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In this study, finite element transient thermal analysis was conducted to simulate thermal 

history of S700 steel butt-welded joints with thickness of 4 mm welded using gas metal arc 

welding process. The validation of thermal analysis was investigated by comparing its results 

with laboratory measurements of thermal history using thermocouples and infrared camera. 

The accuracy of infrared camera and emissivity values were validated using thermocouples. 

Goldak’s double ellipsoid heat source model was used in the thermal analysis to simulate 

heat input caused by the welding process. The cooling process was modelled through 

convection and radiation heat loss. Both the heat source and the heat loss models were 

incorporated in Abaqus software using user’s subroutine DFLUX and SFILM. The effect of 

modelling parameters is discussed and a validation of the thermal analysis using laboratory 

measurements is reached. The results also show that infrared camera may be calibrated to 

show acceptably accurate results to be used when validating the thermal analysis.  
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SYMBOLS AND ABBREVIATIONS  

 

a Half width of heat source  [mm] 

b Depth of heat source  [mm] 

cf Length of the front ellipsoid  [mm] 

cr Length of the rear ellipsoid  [mm] 

𝑐𝐿 Specific heat in liquid state [J/kg °C] 

𝑐𝑆 Specific heat in solid state  [J/kg °C] 

𝑐𝑝 Specific heat   [J/kg °C] 

fy Nominal yield strength  [MPa] 

fu Nominal ultimate tensile strength [MPa] 

hc Convective heat transfer coefficient [W/m2°C] 

hr Radiative heat transfer coefficient [W/m2°C] 

HL Latent heat of fusion  [J/kg] 

I Welding electric current  [A] 

k Thermal conductivity  [W/m°C] 

Q Internal heat generation rate [W/m3] 

Qe Net energy input rate  [W] 

QHI Heat input   [kJ/mm] 

qf Front quadrant of heat source [W/m3] 

qr Rear quadrant of heat source [W/m3] 

T Temperature   [°C] 

t Time   [s] 

t8/5 Cooling time between 800-500°C [°C] 



TL Liquidus temperature  [°C] 

TS Solidus temperature  [°C] 

U Welding electric voltage  [V] 

𝑣 Welding speed  [mm/s] 

𝜌 Density   [kg/m3] 

𝜎 Stefan-Boltzmann’s constant [W/m2 · K-4] 

Ce Equivalent carbon content  

ff Heat fraction in front quadrant 

fr Heat fraction in rear quadrant 

Tz Absolute zero temperature   

𝜂 Heat source efficiency coefficient 

ASCE American Society of Civil Engineers 

DSC Differential Scanning Calorimetry 

DTA Differential Thermal Analysis 

FE Finite Element 

FEA Finite Element Analysis 

GA Genetic Algorithm 

GMAW Gas Metal Arc Welding 

HAZ Heat Affected Zone  

HSS High Strength Steel 

IR Infrared camera 

ISO International Organization for Standardization 

MRA Multiple Regression Analysis 

PLSRA Partial Least-Squares Regression Analysis 



SQP Sequential Quadratic Programming 

TC Thermocouple 

UHSS Ultra-High Strength Steel 

WPS Welding Procedure Specification 
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1  Introduction 

Recent research shows an added urgency for industrial processes to cut their CO2 emissions 

to mitigate the effects of climate change (IPCC, Intergovernmental panel on climate change, 

2022). While there are many ways to reduce the CO2 emissions, sustainable use of materials 

remains one of the key factors. Optimization in this regard ensures that no more material 

than needed is used.  Steel is known as a material with a very good strength-weight ratio. It 

is produced in a variety of properties and appropriate optimized design of it enables its 

sustainable use in many industries. One of these optimizing methods include using a higher 

strength steel, when possible, as it has a better strength-weight ratio than conventional mild 

steel. These high strength steels (HSSs) or even ultra-high strength steel (UHSS) have a 

ranging nominal yield strength of 700 to over 1200 MPa (SSAB, 2022). The use of HSSs of 

these yield strengths has increased significantly in recent years and their weldability has 

improved considerably. Despite this, a universal welding procedure specification (WPS) for 

welding these HSSs has not yet been developed up to this date. This leads to a degree of 

uncertainty in the workshops when welding HSS, as studies have consistently shown that 

the properties of HSS welded joints will be compromised if inadequate welding parameters 

are used (Hochhauser, et al., 2012; Maurer, et al., 2015; Hutchinson, et al., 2015; Amraei, et 

al., 2016; Skriko, et al., 2017; Liu, et al., 2018; Guo, et al., 2018; Sun, et al., 2018; Chung, 

et al., 2020; Ran, et al., 2021). 

To cope with this uncertainty, some standards use reduction coefficients which in some cases 

might lower the design strength of the weld considerably (EN 1993-1-8, 2005; EN 1993-1-

12, 2007). This in turn diminishes the advantages of HSS when compared to mild steels. 

HSS used as a replacement for mild steels can contribute to a reduction in material 

consumption thus directly affecting the CO2 emissions caused during steel production 

(Havula, et al., 2018). This will manifest in a decrease in total purchasing cost as well, as 

less material will be sufficient to withstand the design loads. Therefore, there is a reasonable 

motivation to research welding of these steels and investigating the weld joints behavior. 
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The research areas for improving the weldability of high strength steel are focused on the 

welded joint material properties such as strength, ductility, bending resistance, toughness, 

fatigue properties, microstructure changes etc. Despite on-going research efforts, the current 

standards are not yet updated to include design rules for steels with higher grade than 700 

MPa (Su, et al., 2021, p. 9).  

1.1  Background information 

The HSS welding research is comprised of investigating different welding parameters and 

their effect on the properties of the welded joint. While there are several welding processes, 

gas metal arc welding (GMAW) process is typically the most popular, as it can be used for 

a wide range of joint geometries and can easily be adapted to highly automated and robotized 

processes, while maintaining high efficiency (Cheng, et al., 2021, p. 2). Welding HSS using 

GMAW process results in a fusion weld between the two plates. This fusion is caused from 

the high heat which melts the plates and the consumable wire simultaneously, resulting in a 

weld formation between the plates. The weld has different material properties when 

compared to the parent metals joined, due to the material having been melt and mixed with 

the consumable filler material. The weld then cools down rapidly and this itself also causes 

modification on the material properties of the weld. The region of the plates which has been 

affected by the heat caused from the welding process, although has not melted, is known as 

heat affected zone (HAZ). The two subjects, the weld zone and the HAZ, may have material 

properties which are significantly different from the base (parent) metals. These properties 

vary based on material composition, weld geometry and welding parameters used which 

affect the heat treatment and cooling rate that occurs as a result of welding. Significant 

microstructure change is observed to occur as steel will cool down from 800 °C to 500 °C, 

also known as cooling time t8/5 (Pirinen, 2013, p. 31).  

 

If inadequate welding parameters and techniques are used, it can lead to the HSS weld joints 

having a much lower strength resistance for example than the parent metal, therefore 

compromising the quality and the material properties of the joint. As such, HSS welding 

research is directly related to developing welding parameters in a way that corresponds to a 

HSS welded joint with minimum degradation of properties, when compared to base metal. 
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To understand better how welding parameters are affecting the properties of the welded 

joints, extensive laboratory experiments must be performed. This includes collecting data 

from the welding parameters, welding cooling times, analysis of microstructure change and 

non-destructive and destructive testing of welded joints. Studies have shown that knowing 

the cooling time t8/5, one may be able to somewhat predict the microstructure change and 

thus the alteration in the material properties of the weld (Pirinen, 2013).  

 

While thorough research will increase the accuracy of these predictions, it could be worth 

incorporating finite-element (FE) analysis as an aiding tool in widening the capabilities of 

the research work. For example, laboratory measurements of welding cooling times may be 

labour intensive, in a way that it requires accurate placement of thermocouples in the HAZ 

(e.g. fine grained HAZ, coarse grained HAZ, fusion line, etc). In the event of multiple weld 

passes, correct placement of thermocouples is even more challenging, as one may need 

accurate cooling time measurements for each welding pass separately. The placement of the 

thermocouples can be verified after the welding is done if a cross section cut is taken at the 

place of the thermocouple and analysed in the microscope. If the thermocouple was 

misplaced, it could be so that the cooling time t8/5 measured may not be directly used to draw 

a comparison between it and the properties of the weld. In other situations, e.g. when welding 

real structures, installing thermocouples near the weld and HAZ may not always be possible. 

