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Abstract: Heat moving source models along with transient heat analysis by finite element method were used to determine weld thermal 
cycles and isothermal sections obtained from the application of a gas tungsten arc welding beads on Inconel 718 plates. Analytical 
(Rosenthal’s thick plate model) and finite element results show an acceptable approximation with the experimental weld thermal cycles. 
The isothermal sections determined by numerical simulation show a better approximation with the experimental welding profile for 
double-ellipse model heat distribution than Gauss model. To analyze the microstructural transformation produced by different cooling 
rates in the fusion and heat affected zones, Vickers microhardness measurements (profile and mapping representation) were conducted. 
A hardness decrement for the heat affected zone (~200 HV0.2) and fusion zone (~240 HV0.2) in comparison with base material    
(~350 HV0.2) was observed. This behavior has been attributed to the heterogeneous solubilization process of the γ″ phase (nickel 
matrix), which, according to the continuous-cooling−transformation curve, produced the Laves phase, δ and MC transition phases, 
generating a loss in hardness close to the fusion zone. 
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1 Introduction 
 

Inconel 718 is a precipitation-hardened nickel-base 
superalloy. This material is used in a wide variety of 
applications due to its excellent mechanical properties at 
cryogenic and high temperatures, as well as corrosion 
resistance in aggressive environments. 

The high resistance of Inconel 718 (ultimate tensile 
strength of 1.1 GPa [1]) is obtained by the presence of 
fine hard and dispersed precipitates (γ′ and γ″) [1]. 
However, due to the weld thermal cycles generated by the 
welding process, some welding problems related to loss 
of hardness in the heat affected zone (HAZ), hot cracking 
in the fusion zone (FZ), and liquation cracking [2,3] in the 
HAZ can be presented. 

The high temperature developed by the heat source 
induces significant metallurgical changes, including 
segregation of Nb, Ti and Mo that leads to the formation 
of thermodynamically and structurally stable phases like 
NbC, TiNi and Laves phases [4,5]. On this context, it is 

essential to analyze the welding thermal cycles 
determined experimentally as well as by numerical and 
analytical models to correlate them with the continuous- 
cooling−transformation diagram (CCT). 

The basic theory of heat flow developed by Fourier 
and applied to heat moving sources by ROSENTHAL [6] 
is still the most popular analytical method for calculating 
the temperature distribution in welds, as has been shown 
in Refs. [7−11]. 

ROSENTHAL’s model does not provide an 
adequate approximation for the temperature distribution 
within the fusion zone. In addition, this model considers 
that the welded material properties remain constant as it 
solidifies; this increases the departure of analytical 
predictions from the temperature field measured, 
especially in the vicinity of the fusion zone [12]. To 
overcome these limitations, some authors have used the 
finite element method (FEM) to analyze the heat transfer 
in welds [8,13−18]. In some studies, the heat flux in the 
welding direction is ignored [19−22]. In such cases, the 
surface Gaussian heat source model is generally used for 
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thin plates, where the heat flux distribution along the 
thickness is not important. In this sense, FREITAS     
et al [23] and GERY et al [24] have revealed the 
shortcomings of that model on the shape of FZ and HAZ. 
Heat distribution is influenced by the behavior of the 
heat flux as a function of the thickness increment. The 
welding bead width tends to decrease as function of its 
penetration on the plate, because of the increase in the 
rate of heat dissipation. This aspect also contributes to 
reaching the peak temperature in FZ, which consequently 
affects the transient temperature distribution in the 
welded plate. To solve this issue, GOLDAK et al [12] 
considered the weld heat source as a double ellipse 
geometry that moves along the welding direction. Some 
researchers have shown that by applying this model, their 
results are closer to the experimental measurements 
[17,24,25]. For instance, LUNDBÄCK et al [25] found 
that the size of the FZ simulated is in very good 
agreement with the experimental measurements, due to 
the calibration of the dimensional parameters of 
GOLDAK’s model. 

