insertado
1000 ºC

jmc
Nota adhesiva
En las leyendas de estos graficos. s-1 deberia escribirse bien, como super indice

jmc
Tachado

jmc
Texto insertado
1000 ºC



18/35 
 

temperatures (<1000°C) and the mechanical strength recovery (Fig. 4) generated different 376 

residual stresses depending on the strain rate (Fig. 9).   377 

A similar trend was exhibited for the numerical results of both hardening models. Tensile 378 

residual stresses were concentrated in the FZ-HAZ, while compressive stresses were found 379 

in regions far away from the FZ [7, 28]. The literature points out that the isotropic model 380 

tends to overestimate stress magnitudes, while the kinematic model predicts inferior 381 

magnitudes [47]. As already noticed, the FE simulation of residual stresses considered 382 

stress-strain curves at different strain rates. The results showed that in general terms, and in 383 

most hardening models, the strain rate of 0.001 s
-1

 provided the higher tensile stresses and 384 

the lowest compressive stresses (Fig. 9). Conversely, the strain rate of 100 s
-1

 generated the 385 

lowest tensile stresses and the higher compressive stresses.  386 

Table 2 shows maximum/minimum residual stresses estimated by the different hardening 387 

models at different points of weldment from FZ to BM. The strain rate at which the 388 

maximum/minimum residual stress was predicted is indicated in parenthesis (Table 2). A 389 

variation of 6% in the maximum tensile stress between the bilinear kinematic model (158 390 

MPa) and the multilinear kinematic (149 MPa) was found. On the other hand, the 391 

maximum difference between the higher compressive stress was of 7% between the 392 

multilinear kinematic model (-108.5 MPa) and the bilinear isotropic (-101 MPa). The 393 

variation in the residual stress estimations performed by both hardening models are 394 

relatively small (Table 2) and can be neglected. 395 

The multilinear kinematic model was selected to simulate the evolution of residual stresses 396 

and deformation during welding thermal cycle in TWIP-Ti steel plates. In spite of the small 397 

variations between multilinear isotropic and multilinear kinematic models (Table 2), it is 398 

accepted in the literature that the kinematic model is the most accurate for welding residual 399 

stress prediction [47-48]. Besides, the strain rate of 0.1 s
-1 

provided average estimations 400 

between maximum and minimum residual stresses for all hardening models (Fig. 9). 401 

Therefore, the strain rate of 0.1 s
-1

 was used to simulate the residual stresses in the TWIP-Ti 402 

steel weld joint.  403 

 404 

 405 
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Table 2. Tensile and compressive residual stresses estimated by the isotropic and kinematic 406 

hardening models at different strain rates. 407 

Longitudinal residual stress (MPa) 

Bilinear isotropic Multilinear isotropic Bilinear kinematic Multilinear kinematic 

Maximum  Minimum  Maximum  Minimum  Maximum  Minimum  Maximum  Minimum  

(strain rate, s
-1

) (strain rate, s
-1

) (strain rate, s
-1

) (strain rate, s
-1

) 

154.38 

(0.01) 

136 

(100) 

152.54 

(0.01) 

132.04 

(100) 

158.49 

(0.01) 

135.93 

(100) 

149.29 

(0.01) 

131.19 

(100) 

62.82 

(0.01) 

45.74 

(10) 

56.38 

(0.01) 

32.96  

(1) 

55.84 

(0.1) 

38.6 

(100) 

67.16 

(100) 

38.3  

(10) 

-43.73 

(0.01) 

-60.5 

(100) 

-48.61 

(0.001) 

-70.79 

(10) 

-47.49 

(0.01) 

-65.79 

(100) 

-42.29 

(0.001) 

-68.08 

(100) 

-44.72 

(0.01) 

-66.2 

(0.001) 

-50.55 

(0.001) 

-74.44 

(10) 

-51.88 

(0.01) 

-70.37 

(100) 

-51.52 

(0.001) 

-71.53 

(100) 

-54.87 

(0.01) 

-90 

(0.001) 

-61.07 

(0.001) 