Based on this, using FE thermal analysis could prove helpful in aiding researchers to more 

efficiently study the effect of the welding parameters and cooling times on the properties of 

the HSS welded joints. Figure 1 illustrates the key issues on HSS welding research, while 

highlighting the issues in which this research is focused. 
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Figure 1. HSS welding research issues and key issues focused on this research (marked in 

yellow).  

 

1.2  Previous research and literature review 

Several comprehensive research works describing FE-analysis of welds have already been 

published. These include thermal, mechanical and microstructure analysis. The challenges 

of simulating welds using FE method include modelling the geometry, assigning accurate 

material properties to the model, modelling the weld as a heat source and modelling the heat 

loss. To validate the accuracy of the simulation, the results must be compared with laboratory 

measurements.  

 

Modelling the heat source accurately is considered vital for the results in thermal, 

mechanical and microstructure analysis to be realistic. Rosenthal was one of the first to 

propose an equation which would model the heat caused by welding as a heat point source 

(Rosenthal, 1941). Further research resulted in an improved weld pool shape model using a 

Gaussian heat source (Pavelic, et al., 1969; Eagar & Tsai, 1983). The increase in computing 

power and further research on FE modelling of welds made it possible for new and improved 
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methods of modelling heat source, namely, volumetric heat sources were proposed. Goldak 

suggested modelling the heat caused by the weld as a double ellipsoid heat source and 

calibrate its parameters through laboratory measurement (Goldak, et al., 1984). A conical 

heat source was later suggested for modelling plasma arc welding in FE analysis (Wu, et al., 

2006). While volumetric heat source types increase the accuracy of the modelled heat caused 

by welding, it is worth mentioning that determining their parameters and their relation to the 

actual weld is not a straightforward task (Farias, et al., 2021, p. 2). 

 

Many research papers have been published where the use of Goldak’s double ellipsoid heat 

source to model welding has yielded acceptably accurate results when compared to 

laboratory measurements (Nuraini, et al., 2013; Bhatti, et al., 2015; Dong, et al., 2017; Feli, 

et al., 2017; Ghafouri, et al., 2022). Considering that the heat in the weld pool is both 

conducted and convected due to the fluid flow (Lindgren, 2006, p. 14), it is suggested to take 

this into account in the thermal analysis by increasing the thermal conductivity of steel at 

high temperatures (Andersson, 1978; Leung & Pick., 1986). In situations of solid state 

transformations, latent heat is also important (Lindgren, 2006, p.14). If very accurate results 

are expected from FE-analysis of welds, one must consider that steel’s behavior is affected 

by current temperature and current microstructure (Lindgren, 2006, p. 15).  Taking both into 

account will require significant laboratory tests and computational time.  

 

Several research works published validate the thermal analysis using temperature 

measurements obtained in laboratory (typically through thermocouples) by modifying the 

heat source parameters so that they result in similar temperatures (Joshi, et al., 2013; Chen, 

et al., 2014; Ghafouri, et al., 2020; Farias, et al., 2021). At the same time, in many research 

works, the macrograph of the weld geometry (where base metal, HAZ and molten pool is 

clearly identifiable) has been used to aid in the validation of the thermal analysis (Ghafouri, 

et al., 2020; Moslemi, et al., 2022). If residual stresses are of interest, then it is recommended 

to also update the FE-model with relevant non-destructive and destructive test results 

obtained from laboratory experiments (e.g. measured stress-strain data) (Rikken, et al., 

2018). It appears that many of the published papers validate the FE analysis using a trial and 

error approach, by modifying parameters of heat source and heat loss so that they correspond 
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closely to those measured in the laboratory (Gao, et al., 2017; Jiang, et al., 2018; Moslemi, 

et al., 2022). 

It is worth mentioning that some researchers have studied the possibility of optimizing the 

computational process of modelling accurate heat input by incorporating multiple regression 

analysis (MRA) and partial least-squares regression analysis (PLSRA). Using the MRA, 

seeking the relation between a dependent variable (e.g. shape of the weld) and independent 

variables (e.g. Goldak’s double ellipsoid parameters) did not always yield consistent results 

(Jia, et al., 2014). The same study then also used the PLSRA, a method known to reduce the 

variables by combining features from the principal component analysis and MRA, using a 

natural logarithm model. In this study, a more consistent relation between Goldak’s heat 

source parameters and weld pool shape characteristics was found (Jia, et al., 2014). One 

study aimed to predict Goldak’s parameters using a neural-network Levenberg-Marquardt 

algorithm (Fu, et al., 2015). Another work published used genetic algorithm (GA) combined 

with sequential quadratic programming (SQP) to predict the Goldak’s parameters (Belitzki, 

et al., 2016). Other recent studies have been published also with the aim to optimize the 

process of finding weld parameters for thermal analysis (Moghaddam, et al., 2016; García-

García, et al., 2016; Las-Casas, et al., 2018; Farias, et al., 2021). While the results of these 

studies show significant accuracy in predicting heat source parameters, they are 

understandably limited on specific material types, weld geometries and weld processes.  

 

The literature review conducted shows that validating FE-modelling of welds is needed for 

each geometry and material type and using literature parameters only may not generate 

accurate results.  
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2   Objective and limitations 

The objective of this research is to verify whether accurate results of finite-element thermal 

analysis could be achieved through-out any location in the HAZ if laboratory measurements 

are used as a guide to validate the simulation. Several studies published recently have shown 

that accurate thermal analysis results can be obtained when compared to values measured 

with thermocouples (Joshi, et al., 2013; Chen, et al., 2014; Gao, et al., 2017; Jiang, et al., 

2018; Ghafouri, et al., 2020; Farias, et al., 2021; Moslemi, et al., 2022), however, infrared 

camera was typically not used for comparison. While thermocouples are known to give 

accurate results of the measured temperature, the same cannot be said about infrared camera. 

This is due to the varying emissivity of the steel’s surface, which heavily affects the 

interpretation of the infrared camera’s measurements. Since infrared camera captures 

temperature changes in a wide area, as opposed to thermocouples which would measure 

temperature only from a certain point, it increases the capacity for validating the simulated 

model. The aim was to ensure reliable measurements of the infrared camera and validating 

them using thermocouples.  

 

Another challenge when validating FE thermal analysis using laboratory measurements is 

finding the link between the welding parameters and the parameters used in the simulation. 

Such link would make it easier to validate simulations if welding parameters would be 

altered (e.g. plates with same geometry may be welded using different heat inputs). 

Literature review shows that validating the heat source alone for example can take significant 

computational time, since there is not always a clear link defined between the parameters 

which define the heat source. 

 

The hypothesis was that if results from the simulation of the thermal analysis are similar as 

those measured in the laboratory (either by thermocouples or infrared camera) for the used 

welding parameters, then one could trust the simulation to hold true in predicting accurate 

cooling times also in other regions where real laboratory measurements were not taken. In 

practise, this research seeks to find answer to the question if expanded laboratory 
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measurements (through infrared camera) could suffice to produce a reliable finite-element 

thermal analysis where cooling time of any region in the HAZ would be accurate enough. 

As such, this work is limited to FE thermal analysis only, and does not consider the 

mechanical and microstructure FE analysis of the welds. 

 

This research was limited to a specific weld geometry and welding process. The weld 

geometry chosen to be studied was V-groove butt-welded joint with nominal thickness of 4 

mm. The welds were done using GMAW process conducted by an automatic robotic welding 

machine. The main welding parameters (e.g. current, voltage, welding speed) were recording 

during the welding process. Cooling times t8/5 were measured using thermocouples and 

thermal camera. An approximation of the same weld geometry was modelled in Abaqus 

software for finite-element thermal analysis. Abaqus user subroutine capabilities were then 

utilized and a user’s subroutine DFLUX code was created which aimed to facilitate the 

incorporation of the welding parameters in the thermal simulation. After this, the aim was to 

compare and validate the measured and simulated cooling times t8/5. The framework of this 

research is shown in Figure 1. Suggestions on how the results of this study can be used are 

offered, based on the conclusion achieved after the comparison between the measured and 

simulated cooling times t8/5.  
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Figure 1. Research framework. 
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3  Cooling time t8/5 measurements in laboratory 

Welding experiments and cooling time measurements were done in mechanical engineering 

laboratory of Häme University of Applied Sciences (HAMK). Robotised GMAW was used 

to weld the samples while thermocouples and infrared camera were used to simultaneously 

collect cooling time data. 

