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ABSTRACT 

Welded joints show significant heterogeneity as they are composed of base metal, heat affected zone and 

weld metal. Heat Affected Zone (HAZ) is further divided into characteristic segments. All the listed 

zones of the welded joints have certain microstructural differences and consequent differences in 

mechanical properties. Mechanical experimental examination and determination of stress-strain 

characteristics of such heterogeneous welded joints structure, especially in certain segments of the HAZ 

is very difficult. The classical approach to stress-strain testing using standard tensile specimens have 

only limited applicability, as even the subsize tensile specimens are difficult to position within the 

narrow HAZ segments. Difficulties in such experimental measurements and the possibility of testing the 

welded joints in full scope are the motivation for use of alternative experimental methods. The paper 

considers double-V butt joint made of High Strength Steel (HSS), welded with filler metal having 

approximately the same mechanical properties as base metal. Experimental work is focused on stress-

strain properties determination with Mini tensile Specimens (MTS) used to determine the properties 

along the transverse weld line. The aim of the paper is the development of an appropriate computer 

model based on sufficient experimental data, describing the complete welded joint and its specific zones. 

The evolution of such model is done, starting with a simple model and refining it to a complex, fully 

segmented welded joint model. This final welded joint model is implemented into ASTM E8 large size 

specimen, oriented transverse to the welded joint, and covering all specific zones of the welded joint. 

Material behaviour is simulated using the ductile damage initiation criterion. Tensile test simulation 

results show good correlation between experimental data and numerical evaluation. Simulated tensile 

specimen fracture location matches the HAZ segment with decreased strength values, most prone to 

failure. The paper demonstrates the possibility of experimental determination of stress-strain mechanical 

properties throughout the heterogeneous welded joint regions, using the MTS specimens. These results 

can then be used to create a fully segmented welded joint model for tensile testing, or some similar 

applications. 

 

Keywords: Stress-strain, welded joint heterogeneity, high strength steel, experimental methods, 

numerical analysis 
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INTRODUCTION 

In scope of fusion welded joint, several characteristic zones can be observed: base metal 

(BM), weld metal (WM) and heat affected zone (HAZ). HAZ refers to part of the base 

metal which has not undergone the melting process during the fusion welding, rather it 

was heated to an elevated temperature below the melting point, and subsequently cooled. 

Width of HAZ strongly depends on chosen welding process, welding parameters, heat 

input, welded joint geometry, number of passes etc. [1, 2]. The HAZ can be further 

divided into several characteristic segments with different microstructures and mechanical 

properties. In the past studies, significant research of fusion weld characteristic zones is 

already done [3-5]. When choosing the filler material in relation to base metal, the 

discrepancy between WM and BM mechanical properties is described by "weld strength 

mis-match" [6, 7]. 

In scope of overall welded joint, HAZ is most failure prone zone during service life. 

Because of this it is of great importance to control the overall welding process parameters 

in order to maintain HAZ width and its mechanical properties within tolerable limit. 

Heterogeneity is indicative throughout the welded joint, and can be observed in the 

microstructural and mechanical properties variations.  

Experimental investigations of high strength steel welded joints properties, as well as 

correlated numerical simulations, have previously been conducted by various researchers 

[8-12]. Investigations presented in scope of this paper are aimed to give deeper insights 

into mechanical properties of heterogeneous welded joint made from high strength steel, 

with emphasis on stress-strain behaviour. 

The challenge of finding the suitable experimental method for determination of stress-

strain characteristics of heterogeneous welded joints structure, is addressed by the 

authors. General issues relate to the selection of suitable experimental specimens that are 

able to describe mechanical properties of welded joint and certain segments of the HAZ 

[13-16]. Since such specimens must be of subsize dimensions, the problems of their 

manufacture also occur consequently. Some of the experimental methods that can be 

applied are: 

• ASTM E8 tensile subsize specimens for determination of welded joint properties 

on general scale. 

• Mini Tensile Specimens (MTS) for determination of stress-strain properties along 

the transverse weld line [6]. 

• Profilometry-based Indentation Plastometry (PIP) method for detailed stress-

strain measurement on small surface area using the special indenter equipment 

[17-19]. 

In scope of this paper, MTS specimen method is used to determine the stress-strain 

behaviour of heterogeneous welded joint structure. The test coupon of 40mm thick rolled 

plates is welded using double-V butt joint. Transverse section cut is done, and complete 

subsection volume for MTS specimens extracted. Shown in Fig. 1. 
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Fig. 1 Experimental methods for determination of stress-strain characteristics of 

heterogeneous welded joint structure: (a) welded test coupon, (b) MTS subsection volume 

with specimens and (c) X joint preparation and dimensions 

Detailed characterization of mechanical properties throughout the heterogeneous 

welded joint is extremely important for the development of a realistic welded joint model 

and the implementation of numerical analysis. Several welded joint models are created, 

starting with a simple model and refining it to a complex, fully segmented welded joint 

model. Modelling of such a complex joint, and simulating its material behaviour, is made 

possible by using the MTS method experimentally collected material data.  