-86.76 

(10) 

-62.51 

(0.01) 

-83.28 

(100) 

-61.21 

(0.001) 

-83.82 

(100) 

-76.62 

(0.01) 

-101 

(100) 

-83.59 

(0.001) 

-108 

(100) 

-81.32 

(0.1) 

-106.45 

(100) 

-82.48 

(0.001) 

-108.49 

(100) 

 408 

Residual stresses were experimentally measured by means of X-ray diffraction in critical 409 

weld regions (Fig. 1). These results were compared with numerical estimations carried out 410 

by the FE thermo-mechanical model, applying the multilinear kinematic hardening model 411 

at a strain rate of 0.1 s
-1

. Fig. 10 shows these comparisons in both sides of the weldment. 412 

It should be noted that only the residual stress measurement for the HAZ (point C in Fig. 1) 413 

is accurate (Fig. 10). However, in the FZ and the FZ-HAZ interface (points A and B, 414 

respectively in Fig. 1), the residual stress measurements exhibited high deviation (>415 

260 𝑀𝑃𝑎) (Fig. 10). This high deviation was associated with the presence of a diffraction 416 

peak of -ferrite (121) near to the austenite peak at 2θ = 89.7°, as shown in Fig. 11. In 417 

fact, the (110), (002) and (121) diffraction peaks (-ferrite) were detected at different points 418 

in the FZ (Fig. 12b). According to the TWIP steel equilibrium phase diagram [2, 49], the  419 
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-ferrite phase is a high-temperature phase and unstable at room temperature. Nonetheless, 420 

the high cooling rates produced in welding allowed solidifying a remnant fraction of -421 

ferrite in FZ.  On the contrary, all the XRD patterns recorded from HAZ and BM only 422 

presented diffraction peaks of austenite (Fig. 12a).  423 

  424 

 425 

Figure 10. Residual stress estimated numerically vs X-ray diffraction measurements (sin
2
 426 

𝜓 method) for welded joint 1. 427 
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 428 

Figure 11. Diffraction peak (2𝜃 = 89.7°) analyzed for residual stress measurements in FZ.   429 

 430 

Figure 12. Diffraction profiles obtained from: a) BM, b) FZ. 431 

 432 

The residual stress measured experimentally in the HAZ showed a good agreement with the 433 

FE estimations (Fig. 10). A deviation of 8.5% between experimental and numerical models 434 

was obtained. This level of deviation (8.5%) is almost negligible considering some 435 

previous research works with higher variations in residual stress measurements between 436 

experimental and numerical results. For instance, Abdulkareem et al. [50] reported an 437 

average variation of 32% in FE residual stress predictions as compared to the experimental 438 

measurements (hole-drilling method). Meanwhile, Heinze et al. [51] obtained variations in 439 

longitudinal and transverse residual stresses of more than double between experimental 440 

measurements (X-ray diffraction method) and FE estimations.   441 
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In this case, the deviation corresponded to the right side of the weldment. This variation can 442 

be associated with the uneven distribution of the inelastic deformation in welding, which 443 

produced different magnitudes of residual stress in comparable points at opposite sides of 444 

the weldment. Meanwhile, the FE thermo-mechanical model applied a symmetry condition 445 

to reduce computing time. In adjacent regions to the FZ, where temperatures are higher, the 446 

grain size in TWIP-Ti steel exhibits high heterogeneity [52]. This affects mechanical 447 

properties and thus the residual stress magnitude. However, the grain size heterogeneity is 448 

difficult to consider in the simulation of the welding mechanical field. In the FE model, the 449 

only variation in mechanical properties was generated by the welding thermal cycle. 450 

Figures 13-14 show the numerical estimation of longitudinal residual stress distribution 451 

during thermal cycle in weldments 1 and 2. The results show clearly the change from 452 

tension to compression in weldments depending on the heat source displacement over the 453 

workpiece (Figs. 13a-b and 14a-b). During the cooling stage, stresses start to stabilize and 454 

exhibit the typical distribution in welding (Figs. 13d and 14d): tensile stresses in FZ and 455 

compressive stresses in distant regions [8, 19, 21]. Tensile stresses were predicted in the 456 

upper part of both weldments and compressive stresses in the lower part after the second 457 

weld pass (Figs. 13d and 14d), these observations were consistent with results reported by 458 

