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Abstract 

The mechanical properties of the region surrounding a welded area are strongly affected by the 

local metallurgical transformations during the welding process. To characterize the mechanical 

response of welds, constitutive parameters are required for the heat-affected zone (HAZ). In the 

present paper, we develop a methodology to identify the mechanical characteristics of aluminum 

welds using inverse analysis where a gap function is minimized to fit a series of experimental 

data.  A series of 6061-T6 aluminum samples were welded using GMAW. Uniaxial tensile 

specimen were cut from the welded plate and tested. The full-field strain field is measured with 

DIC using the commercial system ARAMIS 3D. The constitutive behavior of the welds is 

estimated from the local tensile stress–strain curves, by fitting a work-hardening model to the 

experimental results. The method is capable of assessing the mechanical behavior of weld and 

different locations from the weld centerline. A validation of the methodology is established by 

comparing the identified stress-strain relation with the results of the specialised finite element 

package SYSWELD. This software is capable of simulating the welding process including the 

most important thermal, metallurgical, and mechanical mechanisms during heating and cooling. 
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1.   Introduction 
 

Welding is an essential industrial process for assembling aluminum structures and components. 

During welding process, the heat source induces melting of the aluminum and the formation of a 

weld pool that subsequently cools and solidifies which results in joining the welded components. 

The main disadvantageous consequences of welding are due to the thermo-mechanical process 

such as thermal strain, microstructural transformations, stresses and distortions. The effect of the 

welding procedure on the behavior of material adjacent to the welded is of concern to designers. 

The high temperature fusion process causes metallurgical transformations adjacent to the 

weldline defined as the Heat Affected Zones (HAZ). The resulting change in the microstructure 

within the weld nugget and heat affected zones is associated with the modifications to the local 

material properties. Such variations in material properties are known to significantly reduce the 

overall mechanical response of the welded components. The proper modelling of the mechanical 

response of welds requires specific data on the variation of mechanical properties in and around 

the welds. The global strength of welded specimen depends on the distribution of the local 
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mechanical properties across the zones affected by the welding operation. It is therefore of the 

most importance to determine the local mechanical properties of different welding sub-zones in 

order to understand the global strength and ductility of a welded structure. As welding induces 

heterogeneity in the specimen, it is no longer possible to characterise the material properties by 

simple standard tensile tests. In order to characterize the material response for a 

nonhomogeneous specimen, special techniques are to be used to characterize the material 

properties across the entire domain of the HAZ. The aim of this study is to develop a technique to 

determine the mechanical property variations for different weld sub-zones within the heat-

affected zone (HAZ) using Digital Image Correlation (DIC) technique for the measurement of 

local strains. Tensile specimens were fabricated and tested as per the American Society for 

Testing of Materials (ASTM E8/E8M-11) standards guidelines. 

 

The proposed method is capable of identifying the different mechanical behavior within the 

HAZ. The global response of the welded structure can be estimated by implementing the 

identified constitutive stress-strain response in the weld region into a standard finite element 

code.  

 

 

2. Identification of constitutive Parameters 

2.1 Uniaxial tensile test 

In a uniaxial tensile experiment in heterogeneous materials, the integral of the actual longitudinal 

stress on each perpendicular cross section must correspond to the applied longitudinal load. The 

average longitudinal stress derived from the measured resultant load, ��xx(x, t), is written as:  

�����x, t� =
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                          (1) 

where �:  loading axis; w the width of the specimen, b thickness, F (t): resultant load at time t, 

σxx: longitudinal stress component. σxx is not required to be uniform within the width or thickness 

directions. In this work, the stress fields in the weld zone are calculated assuming that all weld 

positions have the same stress throughout the loading process. Therefore equation (1) will be 

simplified to the following: 

σ���x
, y
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Using the homogeneous stress assumption, the local stress–strain response of a heterogeneous 

material undergoing nominally tension loading is given by the stress–strain pairs	
#	�$�
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2.2 Constitutive model for base material and HAZ  

The base material to be characterized is the 6061-T6 Aluminum. It is assumed to have an 

isotropic elasto-plastic behaviour, which can be approximated by a Johnson-Cook model without 

damage. [1], [2], [3]. Johnson–Cook model was first proposed by Johnson and Cook in 

1983 [3] and [4]. This model is appropriate for describing the stress and strain relations of 

metallic materials under conditions of large deformation, high strain rate and temperature. The 

Johnson–Cook model [5] is purely empirical and expressed by relation for the flow stress (3). In 

case of isothermal conditions, the simplified Johnson–Cook model gives the following relation 

for the flow stress (σ). 