This work is focused on determining the welding 
thermal cycles and isothermal sections produced by a 
welding bead deposit on plates of Inconel 718 alloy, as 
well as its correlation with the microstructural 
transformation according to its corresponding CCT 
diagram. 
 
2 Methodology 
 
2.1 Materials and welding 

IN718 plates of 152 mm×150 mm×7.29 mm were 
used. The chemical composition (mass fraction, %) of 
the material determined by optical emission spectroscopy 
(OES) is as follows: 0.05 C, 18.3 Cr, 19.34 Fe, 0.08 Mn, 
52.7 Ni, 2.9 Mo, 1.03 Ti, 0.58 Al, 5.02 Nb and balanced 
Ni. 

Before welding, the plates were precipitation- 
hardened, which is the typical condition to use the IN718 
alloy. The plates were heat-treated by solubilization at 
1065 °C for 1 h, aged at 720 °C for 8 h, and finally 
furnace cooling [1]. 

A semiautomatic gas tungsten arc welding (GTAW) 
process was used to deposit the welding beads on the 
IN718 plates. A mixture of 2% H2, 0.12% CO2, 30% He 
and 67.88% Ar (volume fraction) was used as shielding 
gas at a flow rate of 0.0165 m3/s. Alternating current 
(tungsten−thorium electrode) was used in conjunction 
with the following welding parameters: voltage V=29 V, 
current I=356 A, and travel speed v=4 mm/s. According 
to the voltage, welding current, and thermal efficiency η 
(60%) of the GTAW process [26], the heat input provided 
during welding was Q=1549 J/mm. 

Vickers microhardness measurements were taken to 

observe the heat input effect generated by the welding 
process on the microstructural transformation. The 
indentations were performed on the transverse welding 
profile by using a load of 0.2 kg and dwell time of 15 s. 
The results were present in a microhardness profile, as 
well as in a mapping representation. 

The weld thermal cycles were obtained by using K 
type thermocouples, which were placed in direct contact 
to the surface of the plate at a distance of x=75.0 mm and 
y=7.7 mm (1), x=78.0 mm and y=10.0 mm (2), x=   
81.0 mm and y=10.5 mm (3), and x=84.0 mm and y= 
13.0 mm (4), from the coordinate system shown in Fig. 1. 
The temperature signal was acquired with a data 
acquisition board (NI 9213) coupled directly to each 
thermocouple. The signal was acquired by using a 
LabVIEW program connected to a personal computer, at 
a frequency of 70 Hz.  

 

Fig. 1 Thermocouples location for temperature measurements 
 
2.2 Analytical weld thermal cycles 

The temperature field distribution generated by a 
welding process is approximated by a heat conduction 
problem in a homogeneous solid. The governing 
equation for a three-dimensional heat conduction is  
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where T is the temperature; t is the time; x, y and z and 
the heat flow directions. The thermal diffusivity α is a 
function of thermal conductivity k, density ρ, and heat 
capacity C, given by the following equation:  

C
k

ρ
α =                                     (2) 
 

A simplified ROSENTHAL [6] thin plate model 
considers a heat source with a constant travel speed v. 
This model considers that the heat distribution consists 
of a semi-infinite isotropic body with an initial 
temperature T0, where the heat source melts the thickness 
of the material and heat is dissipated in two directions. 
Also, the thermophysical properties are considered as 
constants (no dependency of the temperature). The heat 
lost by radiation and convection is not considered. The 
simplified ROSENTHAL model to determine the weld 
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thermal cycles in two dimensions is given by the 
following equation [27]:  
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where Q/v is the heat flux (J/m), d the thickness of the 
plate (m), and r the radial distance (m). 

The size and morphology of the analytical isotherms 
were determined by dimensionless equations [28], i.e., 
operation parameter n5, temperature parameter θ and 
thickness parameter δ. Additionally, dimensionless 
coordinates, ξ(x) and ψ(y), as well as dimensionless 
vector radio, σ5(r), were used [28]:  
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These dimensionless parameters in pseudo-steady 

state condition can be represented graphically, as shown 
in Fig. 2. 
 