Teng et al. [53]. In the weldment 1 (higher heat input) higher residual stresses were 459 

produced (Figs. 13 and 14) in agreement with literature [9, 21].  460 

 461 

 462 
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Figure 13. Longitudinal residual stress transient distribution estimated by the FE thermo-463 

mechanical model (multilinear kinematic hardening model) in TWIP-Ti steel weldment 1 464 

(461 J/mm): a) 10 s, b) 25s, c) 70 s, d) 600 s. 465 

 466 

The comparison of longitudinal residual stress estimated with experimental results reported 467 

by Mujica et al. [12] for a dissimilar weld TWIP-TRIP showed also a reasonable 468 

agreement. Mujica et al. [12] measured a maximum longitudinal tensile stress of 180 MPa 469 

near to the FZ for a heat input of 300 J/mm. In this research work, maximum longitudinal 470 

tensile stresses of 245 MPa and 147 MPa were estimated for heat inputs of 565 J/mm and 471 

461 J/mm, respectively. These stresses were affected by welding parameters, plate 472 

thickness and mechanical constraint level. 473 

 474 

 475 

Figure 14. Longitudinal residual stress transient distribution estimated by the FE thermo-476 

mechanical model (multilinear kinematic hardening model) in TWIP-Ti steel weldment 2 477 

(565 J/mm): a) 10 s, b) 25s, c) 70 s, d) 600 s. 478 

   479 

Fig. 15 shows the numerical estimation of transverse residual stresses obtained after the 480 

first pass in TWIP-Ti steel weldments. Again, it was observed the direct relationship 481 

between temperature and residual stresses.  482 
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 483 

Figure 15. Post-welding transverse residual stress distribution (first pass) estimated in the 484 

upper and lower faces of TWIP-Ti steel weldments: a) 461 J/mm, b) 565 J/mm. 485 

 486 

Tensile stresses were generated in the upper face of weldments where the thermal energy 487 

had a higher concentration. It should be noted that magnitudes of compressive stresses in 488 

the rear face were not equal to tensile ones (Fig. 15). This was due to the V-groove joint 489 

which reliefs the residual stress (Figs. 13a-b and 14a-b). 490 

The maximum tensile residual stresses in FZ were correlated with transverse microhardness 491 

values, which were measured in the mid-plane of the low heat input weldment. According 492 

to microhardness results for weldments 1 and 2 (Fig. 16a and b), the FZ and part of the 493 

HAZ were coincident with the maximum tensile stress region, as shown in Fig. 16c. This 494 

region was named residual stress critical zone (SCZ). The microhardness in the HAZ 495 

decreased as compared to the BM (Fig. 16a and b). In this region, it was produced the 496 

curvature change of tension stress zone. At the same time, it started to decrease the residual 497 

stress until reached the compressive zone (Fig. 16c).  This region was coincident with the 498 

parent material. Previously, Lemos et al. [54] and Rae et al. [55] also reported similar 499 

trends in the distribution curves of residual stress-microhardness. 500 

   501 
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 502 

Figure 16. Microhardness profiles: a) weldment 1 (461 J/mm), b) weldment 2 (565 J/mm), 503 

c) Transverse residual stress distribution in the mid-plane of the TWIP-Ti weldment of low 504 

heat input (461 J/mm). 505 

   506 

In the present TWIP-Ti steel, the higher tensile residual stresses estimated in the SCZ were 507 

related to the thermal diffusivity distribution, which is temperature-dependent. Fig. 17 508 

shows estimations of temperature distribution, thermal conductivity (𝑘) and thermal 509 

expansion coefficient (𝛼) in TWIP-Ti steel weldments. It is important to bear in mind that 510 