� = ( + )*+
,           (3) 

Where σ =Stress level, n = Strain hardening coefficient, εp is the plastic strain, ( is the yield 

stress of the material under reference deformation conditions (initial stress) (MPa), b is the strain 

hardening constant (MPa). In this study, the parameters a, b, n, σmax (maximum stress) and the 

Young modulus are defined. Figures (2) and (3) show welded full-size tensile specimens, with 

the weld centered in the gauge section and dimensions.  

 

2.3 Identification Process  

 

The problem of identifying the parameters for the constitutive law a, b, and n is formulated as a 

minimisation between the stress-strain relations obtained from DIC and the Johnson-Cook 

predictions. The identification problem can be solved as optimization study. In this case, the 

objective function is to minimize the deviation of a given cost function from a target. System 

Identification helps to move a set of responses towards their target values. The approach used in 

this study, the objective function is chosen to be the area between a reference and target stress-

strain curves. For this purpose, the gap function selected is the integral of the absolute difference 

between two curves. Several optimization methods are available such as Adaptive response 

surface method (ARSM), Genetic Algorithm, Sequential Quadratic Programming, etc. In this 

study, the adaptive response surface method was used. The identification algorithm is shown in 

figure 1(a) and implemented in the HyperStudy software to develop a model that mimics the 

performance of a given system.  

 

2.3.1 Adaptive response surface method 

 

The proposed adaptive response surface method (ARSM) was introduced to carry out 

computation intensive design optimizations [10-12]. The ARSM applies an iterative process to 

progressively improve the quadratic approximation around the minimum of a complex or 

unknown design function. The space reduction ensures the convergence of the optimization 

process for overall convex shape functions as the objective function value is forced to reduce at 

each iteration. 

 



 

 
2014 COG CINDE 

  
  

Figure 1. (a) Identification Process (b) Conceptual Illustration of the ARSM 

 

In this approach, the objective and constraint functions are approximated in terms of design 

variables using a second order polynomial. The polynomial coefficients are determined using a 

least squares fit of the functions on the actual nonlinear analysis results. The ARSM introduces a 

cutting plane, to the objective function and the part of the design space corresponding to the 

function value above plane is discarded. The ARSM is then applied again over the reduced 

design space, and produces a second fitted model, (Figure 1(b)). This second fitted model yields 

a much better approximated optimum, close to the true design optimum. By continuing this 

process, the approach locates the global optimum of the design. The response surface model is 

fitted to the data. Following this step, the value of the actual objective function at the optimum of 

the response surface is calculated through an evaluation of the computed objective function. If 

the value of the actual objective function at the response surface optimum is better than the 

values at all other experimental designs, the point is added to the set of experimental designs for 

the following iteration. After each design iteration, a cutting plane is used to reduce the design 

space. The search process terminates when the difference between the upper bound and lower 

bound for all variables becomes negligible.  

 

 

3. Experimental procedure 

 

Two 6061-T6 aluminum alloy plates are welded using a GMAW welding procedure as typically 

performed in common industrial welding. From these plates, a series of specimens with cross-

section dimensions of 4.7 mm ×12.5 mm square bars were cut for the uniaxial tensile tests. Three 

specimens were used to obtain the base material properties. A mechanical extensometer was used 

to measure the displacement data on the tested specimens. Three specimens cut from the welded 

plate were used to estimate properties in the weld zone using DIC (figure 4(d)). Three other 

welded specimens were used to record the global response of the specimens by mechanical 

extensometer (figure 4(a)). The specimens are shown in Figures 2 and 3. The gage length of the 

specimens is 80 mm. As shown in Figure 4 (b) and (c), and in order to prepare for the DIC 

measurement, the specimen is prepared by applying a thin coating of white paint and a random 

overspray of black paint [6, 7]. DIC measurements accuracy depends on the quality of the 

random high-contrast patterns of the tested specimen’s surface. Figure 4(d) shows the 

experimental setup. The working principle of DIC is based on computational algorithms that 

Creation 

 

 

Identification 

 

Extraction 
 

Results 

Job 

Submission 
Simulation 

Variant 

Model 

Results 

Parameterized model, variables, Experiment 



 

 
 2014 COG CINDE 

track the grey value patterns in digital images of the test surfaces, taken before and after the 

loading that produces surface deformations. 

 

Figure 2. (a) Specimens cut from welded plates (b) Weld Subzones 

 

The ARAMIS DIC system (GOM and Trillion Quality Systems) including two CCD cameras 

with a 510 mm object-camera distance was used to measure the displacement/strain fields on the 

specimens. Each image contains 1024×1280 pixels; grids with subsets of 15-by-15 pixels were 

used in the analysis (calibration value of 0.040 pixels was used). Focal length of each camera 

lens was 50 mm. The calibration of the system was conducted using 65 mm x 52 mm x 52 mm 

volume calibration panels. Cameras are oriented so that the maximum number of pixels is 

aligned with the direction of the strain component to be measured. At the first stage initial images 

of the unloaded specimen are acquired. Tensile loading is initiated using a displacement control 

of 0.1 mm/s. The image acquisition process is synchronized with the loading process ramp so 

that images are acquired every 1s and a total of 72 images captured during the loading process. 