3.1  Welding setup 

Steel plates with nominal thickness of 4 mm and nominal yield strength of 700 MPa were 

welded using a V-type butt-welded joint. Dimensions of plates were 400 mm in length and 

200 mm in width. These dimensions are suggested when welding steel samples and 

analysing the effect of the welding parameters on the weld properties, as this size would 

allow the researcher to cut several test specimens from the same welded plate (shown in 

Figure 3, adapted from ISO15614-1). Welding shorter plates would reduce material use and 

running FE-analysis with smaller geometries would reduce the post-processing time, 

however, this would not correspond to same behaviour of steel, as recent research also 

confirms that short welds and long welds will have a different effect on the cooling time t8/5, 

even when same welding parameters are used (Ghafouri, et al., 2022, p. 17).  

 

Figure 3. Dimensions of welded specimens, adapted from (SFS-EN ISO 15614-1, 2017, pp. 

10-15). 
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The steel plates were cut using a water-jet cutting machine, to minimize unwanted heat 

treatment prior to welding. 

Samples were welded with GMAW process using Kemppi’s WFX300 welding machine, 

connected to a robotic arm. Mison 18 (containing 82% Argon and 18% CO2) was used as a 

shielding gas. Relevant welding parameters (current, voltage, welding speed, etc) were 

recorded in real-time. Cooling times were recorded using thermocouples and infrared 

camera. Welding setup can be seen in Figure 4. 

 

Figure 4. Welding setup. 

 

Table 1 shows the welding parameters used to weld the samples. The heat input caused by 

the welding parameters can be calculated using formula below (EN 1011-2, 2001, p. 42): 

𝑄𝐻𝐼 =
𝜂×𝐼×𝑈

𝑣×1000
     (1) 

where 𝜂 represents the heat source efficiency of the welding process estimated at 0.70 for 

GMAW and I [A] and U [V] represent the welding current and voltage, respectively and 𝑣 

represents the welding speed [mm/sec]. 
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Table 1. Welding parameters used  

Name 

ID 

Weld 

position 

Size of 

filler 

material 

Current Voltage 
Wire feed 

speed 

Travel 

speed  

Heat 

input QHI 

  [mm] [A] [V] [m/min] [mm/s] [kJ/mm] 

Butt-welded 

joint_4mm_

S700 

Flat - PA 1,2 133 20 4,1 4,5 0,41 

 

3.2  Cooling time measurements using thermocouples 

While samples were welded, real-time temperature measurements were taken using 

thermocouples type k with a wire diameter of 0,8 mm which measures up to 1350 oC. Seven 

thermocouples were spot welded at the centre of the bottom of the plate at a distance from 

the fusion line of 3 mm, 5 mm, 7 mm, 9 mm, 13 mm, 15 mm and 16 mm (as illustrated in 

Figure 5). 

 

Figure 5. Thermocouples spot welded at the bottom of the plate (left) and their location from 

the fusion line (right, drawing is not in scale). 
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3.3  Cooling time measurements using infrared camera 

An infrared camera (model FLIR A315, max. temperature 1200 oC) was used to record 

surface temperatures during welding. While having the advantage of recording temperature 

from a wide range of the surface, it is known that infrared camera relies on correct values of 

emissivity for reliable and accurate interpretation of measured results (Bernard, et al., 2013, 

p. 2). Therefore, tests were conducted to determine a way of measuring, which would yield 

acceptable results. 

3.3.1  Emissivity issues and reliability improvements 

Infrared camera has the advantage of being able to take contactless measurements, through 

detecting energies emitted (radiated) from the body. However, not all bodies have good 

emissivity properties. A black body is known as being able to emit 100% of infrared energy 

and thus has the emissivity of 1. Other bodies have lower emissivity, between 0-1 (Bernard, 

et al., 2013, p. 2). Thus, the emissivity of the plates to be welded had to be determined. For 

this, thermocouples were used simultaneously with thermal camera during welding, so that 

measured temperatures could be compared, when emissivity value was varied. The effect of 

environment factors was limited by placing the infrared camera inside a covered box just 

under the steel plates to be welded (example shown in Figure 4 above). This resulted in more 

consistent measurement results. Thermocouples were used to validate the measurements 

with results shown later in this document.  
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4  Finite-element thermal analysis of welding cooling time 

The scope of this study is limited to using temperature measurements in laboratory (through 

thermocouples and infrared camera) and macrograph images of the weld and HAZ as a guide 

to model a finite-element thermal analysis which would result in accurate cooling time 

predictions. Accuracy being a relative term, is defined here as results of cooling time t8/5 

generated from thermal analysis do not vary more than ± 2 seconds when compared to 

laboratory measurements. Such variation is not expected to cause significant changes in 

microstructure. Since the simulation is only concerned with cooling time t8/5, residual 

stresses and distortions caused by the welding heat were neglected in this work. This 

significantly decreased the post-processing time required from the FE analysis. This 

simplification also meant that the major challenges this work would face would be limited 

to modelling accurately the heat input and its movement, assigning accurate material 

properties to the model and modelling heat loss.  

 

Temperature dependant material properties were obtained from literature. Goldak’s double 

ellipsoid heat source was modelled using user’s subroutine DFLUX code in Abaqus. The 

cooling process was guided through convection and radiation heat loss parameters. All 

relevant parameters were modified so that the results from the thermal analysis would 

correspond better to those measured in the laboratory. The framework of the thermal analysis 

is shown in Figure 6. 
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Figure 6. Framework of the thermal analysis. 

4.1  Modelling of geometry and meshing in Abaqus 

Literature review showed that Abaqus FE analysis software is widely used in conducting FE 

thermal analysis of welds and that following laboratory measurements as a guide to calibrate 

the simulation leads to acceptably accurate results (Ghafouri, et al., 2022). While there are 

several other FE-software well capable of conducting accurate thermal analysis, Abaqus was 

the one chosen in this work and the modelling was done following its user’s manual (Abaqus/ 

CAE, 2020). The model of the geometry was created through the “Part Module” where 
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modelling space was chosen as 3D, type as deformable and base features chosen as solid 

shape through extrusion. The dimensions were added in meters unit, so that initially a single 

plate with dimensions of 400 mm in length, 400 mm in width and 4 mm in thickness was 

created with the weld crown and weld root running along its centre line (Figure 7). The 

microscopic image of the weld joint was used when approximating the dimensions of the 

weld. 

 

Figure 7. The modelling starts initially as a single plate. 

 

Partitions were added using “Assembly Module” so that a more regular mesh could be 

created. The partitions were added at the weld line and at the HAZ, as shown in Figure 8. 

 

Figure 8. Partitions created at the weld location and at HAZ. 
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Using the “Mesh Module” the seed edges of the mesh were defined with smaller sized 

elements focused at the weld joint (Figure 9). The smallest elements were 2 × 0.5 × 0.8 mm 

in length, width and height, respectively. While accurate cooling time results were obtained 

using larger elements as well with size 2 × 1 × 1 mm, having a possibility to check the 

temperature history at every 0.5 mm distance from the fusion line was favoured.  

 

 

Figure 9. A total of 10600 elements were used with smallest element sizes being located at 

the weld joint. 

4.1.1  Mesh type 

Once the mesh has been created, an element type must be assigned to the mesh. Due to the 

interest in the thermal history only, the elements were put in the “Family” of Heat Transfer. 

Furthermore, a linear geometric order was chosen (DC3D8) which forces the elements to 

behave as if having 8 nodes (Figure 10, left). Quadratic geometric order (Figure 11, right) 

would naturally result in higher accuracy of the results, however, due to the nature of the 

investigation, the 8-node linear heat transfer brick elements yielded acceptably accurate 

results in thermal history. The quadratic geometric order also significantly increases the 

computational time required for processing the FE analysis.  
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Figure 10. Element types assigned as linear DC3D8 (left). Quadratic geometric order (right) 

increases the accuracy of the results at the expense of longer computational time. 

4.2  Material properties 

The subject of the thermal simulation was taken S700 MC Plus steel produced by SSAB. 