TWIP-Ti steel presents a thermal-insulating behavior, that is, when the temperature 511 

decreases, the TWIP-Ti steel thermal diffusivity diminishes too. Hence, a low heat flux 512 

diffuses from the FZ to distant regions. Heat concentrates in FZ and adjacent region (Fig. 513 

17).  514 

 515 
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 516 

Figure 17. 2-D contours of temperature distribution, thermal conductivity and thermal 517 

expansion coefficient in TWIP-Ti steel weldments: a) 565 J/mm, b) 461 J/mm. 518 

 519 

In high temperature regions, the high thermal expansion coefficient (Fig. 17) brought about 520 

high thermal stresses, which diminished in faraway regions of FZ. This decrement in both 521 

thermal diffusivity and expansion coefficient generated low compressive stresses as 522 

compared to the tensile ones (Fig. 13-15). 523 

Ishigami et al. [8] pointed out the combination of high residual stresses and hardness was 524 

deleterious for the weldment structural integrity. Particularly in TWIP-Ti steel weldments, 525 

hot cracking is an undesirable effect generated by the C and Mn segregation in both FZ and 526 

HAZ [2, 11]. Micro-cracks produced during solidification stage can propagate toward the 527 

adjacent region as a result of high residual stresses. Also, surface cracks in the weld bead 528 

can produce due to the combined effect of hardening and residual stress.    529 

However, the transverse peak tensile stress in the SCZ estimated in weldment 1 was of 145 530 

MPa (Fig. 16c). In comparison with the TWIP-Ti steel YS of 398 MPa [52], the peak 531 

tensile stress in the SCZ does not affect the weldment structural integrity. The same can be 532 
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established from the maximum transverse tensile residual stress (149 MPa) in the SCZ of 533 

weldment 2 compared with the TWIP-Ti steel YS.    534 

The average hardness in the SCZ was diminished by the HAZ (Fig. 16a and b). In 535 

weldment 2 both transverse and longitudinal stresses are higher than in weldment 1 (Figs. 536 

14d and 15b). The hardness of the SCZ in weldment 2 also diminished by the HAZ (Fig. 537 

16b). Therefore, there were not conditions to promote hot-cracking in TWIP-Ti weldments.  538 

In TWIP-Ti steel weldments, the Al-content helped to reduce the activity and diffusivity of 539 

C and Mn. The above inhibited the formation of the eutectic compounds as (C, Mn)3Fe in 540 

the FZ-HAZ interface. These compounds are responsible for the formation of liquation 541 

cracks in the HAZ of TWIP steel welds [2]. The aforementioned was corroborated by 542 

means of LOM analysis in the FZ and FZ-HAZ interface of weldment 1, as shown in Figs. 543 

18a and b. Hot-cracking was not found in the weld beads nor liquation cracks on both sides 544 

of the FZ-HAZ interface. 545 

 546 

Figure 18. Microstructural observations of the TWIP-Ti weldment 1: a) FZ-center, b) FZ-547 

HAZ interface, c) Remnant 𝛿-ferrite found in FZ boundary (weldment 1). 548 
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In all TWIP-Ti steel weldments, predominantly lathy ferrite morphology was observed in 549 

the as-welded region. The 𝛿-ferrite was precipitated in the inter-dendritic region, as shown 550 

in Fig. 18c. This could be associated with the epitaxial growth of the grain in the fusion 551 

zone, which usually originates from the BM grains and grows in the direction of maximum 552 

heat flow (from FZ boundary to HAZ). 553 

The heat concentration detected in FZ and adjacent zones (Fig. 17), as well as the increase 554 

in thermal expansion coefficient, were in good agreement with plastic strain estimations. 555 