 
Fig. 2 Schematic representation of weld isotherm sections 
adapted from Ref. [28] 
 

On the other hand, the simplified ROSENTHAL [6] 
thick plate model consists of an isotropic semi-infinite 
body at initial temperature limited in one direction by a 
plane that is impermeable to heat. At time t=0, a point 
source of constant power Q is released on the surface at a 
constant speed v. As for the thin plate, the thick plate 
solution considers that thermophysical properties remain 
constant and the heat lost by radiation and convection is 
not considered. The simplified ROSENTHAL model to 
determine the weld thermal cycles in three dimensions is 

given by the following equation [27]:   
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The size and morphology of the analytical isotherms 

for a thick plate are determined in dimensionless form, 
i.e., operation parameter n3 and temperature parameter θ. 
Additionally, dimensionless coordinates ξ(x), ψ(y) and 
ζ(z), as well as dimensionless vector radio, σ3(R), were 
used [28]:  
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These dimensionless parameters in pseudo-steady 

state condition can be represented in Fig. 3. 
 

 

Fig. 3 Schematic representation of weld isotherms sections, 
adapted from [28] 
 
2.3 Finite element weld thermal cycles 

Considering the heat generated during the welding, 
a finite element analysis was carried out by using 
ANSYS APDL 17.0 to determine the weld thermal cycles 
and the isothermal contours produced by the heat moving 
source. A three-dimensional thermal transient analysis 
was used. Considering that the heat input during the 
welding process produces a homogenous heat 
distribution (symmetry conditions), only one half of the 
model was considered (Fig. 4). 

The geometrical model was meshed by using 
hexahedral solid elements (SOLID 278) with only one 
degree of freedom by node (temperature). To obtain a 
better accuracy of the temperature distribution in FZ and 
HAZ, a mesh refinement (81000 elements and 624000 
nodes) was used (Fig. 4). A fine mesh with an average 
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edge dimension of 0.5 mm (30000 elements and 240000 
nodes), a medium mesh with an average edge dimension 
of 1.5 mm (30000 elements and 228000 nodes) and a 
coarse mesh with an average edge dimension of 8 mm 
(21000 elements and 156000 nodes) were used. The 
thermophysical properties used in the numerical 
simulation are given in Table 1 [29]. 
 

 
Fig. 4 Three-dimensional mesh used for transient thermal 
analysis 
 
Table 1 Thermophysical properties for Inconel 718 alloy [29] 

Temperature/ 
°C 

C/ 
(J∙kg−1∙K−1) 

k/ 
(W∙m−1∙K−1) 

ρ/ 
(kg∙m−3)

25 435 8.9 8190 
100 455 10.8 8160 
200 479 12.9 8118 
400 515 17.4 8040 
600 558 20.8 7962 
800 680 26.9 7884 
1000 620 26.7 7806 
1100 640 28.3 7767 
1336 720 29.6 7400 
1400 720 29.6 7340 

 
The heat input supplied by the welding process 

(6194 W) was applied considering the Gaussian 
distribution, as well as double ellipse models. In the case 
of the Gaussian model, the heat distribution was 
computed by the following equation:  
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where q is the heat flux, Q the heat input, a the effective 
radius of the heat source and r the radial distance to the 
point where it is required to determine the heat flux [26]. 

On the other hand, the power distribution produced 
by the two-dimensional double ellipse model proposed 
by GOLDAK et al [12] was used. A schematic 
representation of this model is shown in Fig. 5. 