The steel plates were welded using ESAB OK AristoRod 13.29 welding wire with a diameter 

of 1.2 mm. The materials’ chemical compositions are shown in Table 2 and mechanical 

properties are shown in Table 3 (Ghafouri, et al., 2022).  

 

Table 2. Chemical composition of steel S700 MC Plus and welding wire ESAB OK 

AristoRod 13.29 (as weight %) (Ghafouri, et al., 2022). 

Material 

type 
C Si Mn P S Al Ti Cr Ni Mo Nb V 

S700 MC 

Plus 
0.12 0.25 2.10 0.02 0.01 0.015 0.15 - - - 0.09 0.2 

ESAB OK 

Aristorod 

13.29 

0.089 0.53 1.54 - - - - 0.26 1.23 0.24 - - 
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Table 3. Nominal mechanical properties of steel S700 MC Plus and welding wire ESAB OK 

AristoRod 13.29 (Ghafouri, et al., 2022). 

Material type 
Yield strength 

fy 

Ultimate tensile strength 

fu 
Elongation 

 [MPa] [MPa] [%] 

S700 MC Plus 700 750-950 13 

ESAB OK 

Aristorod 13.29 
700 800 19 

 

Thermal analysis was run based on the principle of Fourier’s law of heat conduction and law 

of energy conservation using temperature-dependant material properties, as shown in 

equation below (Bhatti, et al., 2015),  

𝑐𝑝𝜌
𝜕𝑇

𝜕𝑡
= 𝑘 (

𝜕2𝑇

𝜕𝑥2) + 𝑘 (
𝜕2𝑇

𝜕𝑦2) + 𝑘 (
𝜕2𝑇

𝜕𝑧2) + 𝑄    (2) 

where 𝑐𝑝 is specific heat (J/kg °C), 𝜌 is density (kg/m3), T is temperature (°C), t is time (s), 

Q is internal heat generation rate (W/m3) and k is the thermal conductivity of the material 

(W/m°C). 

Since this research was concerned with thermal analysis and cooling times t8/5, the main 

material properties which affect the thermal simulation (also as shown in Eq. 2) are thermal 

conductivity, density, specific heat and latent heat.  Values assigned to these properties were 

added in Abaqus model through the “Property Module” (Figure 11). 

 

Figure 11. Temperature dependant material properties added in Abaqus. 
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Material properties used in this work were obtained from literature review. On some 

occasions these properties were modified so that the accuracy of the thermal analysis would 

be increased. This modification was based on the results obtained and as such is shown later 

in this document.  

4.2.1  Thermal conductivity  

Thermal conductivity k (W/m °C) is known as material’s ability to transfer heat. The higher 

the thermal conductivity is, the faster the material can transfer heat to the surrounding 

particles. Using JMat Pro software, a study published by Bhatti identified thermal 

conductivity of different structural steel types as a function of temperature, as shown in 

Figure 12. (Bhatti, et al., 2015) 

 

Figure 12. Thermal conductivity of different steel grades (S355, S700 and S960) as a 

function of temperature (Bhatti, et al., 2015).  

 

A recent study suggests a predictive equation based on experimental results, for defining 

thermal conductivity, results of which can be seen in Figure 13, as compared to experimental 

data (Xing, et al., 2021). 
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Figure 13. Recent study suggests an equation to predict thermal conductivity of different 

steel types (green line) and compares it with laboratory measurements (Xing, et al., 2021).  

 

As temperatures get higher during welding, the heat in the weld pool is both conducted and 

convected due to the fluid flow (Lindgren, 2006, p. 14). To model more accurately the 

thermal conductivity during this stage, it is suggested to artificially increase the thermal 

conductivity of steel at high temperatures (Andersson, 1978; Leung & Pick., 1986) (Deng & 

Murakawa, 2006). In another recent study, the thermal conductivity at temperatures higher 

than 1450 °C for steel S700 was increased significantly, when compared to the value in the 

room temperature, as shown in Figure 14, and this modification yielded in acceptably 

accurate thermal analysis results (Ghafouri, et al., 2022).  

 

Figure 14. Thermal conductivity of S700 steel modelled as a much higher value in high 

temperatures (represented in green line). Density was considered as weakly dependent on 

temperature, while specific heat varied more at the temperature range of 400-900 °C. 

(Ghafouri, et al., 2022, p. 4). 
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Based on the conducted literature review, thermal conductivity, specific heat and density 

values used for thermal analysis in this work were taken as shown in Figure 14 above. It is 

worth mentioning that for the thermal analysis, the material was considered as isotropic.  

4.2.2  Density 

In thermal analysis aspect, studies suggest that density 𝜌 (kg/m3) may be taken as 

temperature independent as its variation through the welding temperature history does not 

cause significant impacts in the results (Bhatti, et al., 2015, p. 3; Xing, et al., 2021, p. 4).  In 

this work, temperature-dependant density values were taken as suggested by Ghafouri, in 

Figure 14 above. 

4.2.3  Specific heat 

Specific heat 𝑐𝑝 (J/kg °C) known as the amount of heat required to raise the temperature by 

1 °C, has significant importance in the FE thermal analysis (Bhatti, et al., 2015, p. 11). 

Specific heat capacity values are recommended by Bhatti and the research reports that there 

was no significant difference in values between different grades of steel considered (S355, 

S700 and S960), as shown in Figure 15 (Bhatti, et al., 2015, p. 4). Ghafouri’s recent research 

reports that accurate thermal analysis was achieved when these parameters were used 

(Ghafouri, et al., 2022). 

 

Figure 15. Specific heat as a function of temperature for steel grades S355, S700 and S960 

(Bhatti, et al., 2015, p. 4). 
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Xing reports that Eurocode 3 and ASCE can be used to predict specific heat only up to 600 

°C, however, adds that significant deviation in specific heat occurs at higher temperatures 

due to phase transition (Xing, et al., 2021, p. 8). The same research suggests equations for 

accurately defining specific heat of certain HSS materials and reports differences in specific 

heat between steel grades, as shown in Figure 16.  

 

Figure 16. Specific heat proposed for different steels (Q355, Q460, Q500, Q620, Q690, 

Q890 and Q960) (Xing, et al., 2021, p. 8). 

 

Considering that specific heat plays an important role in thermal analysis, this research 

considered both suggestions (Figure 15 and Figure 16) in the thermal analysis.   

4.2.4  Latent heat 

Latent heat can be defined as the energy required for an object to change phase, for example, 

as water is approaching boiling point, its temperature will not exceed that of 100 °C, even 

though external heat would be increasing. This is due to the energy that the phase change 

requires. In case of welding steel, there are two transformations where latent heat is relevant 

for the thermal analysis, namely the solid-state austenitic transformation known as latent 

heat of transformation and the solid-liquid transformation known as the heat of fusion 

(Ghafouri, 2018, p. 62). Studies show that latent heat plays an important role in FE-thermal 

analysis (Han & Liou, 2004; Kubiak & Piekarska, 2016). 
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Lee’s study (Lee & Lee, 2009, p. 1) reminds that latent heat during a phase transformation 

can be measured using differential scanning calorimetry (DSC) and differential thermal 

analysis (DTA), or it can be calculated using Thermo-Calc software (Thermo-Calc, 2009). 

The experimental methods mentioned above (DSC and DTA) may not be suitable in case of 

martensitic transformation, due to the very rapid cooling (Lee & Lee, 2009, p. 1) while 

another study also reported acceptable results when Thermo-Calc software is used for 

defining latent heats for different steel grades (Kalup, et al., 2014) 

In several studies, the effect of solidification of weld pool in the thermal analysis was 

modelled by using the calculated latent heat of fusion (Deng & Murakawa, 2006; Kubiak & 

Piekarska, 2016; Ghafouri, et al., 2022). The latent heat of fusion may be obtained from the 

equation below for calculating the change in the specific heat in the area where both melting 

and solidification occurs (known as the mushy zone) (Ghafouri, 2018, p. 62): 

𝑐𝑝(𝑇) = {

𝑐𝑆
𝑐𝑆+𝑐𝐿

2
+

𝐻𝐿

𝑇𝐿−𝑇𝑆

𝑐𝐿

          
𝑇 < 𝑇𝑆

𝑇𝑆 ≤ T ≤
𝑇 > 𝑇𝐿

  𝑇𝐿      (3) 

where 𝑐𝑝 is the specific heat, 𝑐𝑆 is the specific heat in solid state, 𝑐𝐿 is the specific heat in 

liquid state, 𝐻𝐿 is the latent heat of fusion, 𝑇𝑆 is the solidus temperature and 𝑇𝐿 is the liquidus 

temperature.   