Fig. 19 shows the plastic strain evolution with thermal cycle in weldment 1. During the 556 

heating stage, thermal expansion generated high plastic strain in the FZ and adjacent 557 

regions (Figs. 19a and c). Once the thermal equilibrium was reached, the plastic strain was 558 

concentrated in constraint points due to the weldment expansion. The expansion in FZ and 559 

adjacent regions brought about the groove loss in the weldment rear face after the first weld 560 

pass (Fig. 1).  561 

 562 

 563 

Figure 19. Welding plastic strain transient distribution estimated by the FE thermo-564 

mechanical model (with multilinear kinematic hardening model) in TWIP-Ti steel 565 

weldment 1 (461 J/mm) at: a) 10 s, b) 25 s, c) 70 s, d) 600 s. 566 

 567 

An under-filling in the weld seam owing to the autogenous GTAW process was detected by 568 

means of deformation measurements (Fig. 20). After the second weld pass, deformation 569 

measurements were taken (Figs. 20b and c). The small variations in the measurements of 570 
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lines L3 and L1 during the first and second weld pass were associated with the welding 571 

sequence and the heat concentration. 572 

The application of mechanical constraints into the weldments modifies deformation and 573 

produces a residual stress increment [56]. The V-groove loss indicated that the constraint 574 

applied was relatively low, since the constraint limited both longitudinal and transverse 575 

displacements but, it did not avoid angular rotations (Fig. 20). After the welding process 576 

application, the plastic strain was localized in constraint points (Fig. 19) inside the 577 

compressive stress region. The plastic strain did not generate any localized effect into the 578 

residual stress distribution in the SCZ as reported by Khandkar et al. [57] in austenitic 579 

stainless-steel weld joints. 580 

 581 

Figure 20. Post-welding transverse deformation distribution generated after the first and 582 

second passes in the TWIP-Ti steel weldments: a-b) 461 J/mm, c-d) 565 J/mm. 583 

    584 

 585 
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5. Conclusions  586 

The following conclusions can be drawn from the experimental and numerical studies of 587 

the thermo-mechanical field in a pair of weldments performed in TWIP-Ti steel plates with 588 

low heat input: 589 

1. The multilinear kinematic model with a strain rate of 0.01 s
-1

 was the average condition 590 

that accurately simulated residual stress and deformation distributions during the 591 

welding thermal cycle in the present TWIP-Ti steel.  592 

2. The welding of the TWIP-Ti steel with the autogenous GTAW process in plate thickness 593 

≥ 6.3 mm is feasible from the mechanical point of view (residual stress). In order to 594 

achieve this, a low heat input multi-pass welding process is necessary and a special 595 

preparation joint to maintain low heat affectation and residual stresses.   596 

3.- The presence of remnant 𝛿-ferrite in the FZ of TWIP-Ti steel joint affected the residual 597 

stress measurements producing high deviation in the XRD results. The lathy 𝛿-ferrite   was 598 

precipitated in the inter-dendritic. 599 

4.- The residual stress critical zone (SCZ), the heterogeneous grain size distribution in the 600 

HAZ, and the lack of Mn and C segregation avoided the propagation of micro-cracks 601 

in both the FZ and the FZ-HAZ interface. 602 

5.- The thermal diffusivity and thermal expansion coefficient affected residual stresses and 603 

plastic strain distributions in TWIP-Ti steel weldments. High heat concentration region 604 

gave rise to the SCZ.  605 

6.- The joint preparation (double V-groove) allowed controlling the residual stress 606 

magnitude during the first weld pass. Meanwhile, the mechanical constraint produced a 607 

localized plastic strain zone.   608 

 609 
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Table captions: 793 

Table 1. Autogenous GTAW process parameters used in the TWIP-Ti weldments. 794 
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Table 2. Tensile and compressive residual stresses estimated by the isotropic and kinematic 795 

hardening models at different strain rates. 796 

 797 

Figure captions: 798 

Figure 1. Set up for the GTAW process applied in the TWIP-Ti steel weld samples of 6.3 799 

mm plate thickness. 800 

Figure 2. Set up for the post-welding transverse deformation measurement. 801 

Figure 3. TWIP-Ti steel mechanical properties temperature dependent calculated by means 802 

of the JMatPro® 9.1: a) Young’s modulus, b) Tangent modulus, c) Thermal expansion 803 

coefficient, d) Poisson ratio. 804 

Figure 4. Engineering stress-strain curves of TWIP-Ti steel at different temperatures and 805 

strain rates of: a) 0.001 s
-1

, b) 0.01 s
-1

, c) 0.1 s
-1

, d) 1 s
-1

, e) 10 s
-1

 and f) 100 s
-1

. 806 

Figure 5. Validation of engineering stress-strain curves estimated through JMatPro® 9.1 807 

software with tensile tests experimental data carried out at a strain rate of 0.001s
-1

 and 808 

different temperatures: a) 300°C b) 400°C c) 600°C d) 700°C e) 800°C. 809 

Figure 6. a) Bilinear stress-strain relationship, b) Multilinear stress-strain relationship. 810 