Images of the tested specimen surface at different steps of deformation are captured and 

processed. 

 

 

 
Figure 3. Dimensions of welded and base material tensile specimen 

The process involves subdivision of each image into sub-regions and a displacement vector is 

calculated for each subset between each correlated successive images. The strain values are then 

calculated by numerical differentiation of the displacement values for each subset.  
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Figure 4. (a)Welded specimen during welding (b) Painted specimen during tensile testing with 

DIC (c) Weld nugget (d) DIC camera and tensile specimen during testing 

 

4. Results and discussion 

The experimental results for the identification of the base and welded material parameters are 

shown in Figures 5(a) and (b). In order to evaluate the accuracy of the proposed methodology for 

identifying the mechanical behavior within the Heat Affected Zone, the stress–strain curve 

obtained the from tensile welded specimens was plotted and compared with the results of the 

inverse analysis, evaluated from the same welds. The results obtained for the sample area 

corresponding to the weld, for all the specimens analyzed in this investigation, are shown in 

Figure 7. In Figure 5 (a) and (b), the Engineering stress-strain and load-displacement curve for 

base metal for welded specimens are compared. The strain values plotted correspond to an 

average of the strain registered for all the points located inside the investigated areas and 

calculated using Mechanical Extensometers. The two evaluation methods are in good agreement.  

 

 

Figure 5. (a) Engineering stress-strain curve for base metal and global stress-strain curve for 

welded metal (b) Load-Displacement curve for base metal and welded metal.  

 

Hardness measurements on welded tensile specimen were also taken at different distances from 

the center of the weld. The results are shown in figure 6(a) and 6(b). Figure 7 shows an image of 

the major strain distribution acquired using DIC in a tensile sample after the maximum load. 
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These results clearly demonstrate the non-uniform strain distribution across the sample and the 

occurrence of rupture in the weld, where the largest strain was registered.  
 

The constitutive behaviors of the weld regions determined using DIC are shown to be compatible 

with the overall behavior of the specimens. It is apparent that strain initially localizes in the soft 

weld nugget; and as the nugget strain hardens, yielding occurs at progressively greater distances 

from the nugget. However, minimal plastic deformation occurs in base metal that retains its 

original yield strength level because the ultimate tensile strength of the weld is only slightly 

greater than the base metal yield strength. The overall behavior is dominated by the weakest 

component of the specimen. 

  

Figure 6. (a) Total plastic strain in SYSWELD (b) hardness and subzones (Aleo 2001, 2004) 

 

 

Figure 7. Strain distribution acquired by Digital image correlation (After rupture) 

 

It has been shown that the constitutive properties of the microstructural regions within a weld can 

be deduced from a single tensile test coupled with the DIC full-field displacement technique.  

 

The primary advantages of the DIC-based technique compared to other methods of constitutive 

behavior determination in welds is that the behavior may be determined for any point in the weld 

region and no a priori knowledge of material properties is required. Mechanical properties found 

from inverse analysis are shown in table 2. The stress-strain curves associated to the different 

zones within the HAZ are shown in Figure 8.  
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Table 2. Material properties in zones 

Objective Base 

Material 

Global response 

(welded) 

Welded material-Zones 

Z1 Z2 Z3 Z3 

( E ) Young Modulus (GPa) 68.9 68900 68.9 68.9 68. 68.

(a) Yield Stress 250 164.67 125 176 19 24

(b) Strain Hardening Constant (MPa) 101 68 80 69 78 96 

(n) Strain Hardening Coefficient 0.11 0.8 0.85 0.72 0.6 0.9 

( σmax )Ultimate strength 300 198.7  200   

 

 

 

Figure 8.Stress-Strain curve for zones 1-4 

 

5. Conclusion 

A methodology is developed that allows the development of simple analytical model for material 

constitutive equations. The digital image correlation (DIC) measurement technique provides full 

field measurements from surface deformations; these measurements are used to study local 

variations of the material properties in the welded samples [6-8]. Strain maps were obtained on 

standard tensile specimens that were cut perpendicular to the weld line. Inverse analysis is 

adapted and used to obtain the material properties in the HAZ of welded aluminum plate. The 

constitutive parameters of the material law are determined by minimising the gap between 

experimental measurement and simulation results. A 3D welding model was developed using the 

commercial software SYSWELD considering thermal, metallurgical, and mechanical 

phenomenon during welding and cooling. A FEM modeling was conducted using the identified 

parameters. The results obtained from FE simulations using the identified elasto-plasticity law 

and the direct used of SYSWELD are in good agreement, suggesting that the proposed 

methodology has the potential to be extended to more complex structures. 
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