While 𝑇𝑆 and 𝑇𝐿 can be determined through experimental measurements, there are equations 

proposed to calculate them as well, if chemical composition of the steel is known (Ghafouri, 

2018, p. 63). The solidus temperature 𝑇𝑆 is reported to be dependent on the carbon content 

of steel and can be obtained using the equation below (Qian, et al., 2012, p. 2): 

𝑇𝑆 = {
1534 − 410 × 𝐶𝑒

1534 − 184 × 𝐶𝑒

1493

          

𝐶𝑒 < 0,1%
𝐶𝑒 > 0,2%

0.1% < 𝐶𝑒 < 0,2%
     (4) 

where knowing the chemical composition of steel,  𝐶𝑒 can be obtained as follows. 

 (5) 

The liquidus temperature 𝑇𝐿 may be obtained using equation below (Gryc, et al., 2014, p. 4). 
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𝑇𝐿 = 1536 − 65(𝐶%) − 8(𝑆𝑖%) − 5(𝑀𝑛%) − 30(𝑃%) − 25(𝑆%) − 1.7(𝐴𝑙%) − 5(𝐶𝑢%) − 1.5(𝐶𝑟%) −

4(𝑁𝑖%) − 2(𝑉%) − 7(𝑁𝑏%) − 14(𝑇𝑖%)     (6) 

Using the equations above, the latent heat of fusion, the solidus and the liquidus temperature 

have been calculated as shown in Table 4. The values calculated are in line with those 

published by Ghafouri’s research which reports accurate thermal analysis of S700 steel 

(Ghafouri, et al., 2022).  

 

Table 4. Calculated latent heat of fusion, solidus and liquidus temperature  

Material type 
Latent heat of fusion 

𝐻𝐿  

Solidus temperature 

𝑇𝑆 

Liquidus temperature 

𝑇𝐿  

 [J/kg] °C °C 

S700 MC Plus 270 × 103 1430 1480 

 

4.3  Definition of steps and incrementation 

The thermal simulation was conducted in two steps, where step one was used to simulate the 

welding process and step two for simulating the cooling process. The incrementation used 

for both steps can be seen in Figure 17 below. 

 

Figure 17. Welding and cooling step created from the “Step Module” and incrementation 

defined.  
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4.4  Heat load and boundary conditions 

Literature review reports satisfactory results when using Goldak’s double ellipsoid heat 

source (Goldak, et al., 1984) to simulate the heat caused from GMAW, as long as laboratory 

measurements are used to calibrate the heat source parameters (Nuraini, et al., 2013; Bhatti, 

et al., 2015; Dong, et al., 2017; Feli, et al., 2017; Ghafouri, et al., 2022). Due to the interest 

in thermal histories only, the boundary conditions were not defined but a predefined field 

was created assigning every element a starting temperature of 21°C. 

4.4.1  Goldak’s double ellipsoidal model 

The proposed double ellipsoidal model from Goldak (shown in Figure 18) enables the 

geometry of the heat source to be customized by modifying its parameters (Goldak, et al., 

1984).  

 

Figure 18. Goldak’s double ellipsoidal geometry and its parameters, modified from Farias 

(Farias, et al., 2021). 

 

Goldak’s double ellipsoidal heat source includes two energetical parameters (front quadrant 

𝑞𝑓 and rear quadrant of the heat source 𝑞𝑟) and four geometrical parameters which define 

the size and shape of the ellipses (a, b, cr, cf). Distributing the heat flux through the front and 

rear quadrant this way resembles heat distribution of arc welding (Mokrov, et al., 2019). The 
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distribution of the heat flux in the front quadrant 𝑞𝑓 can be expressed mathematically using 

equation below (Goldak, et al., 1984, p. 4): 

𝑞𝑓(𝑥, 𝑦, 𝑧, 𝑡) =
6√3𝑓𝑓𝑄𝑒

𝑎𝑏𝑐𝑓𝜋√𝜋
× 𝑒

−3
𝑥2

𝑎2 × 𝑒
−3

𝑦2

𝑏2 × 𝑒
−3

[(𝑧+𝑣(𝜏−𝑡)]2

𝑐𝑓
2

  (7) 

where 𝑓𝑓 represents the fraction of the heat deposited in the front quadrant, Qe is the net 

energy input rate calculated using equation below, 𝑣 is the welding travel speed and 𝜏 

represents the lag factor defining the position of the heat source at time t.  

𝑄𝑒 = 𝜂 × I × U     (8) 

In a similar way, the distribution of the heat flux in the rear quadrant can be expressed using 

the following equation (Goldak, et al., 1984, p. 4): 

𝑞𝑟(𝑥, 𝑦, 𝑧, 𝑡) =
6√3𝑓𝑟𝑄𝑒

𝑎𝑏𝑐𝑟𝜋√𝜋
× 𝑒

−3
𝑥2

𝑎2 × 𝑒
−3

𝑦2

𝑏2 × 𝑒
−3

[(𝑧+𝜗(𝜏−𝑡)]2

𝑐𝑟
2   (9) 

where 𝑓𝑟 defines the fraction of the heat deposited in the rear quadrant. 

Assuming a continuous volume of the heat source, the following equations describing the 

relation between 𝑓𝑓 and 𝑓𝑟 hold true (Lundbäck, 2003, p. 24). 

𝑓𝑓

𝑐𝑓
=

𝑓𝑟

𝑐𝑟
      (10) 

𝑓𝑓 + 𝑓𝑟 = 2      (11) 

𝑓𝑓 =
2𝑐𝑓

𝑐𝑓+𝑐𝑟
      (12) 

𝑓𝑟 =
2𝑐𝑟

𝑐𝑟+𝑐𝑓
      (13) 

Literature review shows that it is common to calibrate the heat source parameters using 

temperature measurements obtained in laboratory (Joshi, et al., 2013; Chen, et al., 2014; 

Ghafouri, et al., 2020; Farias, et al., 2021) or/and using the microscopic photograph of the 

actual weld as a guide to generate a similar weld from the thermal analysis (Ghafouri, et al., 

2020; Moslemi, et al., 2022). Several researchers use the trial and error approach when 

calibrating the heat source parameters (Gao, et al., 2017; Jiang, et al., 2018; Moslemi, et al., 

2022). Recent research suggests that it is difficult to find a direct relation between heat source 
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parameters used in FE model and actual weld parameters measured in laboratory as these do 

not always show a clear correlation (Farias, et al., 2021).  

 

In this work trial and error approach was used to calibrate heat source parameters so that 

they would correlate well with the thermal history measured in the laboratory (through 

thermocouples and infrared camera) and microscopic photograph of the weld. The 

parameters for modelling the heat source which best reflected the measurements in the 

laboratory are shown in Table 5. 

 

Table 5. Goldak’s heat source parameters incorporated in Abaqus user’s subroutine DFLUX 

a b cf cr ff fr 

[m] [m] [m] [m] [m] [m] 

 

0.0035 0.005 0.003 0.009 0.5 1.5 

 

Through trial-and-error approach, it was noticed that the positioning the heat source as 

shown in Figure 19 resulted in higher accuracy of the thermal history obtained from the 

simulation, as compared to laboratory measurements.  

 

 

Figure 19. General coordinate system placement which controls the location of the heat 

source. 
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4.4.2  Abaqus user’s subroutine DFLUX 

Abaqus software enables a higher degree of customization through so called User’s 

subroutine types. For modelling a non-uniformly distributed heat flux, e.g. the one proposed 

by Goldak (Goldak, et al., 1984), user’s subroutine DFLUX was used, which allows 

modelling the heat source as a function of time, position, heat transfer, etc (Abaqus/ CAE, 

2020). A Fortran code was written using the equations for modelling the heat source as 

described above. The parameters were then varied depending on the results obtained. This 

type of heat source was created in Abaqus through the “Load Module” where “Body heat 

flux” was chosen from the thermal category and the distribution of the load was chosen as 

“User-defined” with a magnitude 1 (as shown in Figure 20). 