Validation of segmented welded joint model is done based on the uniaxial tensile test, 

using the ASTM E8 large size flat specimen, oriented transverse to the welded joint, and 

covering all the specific zones, Fig.1. Ductile damage initiation criterion, integrated into 

ABAQUS software, is used to simulate response during the tensile test. Numerical 

simulation is giving the accurate insight into stress-strain behavior, while predicting the 

specimen damage evolution and final fracture location. Good correlation between 

experimental stress-strain and simulation results can be observed [20-25]. 
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MATERIALS AND EXPERIMENTAL METHODS 

MATERIALS AND WELDED JOINT  

The paper considers double-V butt joint (X joint) made of High Strength Steel (HSS), 

welded with filler metal having the mechanical properties selected according to base 

metal. The HSS base metal (BM) is S690QL1 fine-grained steel for structural 

applications, manufactured by quenching and tempering (QT) process, with declared yield 

strength Rp0.2 ≥ 690 MPa. Weld metal (WM) inside the joint is Mn3Ni1CrMo (ER110S-

G) and is deposited using the gas metal arc welding (GMAW) process with 1.2mm 

diameter filler wire. WM declared yield strength is Rp0.2 ≈ 800 MPa.  

Weld strength mismatch is determined using the equation: 

        (1) 

where σYW and σYB represent the yield strength of the weld metal (WM) and the yield 

strength of the base metal (BM), respectively. In this welded joint, mismatch factor M = 

1.16 which indicates the slightly over-matching (OM) weld metal [6, 7]. 

The BM plates used in X welded joint are of 40 mm thickness. The joint is welded 

using multiple passes as shown in Fig. 2. Process parameters are given in Table 1.  

 

Fig. 2 X welded joint 

Table 1 Welding process parameters 

Pass no. Location I [A] U [V] vw [cm/min] η Q [kJ/mm] 

1-3 root 195 26 28.5 0.8 0.85 

4-22 fill + cover 280 29 45 0.8 0.87 
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MTS TESTING 

The tensile properties along the transverse welded joint line are obtained using the set of 

Mini Tensile Specimens (MTS) [6]. These are basically flat sheet specimens, with 

specific dimensions L = 24 mm, A = 9 mm, B = 6 mm, C = 5 mm, and thickness T = 0.5 

mm, geometry is shown in Fig. 4. MTS are positioned in filler pass zone (MTS R1-24 and 

R25 at centerline) of X welded joint. Set is placed in transverse direction including BM, 

HAZ, and WM up to joint centerline, as shown in Fig. 1 and Fig. 3. MTS are 

manufactured using the Electrical Discharge Wire Cutting (EDWC) technology, with the 

wire diameter 0.25 mm, which also dictates the lateral distance between the test 

specimens.  

 

Fig. 3 MTS specimens positioning along the welded joint 

Using MTS specimens experimental testing method, it is possible to gain deeper 

insight into tensile properties of welded joint characteristic zones, as well as specific HAZ 

segments. Observing the specific locations from which the individual MTS specimens 

were extracted, a rough division can be made along the welded joint transverse line, 

according to characteristic zones: 

• MTS R1 - MTS R5 (BM) 

• MTS R6 - MTS R13 (HAZ) 

• MTS R14 - MTS R25 (WM) 

Engineering stress-strain curves obtained from MTS tensile tests are given in Fig. 4. It 

can be observed that the strength values are following an increasing trend from BM to 

WM. In HAZ zone, there is the continuity interruption, with peak values in locations 

MTS R11 - R13. 
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Fig. 4 MTS specimens tensile testing: (a) engineering stress-strain curves and (b) MTS 

specimen dimensions 

Local mechanical properties, along the transverse welded joint line, are shown in Fig.5. 

 

Fig. 5 Tensile properties along the transverse welded joint line 
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NUMERICAL MODELLING 

DUCTILE DAMAGE 

In order to describe the behaviour of elasto-plastic metallic materials, taking into account 

progressive damage material degradation up to failure, ductile damage model is used. The 

ductile damage initiation criterion is model for predicting the onset of damage due to 

nucleation, growth, and coalescence of voids. The typical tensile test stress-strain curve, 

with progressive damage degradation is shown in Fig. 6. Initial curve partition (0a) is 

linear-elastic part. Past the yield stress σ0, in curve partition (ab), the material undergoes 

stable plastic deformation with strain hardening effect. The point b is the initiation 

threshold of plastic instability, with damage parameter D = 0. In the failure partition (bd) 

stiffness degradation and damage evolution is present. At point d damage parameter D = 

1, and crack initiates as an indication of failure. [20]. 