Figure 7. a) Tack welds applied in corners of TWIP-Ti steel plates, b) Essential boundary 811 

conditions applied into the calculation domain. 812 

Figure 8. a) Mesh used in the welding thermal and mechanical models, b) Mesh elements 813 

orthogonal quality distribution, c) Mesh elements skewness distribution, d) Mesh-814 

independent solution study in the thermal model. 815 

Figure 9. Longitudinal residual stress estimated at different strain rates by different 816 

hardening models: a) Bilinear isotropic, b) Multilinear isotropic, c) Bilinear kinematic, d) 817 

Multilinear kinematic. 818 

Figure 10. Residual stress estimated numerically vs X-ray diffraction measurements (sin
2
 819 

𝜓 method) for welded joint 1. 820 

Figure 11. Diffraction peak (2𝜃 = 89.7°) analyzed for residual stress measurements in FZ. 821 

Figure 12. Diffraction profiles obtained from: a) BM, b) FZ. 822 

Figure 13. Longitudinal residual stress transient distribution estimated by the FE thermo-823 

mechanical model (multilinear kinematic hardening model) in TWIP-Ti steel weldment 1 824 

(461 J/mm): a) 10 s, b) 25s, c) 70 s, d) 600 s. 825 

jmc
Tachado

jmc
Texto insertado
0.001 s-1

jmc
Tachado

jmc
Texto insertado
300 ºC

jmc
Tachado

jmc
Texto insertado
400 ºC

jmc
Tachado

jmc
Texto insertado
600 ºC

jmc
Tachado

jmc
Texto insertado
700 ºC

jmc
Tachado

jmc
Texto insertado
800 ºC

jmc
Tachado

jmc
Texto insertado
25 s

jmc
Tachado

jmc
Texto insertado
J mm-1



38/35 
 

Figure 14. Longitudinal residual stress transient distribution estimated by the FE thermo-826 

mechanical model (multilinear kinematic hardening model) in TWIP-Ti steel weldment 2 827 

(565 J/mm): a) 10 s, b) 25s, c) 70 s, d) 600 s. 828 

Figure 15. Post-welding transverse residual stress distribution (first pass) estimated in the 829 

upper and lower faces of TWIP-Ti steel weldments: a) 461 J/mm, b) 565 J/mm. 830 

Figure 16. Microhardness profiles: a) weldment 1 (461 J/mm), b) weldment 2 (565 J/mm), 831 

c) Transverse residual stress distribution in the mid-plane of the TWIP-Ti weldment of low 832 

heat input (461 J/mm). 833 

Figure 17. 2-D contours of temperature distribution, thermal conductivity and thermal 834 

expansion coefficient in TWIP-Ti steel weldments: a) 565 J/mm, b) 461 J/mm. 835 

Figure 18. Microstructural observations of the TWIP-Ti weldment 1: a) FZ-center, b) FZ-836 

HAZ interface, c) Remnant 𝛿-ferrite found in FZ boundary (weldment 1). 837 

Figure 19. Welding plastic strain transient distribution estimated by the FE thermo-838 

mechanical model (with multilinear kinematic hardening model) in TWIP-Ti steel 839 

weldment 1 (461 J/mm) at: a) 10 s, b) 25 s, c) 70 s, d) 600 s. 840 

Figure 20. Post-welding transverse deformation distribution generated after the first and 841 

second passes in the TWIP-Ti steel weldments: a-b) 461 J/mm, c-d) 565 J/mm. 842 
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