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Abstract. To improve process understanding and increase the numerical prediction quality of a 
wire arc additive manufacturing (WAAM) process, this paper focuses on determining the 
parameters of a numerical model that reproduces an experimental setup of a welding process, with 
particular attention given to the actual shape of the weld bead. The dimensions of the heat source 
(HS) model in a welding process are determined based on experimentally measured weld pool 
sizes as well as temperature history at selected points below and adjacent to a weld seam. The 
whole experimental setup is accurately reproduced within the Simufact.Welding software and an 
optimization procedure is applied to obtain the best possible agreement between experimental and 
numerical results. A validated numerical model with reliable parameters for two heat sources is 
later used to predict and observe material behavior during the WAAM process of more complex 
parts. 
Introduction 
The wire arc additive manufacturing process is becoming increasingly popular in many 
engineering industries due to its high deposition rate, low costs, nearly nonlimited build size, and 
near-net shape manufacturing of complex geometries. It enables the production of structurally 
efficient and free-formed shapes in a shorter time as compared to other AM processes. Moreover, 
varied materials can be applied together to obtain functionally graded materials [1,2]. The main 
advantage of WAAM is its ability to manufacture high-quality parts with strong structural and 
mechanical properties. All these and other advantages of the WAAM process are the reason for 
many research works focused on its applicability in aerospace, automotive, biomedical, or marine 
industries [3-7]. Most of the focus is concentrated on the microstructure and mechanical properties 
of the manufactured parts [8], controlling deposition shape [9], and analysis of the residual stress 
or distortions [10,11].  

WAAM is executed by depositing subsequent layers of molten metal on top of each other until 
the expected geometry is created. Welding metals is a process that includes heating and cooling 
cycles, which strongly influences chemical-metallurgical reactions in liquid metal, phase 
transformations, grain growth, and therefore final material mechanical properties [12]. To better 
understand the mechanisms taking place during WAAM and to minimize the costs of experimental 
investigations at the same time, a simulation approach is eagerly applied, where not only finite 
element models [11,13-17], but also neural networks [16,18,19] or mathematical [20], recursive 
models [21] are increasingly used. However, to accurately simulate the final properties of the part 
obtained by the WAAM process, a realistic heat source shape and distribution is necessary [22].  

Thus, to improve the understanding of the material behavior during a WAAM process, this 
work aims to determine the parameters of a numerical model that reproduces the welding process, 
with particular attention given to the actual shape of the weld bead. In this study, the dimensions 
of Goldak’s heat source [23] model in a welding process are determined based on experimentally 
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measured weld pool sizes as well as temperature history at selected points below and adjacent to 
a weld seam.  
Experimental Procedure 
The welding experiments have been conducted with an Arc 605 WAAM system of GEFERTEC 
GmbH (Berlin, Germany). As welding material, AWS A5.18 with a wire diameter of Ø = 1.2 mm 
was chosen. The chemical composition of the welding material is stated in Table 1. To conduct 
the temperature measurement a DMC Plus measuring amplifier of HBM (Darmstadt, Germany) 
was used.  

Table 1. Chemical composition of AWS A5.18 % weight. 

C Mn Si Cu Fe 
0.06 - 0.13 1.4 - 1.6 0.7 - 1.0 ≤ 0.3 Rest 

 
To ensure the reproducibility of the experiments and reproduce a real WAAM process concerning 
the thermal characteristics as far as possible a device was constructed as shown in Fig. 1a. All the 
parts are made of AISI 1045, which is considered to be sufficiently comparable to the AWS A5.18 
and thus a real WAAM component of AWS A5.18 concerning the thermal characteristics. Since 
the measurement of the melt pool temperature is not possible during the welding, the temperature 
measurement took place at four relevant points near the welding seam via type K thermocouples. 
To improve the response time of the thermocouples, the thermocouples were spot-welded at the 
indicated positions. In detail, the temperature was measured at the upper substrate surface near the 
welding seam (TC 1), at the lower substrate surface directly below the welding seam (TC 2), and 
at two points within the base plate at different distances to the welding surface (TC 4 and TC 5), 
as seen in Fig. 1b.  
 