 

Figure 20. Example of the heat source modelled using Abaqus user’s subroutine DFLUX 

and Fortran code.  

 

This way, Abaqus will use the user’s subroutine DFLUX to apply the load. For this, a “Job” 

is created in Abaqus software through “Job Module” and the location of the user’s subroutine 

(DFLUX) file is specified (Figure 21), after which the job is submitted for FE analysis.  
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Figure 21. DFLUX file incorporated in the thermal analysis through “Job Module”.  

 

When pairing Abaqus and Fortran, it should be noted that different versions of Abaqus and 

Fortran may not be compatible with each other. The reader is also reminded that the division 

operator in Fortran has different function when dividing integers and non-integers. As an 

example, 3/2 will result in an incorrect answer of 1, whereas 3.0/2.0 will result in correct 

answer 1.5.  

4.5  Modelling heat loss 

When conducting thermal analysis, several researchers were considering the heat loss 

through convection and radiation (Yaghi, et al., 2006; Joshi, et al., 2013; Farias, et al., 2021; 

Ghafouri, et al., 2022; Moslemi, et al., 2022). It is reported that heat loss through convection 

is more significant for lower temperatures whereas for higher temperatures it was suggested 

that heat loss through radiation plays a more important role (Deng & Murakawa, 2006). 
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4.5.1  Heat loss through convection 

Heat loss through convection can be modelled using Newton’s law of cooling which puts 

the cooling rate of a body in direct proportion with the temperature difference between the 

body and the particles surrounding it, as expressed through equation below: 

𝑞′𝑐 = ℎ𝑐(𝑇 − 𝑇0)     (14) 

where 𝑞′𝑐 represents convective heat flow density per unit area, ℎ𝑐 is the heat transfer 

coefficient, T represents the body temperature and 𝑇0 the ambient temperature. 

Abaqus software offers a default convection modelling through “surface film condition” 

which can be incorporated in the model from the “Interaction Module”, as seen in Figure 22. 

An assumption of the film coefficient (value 15 
𝑊

𝑚2℃ 
) was made at the beginning. The actual 

value for the film coefficient was then varied so that it would lead to a thermal history which 

corresponds closely to that one measured in the laboratory.  

 

 

Figure 22. Abaqus default modelling of heat loss through convection, by applying a surface 

film condition. Sink temperature represents the environment’s temperature. 

 

If this type of convection model through the film coefficient value does not lead to accurate 

results, Abaqus also offers the possibility that the user would define the heat loss by adding 

empirical formulas separately, through user’s defined option.  
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4.5.2  Heat loss through radiation 

Heat loss through radiation is defined using Stefan-Boltzmann’s constant, emissivity value 

and the absolute zero value, through the following equation: 

𝑞′𝑟 = 𝜎𝜀[(𝑇 − 𝑇𝑧)4 − (𝑇0 − 𝑇𝑧)4]    (15) 

where 𝜎 represents the Stefan-Boltzmann’s constant equal to 5.67 × 10−8 (
𝐽

𝑚2𝑠𝐾4), 𝜀 is the 

emissivity of the body, T is the body temperature and 𝑇𝑧 is the absolute zero temperature 

equal to -273.15 °C. These values were specified in Abaqus through editing “Model 

Attributes”, while the heat loss through surface radiation was defined from the “Interaction 

Module” as shown in Figure 23. Initial emissivity value 0.7 was taken and later modified so 

that thermal history results from the simulation would resemble the laboratory 

measurements.  

 

 

Figure 23. Defining values for modelling heat loss through radiation in Abaqus. 

4.5.3  Combined effect of heat loss through convection and radiation 

It is possible to consider the effect of heat loss through convection and radiation using 

Abaqus user’s subroutine SFILM (Ghafouri, 2018) using equation below (Brickstad & 

Josefson, 1998; Deng & Murakawa, 2006): 
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ℎ = {
0.0668 × 𝑇 (

𝑊

𝑚2℃ 
)                               0 ≤ 𝑇 ≤ 500

0.231 × 𝑇 − 82.1 (
𝑊

𝑚2℃ 
)                              𝑇 ≥ 500

             (16) 

where h is the temperature-dependant heat transfer coefficient. 

The SFILM subroutine has to be written in the same file as the DFLUX, since only one 

subroutine file can be attached to the analysis.  
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5  Results and analysis 

Temperature measurements obtained using thermocouples and infrared camera were used to 

compare and validate the results from thermal analysis. When FE results were not consistent 

with the laboratory measurements, relevant parameters in the thermal analysis were modified 

until an acceptable agreement between both was found.  

5.1  Laboratory measured cooling time t8/5 results  

Thermal history during welding was recorded in real-time using thermocouples and infrared 

camera. While thermocouple results are straight forward accepted as accurate, the exact 

location of the thermocouple must be determined, so that one knows which specific node in 

the thermal analysis should those results be compared to. Determining the location of the 

infrared camera measurement points is easier considering that all thermal history of the 

surface is stored and a software allows for post-processing of data. The results from the 

infrared camera however must be validated, due to the change in emissivity which affects 

the interpretation of results obtained.  

5.1.1  Thermocouple results of cooling time t8/5 

Due to the thermocouple wire diameter being 0.8 mm, it becomes clear that when defining 

the location of the thermocouple, a margin of error must be included. Thermocouples can be 

installed so that they are either spot welded to the surface of the steel or they are inserted 

through a pre-drilled hole at the certain depth. In the first option, the size of the spot weld 

defines the accuracy of the placement, whereas in the second option the diameter of the pre-

drilled hole defines the accuracy. While the results measured by thermocouples will be 

shown to correspond to a certain distance, the reader is reminded that the exact location of 

the thermocouple in real life may differ by a margin of ± 0.8 mm. This was considered when 

thermocouples were used to validate infrared camera measurements and thermal analysis.  
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To obtain a better thermal history, thermocouples were installed at different distances from 

the weld zone. Both options were tested, where thermocouples were inserted through the 

thickness of the plate or spot welded to the surface. Thermal history however did not show 

significant differences, most likely due to the thickness of the steel plate being only 4 mm 

and considering the issue of exact placement of thermocouples. For this reason, the rest of 

the thermocouple measurements were taken so that the thermocouples were spot welded at 

the bottom surface of the plates. Temperature measurement results from the thermocouples 

at different distances from the fusion line are shown in Figure 24. 

 

Figure 24. Temperature measurement results recorded from thermocouples at different 

distance from the fusion line. 

5.1.2  Infrared camera results of cooling time t8/5 

The measurement points from the infrared camera can be replaced and relocated after the 

welding has stopped. The actual size of one measurement point is defined by the pixel size 

of the image that infrared camera has captured. The smallest pixel size of the infrared camera 

used has a dimension of 1.38 x 1.38 mm. From this it becomes clear that the location of the 

measurement points from the weld can be defined by counting how many pixels are in 

between the weld and the point of interest.  

An emissivity value should be defined before the data is converted to temperature. One 

advantage is that this value can be modified later as well. Several welding tests were 

performed where both thermocouples and infrared camera were recording temperature in 
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real-time at different locations. Results were then compared and emissivity value was 

modified until thermal history captured from infrared camera matched closely to that one 

measured by thermocouples.  

 

It should be noted that this study did not find a single absolute value of emissivity for certain 

surface conditions of the steel plates. The emissivity value was defined each time by 

matching the temperature results to those obtained from thermocouples. This meant that both 

thermocouples and infrared camera had to be used simultaneously for measuring 

temperature. However, it was noticed that the emissivity value can be defined using limited 

thermocouple measurements along a line. In this study, several thermocouples were placed 

at a distance from the centre of the weld root.  

 

For calibrating the emissivity value however, not all thermocouples were required. For 

matching the thermal history, three thermocouples at three different locations were used, the 

one with highest recorded value (e.g. typically 1200 ℃), the one recording a min. of 800 ℃ 

and a third one recording min. 500 ℃. This way emissivity values were tested until one was 

found which resulted in similar cooling times when the results of these three thermocouples 

were compared to those measured by infrared camera at the same respective locations. The 

emissivity value found this way was resulting in accurate thermal history of all other points 

located in between the three points used as a reference. This increased the capacity of 

validating thermal analysis, as more points could be used for comparison.  