Considering the geometry of the welding pool 

 

 

Fig. 5 Double ellipse heat source configuration 
 
(Fig. 5), the heat distribution of the front and rear ellipse 
was determined by the following expressions:  
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             (16)  
Generally, the front temperature gradient (ff) is 

shorter than the rear half (fr). Hence, the heat power 
density in the rear and front ellipses is represented by the 
fractions ff and fr of heat deposited, given by  

2rf =+ ff                                 (17) 
 

From experimental measurements [12,25], the 
following values for ar=2.8 mm, af=1.2 mm, b=4 mm, 
ff=0.4 and fr=1.6 were found. 

Figure 6 shows the surface heat distribution for 
Gauss and double ellipse models used to determine the 
concentration of heat in each area of the surface of the 
simulation model. 

For the simulation, the initial room temperature of 
the plates to be welded was considered to be 20 °C. 
Considering a laminar flow, a convective coefficient of 
35 W/(m2∙K) was used, and this value is consistent with 
previous values reported [30]. 
 
3 Results and discussion 
 
3.1 Macro- and micro-structural characteristics 

A macrograph of the welding profile is shown in  
Fig. 7(a). In this figure, the FZ, HAZ, base material (BM) 
are clearly identified. It is observed that the Gaussian 
representation (Fig. 7(b)) is not as well-suited as the 
double ellipse approach (Fig. 7(c)) to accurately predict 
the experimentally obtained (Fig. 7(a)) pool geometry. 
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Fig. 6 Heat distribution: (a) Double-ellipse model; (b) Gauss 
model 
 
To improve the predictions of the double ellipse model, 
it is necessary to have a good estimation of the heat 
transfer coefficient involved in the convective cooling 
between the welded plate and the backing one. Also, the 
model does not involve the heat release during the 
solidification transformation. On this context, many 
authors are working on a numerical model to consider 
the fusion−solidification phenomenon to obtain a better 
approximation of the FZ geometry. However, an 
acceptable approximation was observed between the 
experimental and numerical simulation for the HAZ 
temperature. The HAZ limit was observed at 
approximately 650 °C (Fig. 7), which is in the 
temperature range to obtain the γ″ phase coarsening. 

Figure 8 shows the microstructural characteristics of 
the welding bead deposit (rectangle marked in Fig. 7(a)). 
From Fig. 8, it is possible to observe the partially melted 
grains, which produce the traditional epitaxial grain 
growth, as well as competitive columnar dendritic 
structure in the fusion zone. Additionally, the liquation 
phenomenon in the grains of the HAZ is observed, which 
can be sites for nucleation and propagation of cracks. In 
this sense, NAFFAKH et al [2] showed that the liquation 
phenomenon takes place in the intergranular boundaries 
in the HAZ of the Inconel 718. γ″-Ni3Nb, δ-Ni3Nb 

precipitations and Nb-rich intermetallics (MC) form 
liquated regions by the constitutional liquation 
mechanism. 
 

 
Fig. 7 Welding profile geometry of Inconel 718 plate (a), 
transverse isothermal sections (Gauss model heat distribution) 
(b) and transverse isothermal sections (double-ellipse model 
heat distribution) (c) 
 

 

Fig. 8 Microstructure characteristics of welding bead deposit 
on plates of Inconel 718 alloy 
 
3.2 Microhardness 

The heat input effect produced by the welding 
process was observed by microhardness measurements 
(Fig. 9). Figure 9(a) corresponds to the hardness profile, 
whereas the mapping representation is shown in     
Fig. 9(b). 

From Fig. 9(a), it is possible to identify the different 
zones (FZ, HAZ and BM) of the transverse section 
produced by the welding process for Inconel 718 plate. 
The width of the FZ is approximately 15 mm, whereas 
that of the HAZ is close to 2.5 mm from the fusion 
interface. 