 
Fig. 1. Experimental setup for welding experiments with temperature measurement a) 

macroscopic image and b) cross-sectional sketch indicating positions of the thermocouples. 
Since the melt pool characteristic is not stable when starting the welding process and thus not 
representative for the weld bead, the temperature measurement took place at least 75 mm after the 
starting of the welding process to ensure a quasi-static process state (Fig. 1b). With the device it is 
possible to perform welding experiments with and without preheating the substrate. The preheating 
of the substrate and the device enables the reproduction of the welding process of a real component 
in higher detail. In this case, preheating was not applied and thus the starting temperature of the 
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substrate was room temperature. Other relevant welding parameters are shown in Table 2. 
Subsequent scanning electron microscope (SEM) analyses of the welding seam were conducted 
with a Phenom XL G2 of ThermoFisher Scientific (Waltham, USA). 

Table 2. Welding process parameter. 

Welding 
mode 

[-] 

CMT-process 
frequency 

[Hz] 

Process 
gas 
[-] 

Gas flow 
rate 

[l/min] 

Current 
 

[A] 

Voltage 
 

[V] 

Feedstock 
velocity 

[mm/min] 

Axis speed 
[mm/min] 

Cold metal 
transfer 
(CMT) 

3 Ar18CO
2 15 144 14.6 4,000 400 

Results and Discussion 
Temperature history plots show the highest recorded value (712oC) directly under the weld seam 
at the location of TC 2. The second highest temperature is noted by TC 1 – 180oC – on the top 
surface of the substrate. Thermocouples 4 and 5 record ca. 100 and 50oC as maximum values of 
observed temperatures (Fig. 2). Although TC 1 and TC 2 are in the same cross-section, the peaks 
of the respective temperature plots are temporally shifted to each other. TC 2 temperature plot 
represents the heat transfer from the electric arc, which is a moving HS, into the material by 
conduction. TC 2 temperature rises within a few seconds when the electric arc is passing the cross 
section above TC 2 and is falling shortly after the electric arc passed the relevant cross-section. 
TC 1 temperature history represents the heat transfer from the welding seam to TC 1 through the 
substrate by heat conduction. Thus, as long as the welding seam (TC 2) has a significantly higher 
temperature it acts as a stationary heat source regarding TC 1. Since TC 1 is 20 mm away from the 
welding seam and heat transfer by conduction takes time, the peak of TC 1 is delayed compared 
to TC 2.  
 

 
Fig. 2. a) Temperature history recorded by four thermocouples during the welding process of a 

single weld seam, b) schematic sketch of welding process at t0 and c) schematic sketch of 
welding process at t1>t0. 

As is presented in Fig. 3a, SEM analyses are made in two locations: first at the cross-section in the 
middle of the weld seam (V1); second at the cross-section in the longitudinal direction at the end 
of the weld seam (V2). Fig. 2b shows that the depth of the fully melted zone of the base material 
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reaches ~1.41 mm during the welding process. A mixture of liquid and austenite phases existed 
till the ~1.9 mm level during the welding process. Lastly, the heat-affected zone reached a depth 
of ~3.5 mm. The longitudinal cross-section V2 enabled the estimation of the amount of material 
that overflows in the front and rear direction (Fig. 3c), which enabled the prediction of the initial 
values of the front and rear lengths of Goldak’s heat source model. It is also visible there that the 
depth of the melted zone is not constant in a vertical direction and varies along the weld seam, 
which might be a result of the cold metal transfer mode. 
 

a) b)  
 

c)  
Fig. 3. a) Locations of the SEM analyses; b) in the middle of the seam, c) at the end of the seam 

in the longitudinal direction. 
Numerical Simulation 
To reproduce the experimental setup in a digital form, the Simufact.Welding 2021.1 software 
(Hexagon, Stockholm) is used, where a ground plate, substrate plate, and holding clamps are also 
included in the FE model (Fig 4a). To minimize the influence of the geometry of the weld seam 
on the quality of obtained results, a cross-section from metallography (Fig. 3b) was applied to 
represent the expected shape of the welding seam (Fig 4b). 
 

a) b)  
Fig. 4. FE model developed in Simufact. Welding software: a) full setup, b) cross-section of the 

weld seam. 
Material properties of the AISI 1045 steel substrate, such as density and thermal capacity are taken 
from the literature [24, 25] (Fig. 5a, b), whereas thermal conductivity was measured with Linseis 
LFA 1000 Laser Flash test machine (Linseis Messgeräte GmbH, Selb, Germany) (Fig. 5c). 
Material properties of the AWS A5.18 wire are taken from the Simufact.Welding 2021.1 material 
database. 
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a) b)  

c)  
Fig. 5. Material properties of AISI 1045 as a function of temperature: a) density [24], b) heat 

capacity [25], c) thermal conductivity measured by Authors. 