Temperature measurement results obtained from the infrared camera when an emissivity 

value of 0.94 was used are shown in Figure 25. 
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Figure 25. Temperature measurement results recorded from thermal camera, using an 

emissivity value of 0.94. 

 

One of the criteria by which the accuracy of the infrared camera was deemed as sufficient in 

this research was comparing the maximum temperature recorded and the cooling time t8/5 

between the thermocouples and the infrared camera. An error margin was expected due to 

the difficulty of obtaining measurements at the exact same location from the thermocouples 

and infrared camera. A closer comparison between thermocouple and infrared camera results 

(shown in Figure 26) reveals a higher discrepancy in results at temperatures above 1000 ℃, 

whereas at lower temperatures the differences are smaller.  

 

Figure 26. Comparison between thermocouples and infrared camera. 
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5.2  Cooling time t8/5 results obtained from thermal analysis in Abaqus 

Since the FE thermal analysis and its validation was the primary concern of this research, 

results obtained from the thermal analysis are shown separately for each measurement point 

as compared to thermocouples and infrared camera results. Figures 27 – 33 below show the 

comparison.  

 

Figure 27. Thermal analysis results obtained at 3.5 mm distance from the fusion line 

compared to the nearest thermocouple and infrared camera values. 

 

 

Figure 28. Thermal analysis results obtained at 5 mm distance from the fusion line compared 

to the nearest thermocouple and infrared camera values. 
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Figure 29. Thermal analysis results obtained at 7 mm distance from the fusion line compared 

to the nearest thermocouple and infrared camera values. 

 

 

Figure 30. Thermal analysis results obtained at 9 mm distance from the fusion line compared 

to the nearest thermocouple and infrared camera values. 
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Figure 31. Thermal analysis results obtained at 13 mm distance from the fusion line 

compared to the nearest thermocouple and infrared camera values. 

 

 

Figure 32. Thermal analysis results obtained at 15 mm distance from the fusion line 

compared to the nearest thermocouple and infrared camera values. 
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Figure 33. Thermal analysis results obtained at 16.5 mm distance from the fusion line 

compared to the nearest thermocouple and infrared camera values. 

 

The thermal history from the FE-analysis results shows that the obtained maximum 

temperatures match quite closely the values measured in the laboratory. Cooling times t8/5 

also show significant similarities where the only discrepancies can be explained due to the 

margin of error when estimating the exact location of thermocouple and infrared camera. At 

temperatures under 400 ℃ however, larger deviations appear in thermal history between the 

FE results and the laboratory measurements. The thermocouples and the infrared camera 

results are closely linked to each other.  
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5.3  Validation of cooling time simulations 

When validating the accuracy of the thermal analysis, parameters were modified so that the 

results would match those obtained from laboratory measurements. The accuracy of the weld 

size and weld shape was checked alongside thermal history results.  

5.3.1  Accuracy of weld size and shape 

The starting point of determining the accuracy of the thermal analysis was to dimension the 

shape and size of the weld pool through laboratory measurements and try to match it to the 

one obtained from the thermal analysis. These dimensions were added to the DFLUX code. 

A top view of the weld photograph was compared with the top view of the thermal analysis 

(as shown in Figure 34).  

 

 

Figure 34.  Comparison of the weld pool and shape and size 

 

The initial results showed that a rough approximation of the weld dimensions can be 

obtained if Goldak’s parameters which define the shape and size of the weld are updated 

with laboratory measurements. Results show that the size and shape of the weld as seen from 

the top view can be well approximated using geometry parameters a, b, cf and cr. and heat 

flux parameters.  
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It must be noted that using this method will only lead to an approximation of the weld shape 

and size. For exact dimensions to be obtained, the parameters controlling the fluid flow and 

heat transfer phenomena have to be considered (Kim & Na, 1994). In this study, an 

approximation of the weld dimensions was considered sufficient and lead to a satisfactory 

accuracy in thermal history.  

When comparing the weld joint to the one from the thermal analysis, temperature intervals 

from the contour options may be edited (as shown in Figure 35). It was noticed that typically 

a definition of maximum temperature similar to the liquidus temperature of the material will 

improve the visibility of the weld pool dimensions. Variation of the maximum temperature 

value here will understandably affect how the weld pool is presented.  

 

Figure 35. Temperature intervals defined to facilitate weld pool measurements, with max. 

temperature matching the liquidus temperature. 

 

Several trials are usually required to approximate the size and shape of the weld while at the 

same time ensuring that the weld joint reaches temperatures above steel’s liquidus 

temperature, to ensure proper fusion. These trials include adjusting heat source parameters 

and material properties. During the trials, it may be helpful to vary one parameter at a time 

and compare the difference with previous simulations.  

 

  

 



52 
 

5.3.2  Effect of heat source parameters 

The heat source parameters to be modified include the Goldak’s double ellipsoid heat source 

parameters shown in equation (7) and (9). These are related to the weld shape and size (e.g. 

a, b, cr, and cf) and to the heat input (welding voltage, current and efficiency). While the 

shape and size parameters were defined from the measurements obtained after the welding 

is done, the heat input parameters were recorded from the welding machine. The heat input 

parameters recorded were considered as absolute values and were not modified. The 

parameters of the shape and size however are modified to match the measured ones. It must 

be noted that the exact measured parameters in the laboratory will not necessarily lead to an 

acceptable approximation of the weld size and shape in the simulation. As an example, 

defining half width of the heat source a equal to 3.5 mm in the DFLUX code will not 

necessarily lead to half of the weld pool in the thermal analysis measuring 3.5 mm, as other 

parameters such as depth of the heat source b, length of the front ellipsoid cf and length of 

the rear ellipsoid cr all influence each other. As interactions between these parameters was 

not always clear, simulations were carried out to find out how their variation influences the 

result of the thermal analysis. Following tables 6 – 8 illustrate the effect of the heat source 

parameters.  
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Table 6. Shape of the weld pool when half width of the heat source a was varied. 

Outcome 
Input for Goldak’s heat source 

parameters (units in mm) 
Remarks 

  

 

 

- Max. temperature 

equal to 1847 ℃. 

 

- Weld pool too 

large. 

 

- Weld root too 

large. 

 

 
 

- Max. temperature 

equal to 1724 ℃. 

 

- Weld pool 

sufficient. 

 

- Weld root 

sufficient. 

 

 

 

- Max. temperature 

equal to 1611 ℃. 

 

- Weld pool too 

small. 

 

- Insufficient 

penetration. 

 

From table 6 it can be seen that the parameter a defining half width of the heat source 

significantly affects the size of the weld pool and the penetration depth.  As a value gets 

larger, the heat source must be distributed to a larger area and therefore the maximum 

temperature at the weld pool decreases.  
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Table 7. Shape of the weld pool when the depth of the heat source b was varied. 

Outcome 
Input for Goldak’s heat source 

parameters 
Remarks 

  

 

 

- Max. temperature 

equal to 2164 ℃. 

 

- Weld pool too 

large. 

 

- Weld root too 

large. 

 

 

 

- Max. temperature 

equal to 1724 ℃. 

 

- Weld pool 

sufficient. 

 

- Weld root 

sufficient. 

 

 

 

- Max. temperature 

equal to 1589 ℃. 

 

- Weld pool too 

small. 

 

- Insufficient 

penetration. 

 

Parameter b which controls the depth of the heat source significantly affects all other 

parameters as well. A smaller value for b will contribute to a much larger weld pool and 

penetration and a larger value will decrease both, in a similar way as it was for parameter a. 

Since parameters cf  and cr define the length of the front and rear ellipsoid respectively, their 

interaction is shown by modifying both values at the same time, considering that both the 

fraction of the heat in the front quadrant and that one of the rear quadrant are affected directly 

from these values.   
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Table 8. Shape of the weld pool when the length of the front ellipsoid cf and rear ellipsoid cr 

were varied. 

Outcome 
Input for Goldak’s heat source 

parameters 
Remarks 

  

 

 

- Max. 

temperature 

equal to 1833 ℃. 

 

- Weld pool too 

small 

 

- Weld root too 

large. 

 

 

 

- Max. 

temperature 

equal to 1724 ℃. 

 

- Weld pool 

sufficient. 

 

- Weld root 

sufficient. 

 

 

 

- Max. 

temperature 

equal to 1603℃. 

 

- Larger weld 

pool. 