It can be clearly observed in Figs. 9(a) and (b) that, 
an important hardness decrement in the FZ (~240 HV0.2), 
as well as in the HAZ (~200 HV0.2) was obtained in 
comparison with that in the BM (~350 HV0.2). In the case 
of the FZ, the tendency to increase the hardness with 
respect to the HAZ, is mainly produced by the solid 
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Fig. 9 Hardness distribution obtained for welding profile shown 
in Fig. 7(a): (a) Microhardness profile; (b) Mapping 
representation 
 
solution hardening promoted by Ni and Nb contents, 
which have a similar molar ratio with respect to the 
nickel matrix [31]. In contrast, the hardness decrement in 
the HAZ is produced by the heterogeneous solubilization 
process of the γ″ phase in the nickel matrix, as well as by 
the presence of δ phase precipitates [4]. 

To analyze the microstructural transformation in the 
HAZ, the hardness results, the temperature distribution 
as well as the weld thermal cycles were taken into 
account. As can be observed, the welding bead geometry 
obtained numerically (Figs. 7(b) and (c)) provides a 
reasonable approximation with the experimental welding 
macrograph (Fig. 7(a)), i.e., the fusion limit was 
localized approximately at 7.5 mm from the center of the 
welding bead, which is in good agreement with the width 
determined by microhardness measurements (Fig. 9(a)). 
This distance was taken as the effective radius a of the 
heat source, which in turn was used to determine the 
Gauss and double ellipse heat distribution parameters for 
the finite element analysis. 
 
3.3 Weld thermal cycles 

The experimental and numerical welding transverse 
sections were analyzed at a distance of approximately  
90 mm from the origin of heat moving source (in 
pseudo-steady state condition). Figure 10 shows the weld 
thermal cycles for different distances from the center of 

the welding bead determined experimentally (Fig. 10(a)), 
analytically (Figs. 10(b) and (c)), and numerically  
(Figs. 10(d) and (e)). 

From Fig. 10, it is possible to observe that the weld 
thermal cycles determined by the thin plate model   
(Fig. 10(b)) do not have a good accuracy with respect of 
the experimental results (Fig. 10(a)). An evident 
discrepancy with the peak temperatures (Table 2) and 
cooling rates with respect to experimental results is 
observed. 

This can be explained taking into account that the 
heat source for the ROSENTHAL’s thin plate model 
considers the total fusion of the thickness, and 
subsequently the heat is transferred by conduction within 
the base metal (heat conduction in two dimensions). In 
contrast, ROSENTHAL’s thick plate model assumes that 
the heat source partially melts the thickness of the 
material (Fig. 7(a)), producing heat conduction in three 
dimensions. Thus, as can be seen, the peak temperatures 
(Table 2), as well as the weld thermal cycles (Figs. 10(a) 
and (c)) exhibit a very good approximation with the 
experimental results. Contrarily, the thin plate model 
does not offer a good approximation, i.e., the peak 
temperature is higher than that obtained for thick plate 
model. 

The results reported in Table 2 allow determining 
the maximum weld temperature up to 13.0 mm from the 
weld center. The data in Table 2 indicate that within  
10.5 mm from the center of the weld, the plate in every 
case reaches temperature values higher than 675 °C, 
which indicates imminent microstructural transformation 
in the HAZ and consequently an important decrement in 
hardness. For instance, the peak temperature for the 
thermocouple localized at 7.7 mm reached ~1452 °C, 
which is higher than the solubilization temperature 
reported for this alloy (∼1010 °C) [4,31,32]. Then, 
considering the non-equilibrium cooling rate during the 
welding, a local microstructural transformation could be 
expected for the HAZ. This can be deduced considering 
that the microstructural changes in the HAZ are due to 
the transformation of γ″ to γ′ precipitates, as well as the δ 
phase formation (Ni3Nb orthorhombic) at temperatures 
higher than 675 °C, producing an important strength 
reduction [4]. 
 
3.4 Microstructural transformation 

The microstructural transformations for Inconel 718 
alloy can be observed in the continuous-cooling− 
transformation curve (C-curve) shown in Fig. 11 [32]. To 
analyze the microstructural change of the γ″ precipitates 
generated by the welding process, the experimental 
cooling rates determined from weld thermal cycles were 
correlated whit the C-curve [31]. According to Fig. 11, it 
is possible to observe that the cooling rate at 7.7 mm 
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traverses the C-curve, forming the Laves, δ and MC 
transition phases. Additionally, it can be observed that 
approximately at 11 mm the cooling rates are close to the 

nose of the C-curve, which indicates the final transition 
of γ′ phase. Such features correspond to the results found 
in a recent publication by the authors [1].