The convective heat transfer parameter ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 in the function of temperature for a substrate (Fig. 
6b), is calculated based on classical heat transfer equations characteristic for natural convection 
that is present over a flat surface facing up: 

𝛽𝛽 = 1
𝑇𝑇𝑓𝑓

                (1) 

𝑇𝑇𝑓𝑓 = (𝑇𝑇𝑠𝑠+𝑇𝑇∞)
2

              (2) 

𝐿𝐿𝑐𝑐 = 𝐴𝐴𝑠𝑠/𝑝𝑝               (3) 

𝑅𝑅𝑅𝑅𝐿𝐿 = 𝑔𝑔𝑔𝑔(𝑇𝑇𝑠𝑠−𝑇𝑇∞)𝐿𝐿𝑐𝑐3

𝑣𝑣2
𝑃𝑃𝑃𝑃             (4) 

𝑁𝑁𝑁𝑁 = 0.54𝑅𝑅𝑅𝑅𝐿𝐿
1
4              (5) 

ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑘𝑘
𝐿𝐿𝑐𝑐
𝑁𝑁𝑁𝑁                         (6) 

where: 𝐴𝐴𝑠𝑠 is the top surface area of the plate, 𝑝𝑝 – circumference of the plate, 𝑃𝑃𝑃𝑃 – Prandtl number 
(at 𝑇𝑇𝑓𝑓), 𝑁𝑁𝑁𝑁- Nusselt number, 𝑅𝑅𝑅𝑅𝐿𝐿 - Rayleigh number, 𝑣𝑣 – kinematic viscosity (at 𝑇𝑇𝑓𝑓), 𝐿𝐿𝑐𝑐 - 
characteristic length, 𝑇𝑇𝑓𝑓 - film temperature, 𝑘𝑘 – thermal conductivity (at 𝑇𝑇𝑓𝑓). 
The weld seam is treated as a horizontally placed cylinder, for which the natural convection 
parameter ℎ𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐 is presented in Fig. 6a and calculated with the following equations: 

 𝑁𝑁𝑁𝑁 =

⎩
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                       (7) 

ℎ𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑐𝑐 = 𝑘𝑘
𝐷𝐷
𝑁𝑁𝑁𝑁                         (8) 

Properties of air at atmospheric pressure such as: kinematic viscosity 𝑣𝑣, thermal conductivity 𝑘𝑘 
and Prandtl number 𝑃𝑃𝑃𝑃 are described as functions of temperature with following equations: 
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𝑣𝑣 = -0.0000000000000108002806777848 T3 + 0.0000000000784312587177112 T2 +  
+ 0.0000000931723588917573 T + 0.0000131184421229409        (9) 

 
k = 0.00000000000464104563529673 T3 - 0.0000000252204641238776 T2 +  

+ 0.0000756242633211078 T + 0.0236352337830901       (10) 
 

Pr = 0.000000000000000000025041212039251900 T6 - 0.000000000000000207919919188157 T5 +  
      + 0.00000000000067316897714983 T4 - 0.00000000109717750688835 T3 +  
      +0.000000941818163402441 T2 - 0.000346614970760939 T + 0.737371365505794                (11) 

a) b)  
Fig. 6. Convective heat transfer coefficient as a function of the temperature of the a) weld seam, 

and b) substrate to air. 
A single seam is welded digitally with the same speed (6.66667 mm/s), voltage (14.6 V), and 
current (144 A) as welding parameters applied during the real experiment. The air temperature and 
initial temperature of the wire are set to 23oC, the initial temperature of all plates is set to 21.5oC, 
and arc efficiency is assumed to be 80%.  