 

Fig. 6 Stress-strain curve with progressive damage degradation 

The damage parameter D, governing the failure model, is defined by the equation: 

       (2) 

where  is equivalent plastic strain, and is plastic strain at failure. Damage parameter 

D is changing from 0 (non-damaged) to 1 (material failure). At arbitrary time increment 

in the analysis, the damaged stress state is given by the scalar damage equation:    

       (3) 
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where  is the effective (undamaged) stress calculated in the current increment. For the 

ductile damage initiation, the model assumes that the equivalent plastic strain at the 

damage onset  is function of stress triaxiality η and equivalent plastic strain rate : 

        (4) 
Damage evolution defines the post damage-initiation material behavior. The equivalent 

plastic displacement , after damage initiation, is defined according to equation: 

        (5) 
where L is the characteristic mesh element length. Parameter relates to elongation of 

the element from damage initiation to failure. Severely damaged elements, reaching the 

maximum degradation limit, are deleted from the model thus achieving the specimen 

geometry separation. Assuming the constant stress triaxiality and strain rate, material 

damage behavior is strongly dependant on damage initiation fracture strain parameter 

and damage evolution displacement at failure parameter [20-25]. The comparison of 

several Ductile Damage Models (DDM) is shown in Fig. 7, with parameters given in 

Table 2. 

Table 2 Ductile Damage Models parameters 

Model L [mm]   [mm] 
DDM 1 0.5 0.08 0.005 

DDM 2 0.5 0.08 0.1 

DDM 3 0.5 0.20 0.005 

DDM 4 0.5 0.20 0.1 

 

Fig. 7 Fracture surfaces of tensile specimens: (a) DDM 1, (b) DDM 2, (c) DDM 3 and (d) 

DDM 4 

It can be observed that increase in fracture strain value leads to fracture ductility with 

more prominent necking effect, and increased concavity of the fracture surface. 

Displacement at failure affects the element elongation from damage initiation to failure. 
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WELDED JOINT - MODEL EVOLUTION 

The purpose of welded joint model is to describe the overall weld behaviour in scope of 

numerical simulations application. Due to the existence of heterogeneity, localization of 

mechanical properties is extremely important for the development of a realistic welded 

joint model. The authors have investigated several Welded Joint Models (WJM) gradually 

upgrading them according to the degree of complexity, shown in Fig. 8. 

WJM 1 is basic model that includes BM + WM + BM zones. Construction of this 

model requires material properties only on general scale that can be obtained using the 

standard size specimens located in BM and All-Weld Metal (AWM). Depending on the 

mismatch of material properties, fracture will occur either in BM or WM. 

WJM 2 is an upgraded model that includes BM + HAZ + WM + HAZ + BM zones. 

General material properties of HAZ zone need to be determined, and ASTM E8 tensile 

subsize specimens are suitable for this purpose, Fig. 1. Considering the mechanical 

properties, and material mismatch, failure will occur in the weakest zone. 

WJM 3 is the final, most complex, fully segmented model that includes BM + HAZ + 

WM + HAZ + BM zones (24 + 1 + 24 = 49 segments). Using the MTS method, material 

properties are determined for specific segments, and corresponding model is constructed. 

Failure can be precisely located in most damage prone segment. This model is an 

improvement against the earlier status, giving more accurate predictions. 

 

Fig. 8 Welded Joint Models (WDM) evolution: (a) WJM 1 basic, (b) WJM 2 upgraded and 

(c) WJM 3 segmented model 
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RESULTS AND DISCUSSION 

TENSILE TESTING SIMULATION 

Finite element analysis of all tensile tests in scope of this work is done using the 

ABAQUS/Explicit. ASTM E8 tensile large size flat sheet specimens positioned in 

transverse direction to welded joint is modelled. Their dimensions are L = 200 mm, A = 

57 mm, B = 62.6 mm, C = 20 mm, W = 12.5 mm, and thickness T = 5 mm. Specimens are 

meshed using the hexahedral C3D8 element. Fine mesh is used in the whole reduced 

section volume (A x W x T), with characteristic element length of L = 0.5 mm. Selected 

mesh element size is in accordance with previous study done by Yan et al. indicating that 

0.5 mm element could not affect the accuracy of fracture simulation [22]. Bottom grip 

section of specimen is fully clamped, while top grip section is subjected to displacement, 

simulating the tensile loading conditions, Fig. 9. 