 

 

Fig. 10 Weld thermal cycles for different distances from center of welding bead: (a) Experimental; (b) Thin plate model; (c) Thick 
plate model; (d) Gauss model heat distribution; (e) Double-ellipse model heat distribution 
 
Table 2 Peak temperatures obtained from weld thermal cycles 

Distance from 
center of weld/mm 

Temperature measured 
experimentally/°C 

Computed temperature/°C 
Simulated Analytical 

Gauss model Double ellipse model Thin plate model Thick plate model

7.7 1452 1497 1479 1480 1458 

10 933 930 956 1145 939 

10.5 800 805 779 1092 805 

13 484 497 469 888 497 
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Finally, a comparison between analytical and double 
ellipse model isotherms was performed. As seen in   
Fig. 12, the width of the analytical and simulated 
isotherms presented a good approximation; however, a 
discrepancy with respect to length has been found. This 
shortcoming can be attributed to the fact that traditional 
analytical models do not consider the heat transfer 
conduction generated during the heat source 
displacement, i.e., pseudo-state condition. In contrast, the 
finite element model considers the transient heat 
conduction during the welding (conduction effect by 
previous position of the heat source), as well as the 
convective effect, producing an important difference in 
the length of the welding isotherms. 
 

 
Fig. 11 Correlation between continuous-cooling− 
transformation diagram for Inconel 718 alloy [32] and different 
cooling rates obtained from experimental weld thermal cycles 
 

 
Fig. 12 Correlation between analytical and double ellipse 
model isotherms 
 
4 Conclusions 
 

(1) The weld thermal cycles determined analytically 
(ROSENTHAL’s thick plate model) and by finite 
element method present an acceptable approximation 
with the experimental results. The temperatures obtained 

by using the double ellipse model heat distribution offer 
a better representation than those computed with Gauss 
model. 

(2) According to the macrostructural characteristics 
of the welding profile, it was possible to determine a 
close approximation of the fusion and heat affected zones 
by means of microhardness measurements (profile and 
mapping representation). From the center of the welding 
bead, it was observed that the fusion zone limit is located 
approximately at 7.5 mm, whereas the width of the heat 
affected zone is roughly 10.3 mm. 

(3) Microhardness behavior as well as the cooling 
rate conditions allows observing a microstructural 
transformation of γ″ and γ′ phases in the HAZ. 

(4) The existence of Laves, δ and MC phases in the 
heat affected zone was confirmed by the continuous- 
cooling−transformation diagram by using experimental 
cooling rates. 
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摘  要：采用热动源模型和瞬态热分析相结合，并借助于有限元方法，确定在 Inconel 718 合金板上应用钨极惰性

气体保护焊获得的焊接热循环和等温截面。Rosenthal 厚板模型和有限元分析结果显示，焊接热循环与实验值较相

近。与实验曲线相比，用双椭圆模型热分布数值模拟确定的等温截面其拟合效果优于高斯模型。为了分析不同冷

却速率下熔融区和热影响区显微组织的转变，进行维氏显微硬度测量(由横截面硬度分布曲线和纵截面硬度分布映

射图表示)。与基体材料的显微硬度(~350 HV0.2)相比，热影响区(~200 HV0.2)和熔融区(~240 HV0.2)的显微硬度降低，

这是由于根据连续冷却转变曲线，γ″相(镍基体)的不均匀溶解过程生成 Laves 相、δ相和金属间化合物过渡相，使

熔融区的硬度值降低。 
关键词：Inconel 718 合金；钨极惰性气体保护焊(GTAW)；焊接热循环；有限元方法；热动源 
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