Goldak’s heat source model [23] was used to describe the volumetric heat flux density 
distribution, where af, ar, b, d are parameters related to the shape characteristic of the welding arc 
(Fig. 7). Values of the front (4.96 mm) and rear (11.49 mm) length of the heat source one, are read 
from the microscopic analysis presented in Fig. 3c. Values of the width and depth parameters are 
established based on optimization procedure applied to obtain a similar picture of the melted zone 
between the simulation and experiment. During this procedure, an advantage of applying two heat 
sources was used [26], which enabled to improve results in terms of temperature history recorded 
during the real test, especially on the top surface of the substrate. A targeted adjustment of the 
parameters for both HSs was done at the same time, to compare the calculated shape of the fusion 
zone and temperature history to the experimental data shown in Fig. 2 and 3b. The final values of 
the obtained parameters of both heat sources are gathered in Table 3. 

 
Fig. 7. Goldak’s double ellipsoid heat source model; af – front length, ar – rear length, b - width, 

d – depth. 
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Table 3. Obtained Goldak’s heat source parameters. 

 af [mm] ar [mm] b [mm] d [mm]  
HS 1 4.96 11.49 3 2 
HS 2 0.1 0.1 0.3 0.3 

Validation of the Numerical Simulation Results  
The simulation results with 2 heat sources show a particularly good agreement with the available 
experimental data. The geometry and size of the melted zone visible directly below the weld seam 
agree well with the microscopic results (Fig. 8). Based on the phase diagram characteristic of AISI 
1045 steel, the fully liquid phase is assumed to occur above 1525°C, a mixture of liquid and 
austenitic phases is observed at temperatures of 1425-1525°C, and only the austenitic phase is 
present at 770-1425°C. These temperature ranges are used to determine the calculated geometry 
of the melt zone during FE simulation. As shown in Fig. 8, the fully liquid phase can be seen to a 
depth of ~1.46 mm, austenite + liquid to ~1.7 mm, and the pure austenite phase to ~4 mm. In 
contrast, if only one heat source is used, neither the geometry nor the size of the melt zone visible 
directly below the weld seam is realistically calculated, as a comparison of Fig. 8b with Fig. 8c 
shows. Moreover, the calculated Root Mean Square Error (RMSE) (see Fig. 9) between measured 
and simulated temperature history (for using HS1 and HS2 together) at selected points equals 6.25, 
44.6, 7.07, and 3.91oC at TC 1, TC 2, TC 4, and TC 5, respectively. Such well prepared and 
validated the numerical model with dependable Goldak’s heat source parameters can be later used 
to predict and observe material behavior during the WAAM process of much more complex parts.  
 

a)  b)  

c)  
Fig. 8. Peak temperature distribution in the middle of the weld seam according to the simulation 
with a) 2 HSs; b) 1 HS; b)c) SEM-image of the weld seam indicating the temperature distribution 

during the welding process. 
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a) b)  

c) d)  
Fig. 9. Comparison between experimental (dotted lines) and numerical results (continuous lines) 

in terms of recorded temperature history in selected points: a) TC1, b) TC2, c) TC4, d) TC5. 
 

For investigation purposes, also single HS models were calculated when only 1 Goldak’s heat 
source was applied to weld a seam. Obtained results in form of temperature-time plots are 
presented in Fig. 9. As is noticeable, the application of the 2 HS model enables to obtain reliable 
temperature history at different locations of the base plate. Especially the prediction of temperature 
history on the top surface of the substrate is improved in comparison to the single HS model. 
Summary 
In this investigation, the parameters of Goldak’s heat source model are determined based on 
experimentally measured weld pool sizes as well as temperature history at selected points below 
and adjacent to a weld seam. A single 300 mm long seam of AWS A5.18 wire is welded onto an 
AISI 1045 base plate. Four thermocouples are measuring temperature history: first on the top 
surface next to the weld seam, second directly under the weld seam, and two more thermocouples 
are placed under the base plate on two diverse levels. A microscopic analysis of the weld seam cut 
in the middle of its length gives information about the expected heat zone size and is also a hint 
for dimensions of the Goldak’s HS. The whole experimental setup is accurately reproduced within 
the Simufact.Welding 2021.1 software and an optimization procedure is applied to obtain the best 
possible agreement between experimental and numerical results. In this case, a two-heat source 
model gives the most accurate results, where not only a melted zone of the material is accurately 
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predicted but also temperature history under the substrate, under the weld seam, and on the top 
surface of the substrate are very close to reality.  
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