 

- Insufficient root 

penetration. 

 

Varying the length of the front ellipsoid cf did not significantly change the maximum 

temperature in the weld pool, however the shape of the weld changes as shown in the Table 

above. While some of the variations lead to less accurate approximation of the weld shape 

and dimensions, results show that it may be possible to obtain acceptably accurate cooling 

time t8/5 results nevertheless, if thermal history is the main point of concern. For this, it is 

important to observe whether the maximum temperatures reached in the simulation are in 
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good agreement with those from the laboratory measurements. Heat loss parameters can next 

be modified to reach similarities in thermal histories between both.  

5.3.3  Effect of heat loss parameters 

Simulation results confirm that heat loss through convection is primarily responsible for 

affecting the accuracy of the cooling time t8/5 results. The default convection modelling 

offered in Abaqus through “surface film condition” resulted in satisfactory thermal histories 

when value 15 
𝑊

𝑚2℃ 
 was used for it. Increasing this value will increase the rate of heat loss, 

therefore, varying the surface film condition is useful in matching thermal histories between 

experiments and the FE analysis.  

Heat loss through radiation was reported to be primarily important in higher temperatures 

(Deng & Murakawa, 2006) and Abaqus offers a default model of radiation heat loss through 

an emissivity defined value. When it comes to cooling times t8/5, it was noted that varying 

the emissivity value did not play a significant role in the accuracy of the results. The 

emissivity value was varied between 0.5 and 1.  

As a comparison, equation (16) was incorporated in the user’s subroutine code to simulate 

heat loss through both convection and radiation. This equation leads to similar cooling rate 

results as compared to those obtained from using Abaqus’ “surface film condition”.  

5.3.4  Effect of material properties 

To achieve similar cooling rates t8/5 from the simulation as those measured in the laboratory, 

thermal conductivity above liquidus temperature was artificially increased to 150 (W/m °C) 

at 1480°C and at 1600 °C. It was noted that this artificial increase in thermal conductivity 

results in a more consistent temperature distribution in the weld pool and at the same time 

the highest temperature in the weld pool is lowered (see table 9 with different comparisons 

when the only variation was that of thermal conductivity above liquidus temperature). For 

this specific weld geometry and welding parameters and considering that the thermal 

analysis was the main concern of the research, modification of thermal conductivity above 
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liquidus temperature resulted in a significant increase in the accuracy of the peak 

temperatures, while other material properties were not artificially modified. 

 

Table 9. Effect of thermal conductivity variation with other parameters remained the same. 

Outcome Thermal conductivity Remarks 

 

50 (W/m °C) above 

liquidus temperature 

1480°C. 

Max. temperature at 2161 °C. 

Large weld pool. 

 

 

 

100 (W/m °C) above 

liquidus temperature 

1480°C. 

Max. temperature at 1855 °C. 

Slightly smaller weld pool. 

 

 

 

150 (W/m °C) above 

liquidus temperature 

1480°C. 

Max. temperature at 1724 °C. 

Slightly smaller weld pool. 

 

 

200 (W/m °C) above 

liquidus temperature 

1480°C. 

Max. temperature at 1657 °C. 

Slightly smaller weld pool. 
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5.3.5  Effect of modelled geometry 

To investigate the effect of modelled weld geometry on the accuracy of the thermal analysis, 

a simulation was run where the weld crown and root was not modelled at all, while the heat 

source parameters remained unchanged. The results show differences in peak temperatures 

(Table 10), and the cooling rates t8/5 (Figure 34). 

 

Table 10. Effect of weld geometry modelled  

Outcome 
Input for Goldak’s heat source 

parameters 
Remarks 

  

 

 

- Weld crown and root modelled 

based on measurements. 

 

- Max. temperature equal to 

1724 ℃. 

 

- Weld pool sufficient. 

 

- Weld root sufficient. 

 

 
 

- Weld crown and root not 

modelled at all. 

 

- Max. temperature equal to 

1669 ℃. 

 

- Weld pool slightly smaller. 

 

- Weld root sufficient. 
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Figure 34. Differences in cooling rates between simulation where weld was modelled and 

not modelled, as compared to thermocouple TC1. 

 

When the weld crown and root was not modelled, t8/5 recorded was significantly deviating 

from the thermocouple measurement. Therefore, it can be said that modelling the weld 

geometry accurately leads to an increased accuracy in results.  

5.3.6  Other issues affecting accuracy 

Satisfactory results of thermal history were obtained from the simulation without the need 

to incorporate gradual addition of weld elements known as element birth and death 

technique. For the specific geometry of 4 mm butt-welded joint chosen in this study, the 

Goldak’s double ellipsoid moving heat source using the welding parameters measured in 

laboratory (voltage, current, welding speed, etc) was applied. Besides the mentioned 

parameters which affect the behaviour of the simulated heat source, the positioning of the 

heat source itself affects the overall results as well. Acceptably accurate results were reached 

when the origin of the heat source was positioned as shown in Figure 19. The reader is 

reminded that the position of the heat source used in this case will not necessarily generate 

accurate results in case of altered welding parameters.  
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6  Application and future research work 

Thermocouples are typically used when measuring cooling times t8/5 during welding, 

however, their installation can be labour intensive, especially if multi-pass welds are 

required. Furthermore, it may be difficult to install thermocouples so that they are measuring 

the thermal history from different regions within the HAZ. Infrared camera can be validated 

to show accurate results using a limited number of thermocouples. Then the results of 

infrared camera can be used to validate the thermal analysis, as the infrared camera offers a 

much larger number of measurement points. Once the validation of thermal analysis has 

been reached for a specific weld geometry and welding parameters, it may be easier to 

investigate the material behaviour at any given location within the HAZ or weld. This will 

facilitate research on the effect of heat input to the mechanical properties of welded joints.  

 

Due to the simple weld geometry chosen as the subject of this study, it was possible to 

achieve acceptably accurate cooling time results without incorporating the gradual addition 

of weld elements during the thermal analysis. For multi-pass welds however, this technique 

will model better the heat distribution through each weld pass.  

 

While residual stresses and distortions caused by welding were not subject to this study, it 

is seen as the next natural step to investigate once the thermal analysis is validated.  Through 

extensive FE-analysis coupled by validation through laboratory measurements, it may be 

possible to draw clear conclusions on how welding parameters are affecting the properties 

of the studied welded joint. Furthermore, a prediction may be achieved on the properties of 

the welded joints through knowing the welding parameters only.  
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7  Conclusions 

This work aimed to validate a transient thermal analysis of a 4 mm thick butt-welded joint 

of S700 steel grade with minimum nominal yield strength of 700 MPa. To increase the 

capability of validation, besides the thermocouples, infrared camera was used and its 

measurements were validated as well.  Comparison between thermocouples and infrared 

camera results show that the maximum temperature recorded and cooling time t8/5 are very 

similar and therefore, the infrared camera can be used as an additional tool to validate the 

thermal analysis.  

 

Validating the model of the heat source and the heat loss may require several trials and errors 

before the thermal analysis results will match the results measured in the laboratory. It is not 

always easy to draw a conclusion on how the heat source parameters will interact with each 

other and what the end result will be. A small alteration to the weld geometry may produce 

completely different results (e.g. size of the weld crown, weld root, etc). Equipped with 

capabilities of laboratory measurements however, the researcher has a high potential of 

validating thermal analysis of different weld geometries. The starting point may be 

approximating the size of the weld pool from the simulation to that one measured in the 

laboratory.  

The next step is ensuring that the maximum temperatures obtained from laboratory 

measurements at different distances from fusion line also match closely with the results 

generated from FE thermal analysis. Artificially increasing/ decreasing the thermal 

conductivity above liquidus temperature increases the accuracy of the thermal analysis for 

peak temperatures. To adjust the cooling rates from the thermal analysis, the researcher may 

use different parameters for modelling heat loss.  

Results of this research show that approximating the model of the weld geometry to that one 

measured in the laboratory significantly improves the accuracy of thermal analysis.  
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Overall, the results of the thermal analysis in this work show a satisfactory correlation to the 

laboratory measurements. While seven thermocouples and seven measurement points from 

the thermal camera were used to validate the simulation, the results show that for this specific 

geometry, the thermal analysis could be validated using less measurements of thermocouples 

while relying on the infrared camera to compensate the rest of the measurement points.  
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