 

Fig. 9 Tensile flat sheet specimen ASTM E8 (a) FE model, (b) WJM 1 and (c) WJM 2 model 

Initial considerations and simulations address models WJM 1 and WJM 2 based on the 

material properties on general scale, with fundamental welded joint heterogeneity taken 

into consideration. Simulations were carried out with the purpose of determining the 

location of tensile specimen breakage due to the various combinations of welded joint 

material properties mismatch. Material properties can be either under-matched (UM) or 

over-matched (OM), while matched properties are not considered here and thus 

simulated. Based on the results of ASTM E8 tensile subsize specimens testing for 

determination of welded joint properties on general scale, four steel materials are 
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identified and implemented into models. Their strength and damage parameters are given 

in Table 3. 

Table 3 Strength and damage properties from ASTM E8 tensile testing on general scale 

Material Rp0.2 [MPa] Rm [MPa] 
 [mm] 

Steel 1 760 810 0.2 0.05 

Steel 2 780 835 0.09 0.005 

Steel 3 785 840 0.12 0.02 

Steel 4 800 860 0.18 0.01 

The comparison of several WJM 1 and WJM 2 models with strength mismatch and 

damage variations is shown in Fig. 10, with material variations and mismatch factors M 

given in Table 4. 

 

Fig. 10 Fracture locations for WJM 1 and WJM 2 models, based on material properties 

mismatch 
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Table 4 Mismatch material variations for WJM 1 and WJM 2 models 

Model BM    WM   HAZ       M 

WJM 1 A Steel 1 Steel 4 - 1.053 (OM) 

WJM 1 B Steel 4 Steel 2 - 0.975 (UM) 

WJM 2 A Steel 1 Steel 4 Steel 2 1.053 (OM) 

WJM 2 B Steel 2 Steel 4 Steel 1 1.026 (OM) 

WJM 2 C Steel 4 Steel 2 Steel 3  0.975 (UM) 

It can be observed that fracture of all simulated samples occurs in the material region 

with the lowest strength, corresponding to Steel 1 or 2 material. Using te WJM 1 and 

WJM 2 models, with known strength data of individual zones of the material, even at a 

general level, predictions of the critical locations where breakage will occur can be 

simulated. Damage parameters define the fracture geometry and evolution, as depicted by 

DDM models. 

After performing analyzes of simple models WJM 1 and WJM 2, the fully segmented 

welded joint model WJM 3, which describes the welded joint heterogeneity in detail, is 

integrated into tensile specimen model. Same tensile specimen geometry per ASTM E8 as 

well as numerical modeling preparation and conditions are applied. Purpose of this model 

is to accurately represent the real damage response, therefore previously determined 

material properties from MTS testing are used. Elastic modulus is experimentally 

determined for each of the 25 material segments, while Poisson’s ratio of 0.3 is used. 

Tensile specimen with WJM 3 is shown in Fig. 11. 

 

Fig. 11 Tensile specimen WJM 3 (a) FE model and (b) fully segmented welded joint model 
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Fig. 12 Tensile testing FE analysis using WJM 3 model (a) stress-strain diagram and (b) 

specimen fracture location 

WJM 3 tensile specimen failed in segment with lowest UTS value, corresponding to 

MTS R1 located in the BM zone. This is in an agreement with slightly over-matching 

WM, and local strength variations in BM. Stress-strain curve from FE analysis is 

compared with experimental curve for MTS R1 specimen. Good correlation can be 

observed, Fig. 12. Ductile damage parameters for MTS R1 specimen material are given in 

Table 5. It can be concluded that this damage model has the most similarities with DDM2 

model, resulting in similar necking behavior and fracture surface appearance, Table 2 and 

Fig. 7. 

Observing the numerically simulated damage behaviour of tensile specimen, initiation 

of ductile fracture is located at the central position of the necking region, which is 

generally expected during the experimental tensile testing. Tensile specimen behaviour is 

simulated and the corresponding steps are shown in Fig. 12. 

a) 

b) 
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Table 5 Ductile Damage parameters for transverse tensile testing of WJM 3 model 

Model L [mm]   [mm] 
MTS R1 0.5 0.065 0.068 

CONCLUSION 

The paper addresses the heterogeneity of welded joint made of HSS steel, using 

experimental methods and proposing a model for application in computer simulations. 

The primary conclusions are as follows: 

• Detailed characterization of mechanical properties throughout the heterogeneous 

welded joint is extremely important for the development of a realistic welded 

joint model. Material properties in narrow segments can be determined using the 

MTS experimental method. 

• Simple WJM 1 and WJM 2 models enable predictions of the critical locations in 

scope of welded joint where breakage will occur.  

• Evolution of welded joint models is done in order to build a model suitable for 

describing the heterogeneity of the welded joint. Finally, WJM 3 fully segmented 

model is proposed. 

• Tensile testing FEM damage simulation shows the ability of welded joint model 

to replicate the experimental response. Model is able to predict the exact fracture 

location. 

• Segmented welded joint model has potential for similar applications where it is 

necessary to describe the heterogeneity of the welded joint. 
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