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1  Introduction

Inconel alloy 625 is an approved material of construction 
under the Boiler and Pressure Vessel Code of the American 
Society of Mechanical Engineers (ASME), due to its good 
mechanical and chemical properties (e.g., corrosion resist-
ance and retention of hardness) in elevated temperatures. It 
is widely used to construct the equipment for the power and 
nuclear industries, such as boilers and nuclear reactors [1–3]. 
Many pieces of these equipments need to have creep and cor-
rosion resistance; therefore, Inconel 625 should be jointed to 
stainless steels (e.g., Austenitic stainless steel 316) that has 
high corrosion strength. However, these types of joints are 
highly sensitive due to the very low weldability of Inconel 
alloy [4–6] and therefore the welding method should be asso-
ciated with minimal distortion and microstructure changes. 
ND:YAG laser welding process with high penetration depth 
and very narrow heat-affected zone is one of the fusion 
welding methods that can be used in highly sensitive joints. 
The pressure, created by the intense vaporization, tends 
to dig into the molten metal zone and then the laser beam 
penetrates deeper into the matter creating a thin hole (called 
keyhole) in the supplied zone [7]. In keyhole laser welding, 
very strong density of power is delivered to the metal that 
immediately evaporates surface after reaching the laser beam 
on the surface of the work. This phenomenon allows deep 
welding during ND:YAG continuous wave welding process 
and without any major problem, the keyhole shape is close 
to an inclined conical form [8, 9]. Laser beam energy is not 
completely absorbed to the keyhole wall, so some of it will 
be reflected from the work surface that some of the reflected 
beams can be absorbed into the keyhole wall at subsequent 
encounters while some of them can be reflected back [10]. 
This process is continued until the power of the reflected 
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beams is reduced to the extent that does not have the nec-
essary power to influence the keyhole. The created keyhole 
is dependent on many factors, including welding speed (low 
welding speed creates a keyhole closer to the axisymmet-
ric form and under the high speed the shape and bending of 
keyhole becomes more elongated) [11, 12]. Modifying the 
shape of the keyhole with multiple reflections improves the 
efficiency of the process. Due to the optical nature of the 
laser beam, its energy will not be completely absorbed by 
the surface of the work so some of it, will be reflected from 
the surface that the amount of reflected energy is a function 
of many properties of the process including shielding gas, 
laser frequency, temperature and the angular frequency of 
the laser radiation. The laser beam welding process has been 
studied by many; for example, Volpp and Vollertsen (2013) 
used an analytical modeling approach, including multiple 
reflections to analyze the influence of different laser intensity 
distributions on keyhole geometry [12]. Devendr and Ram-
kumar (2014) investigated the influence of filler metals and 
welding techniques on the structure–property relationships 
of Inconel 718 and AISI 316L dissimilar weldments. They 
articulated the effects of filler metals on the structure–prop-
erty relationships to the weldments [13]. To study the forma-
tion and expansion of the keyhole, great deal of research has 
been done. Kaplan (1994) based on the energy balance at the 
keyhole wall predicted the axisymmetric form for the key-
hole that predicates weld geometry at high welding speeds 
regardless of the fluid flow inside it [14]. Dowden et  al. 
(1989) applied Fresnel absorption coefficient for a single 
uniformly linear laser source [15]. Solana and Ngero (1997) 
applied an axisymmetric Gaussian model for distribution of 
laser heat flux density in the keyhole depth of the uniform 
laser beam to analyze the keyhole [16]. Bachmanna et  al. 
(2014) did an experimental and numerical investigation of an 
electromagnetic weld pool control for laser beam welding. 
Their results revealed that oscillating and steady magnetic 
fields can have a significant positive effect on the quality and 
the stability of high-power laser beam welding processes of 
aluminum alloys and stainless steel [17]. The motivation of 
this study is to develop a comprehensive volumetric heat flux 
model in the keyhole laser welding, So that the absorption 
coefficient of the laser power in the keyhole wall, varies with 

distance from the surface of work due to reflecting of the 
laser beam from the keyhole wall, and absorbing laser power 
due to multiple reflections of the laser beam.

2 � Experimental procedure

Commercially available Inconel 625 and AISI 316L were 
used in this study. The dimensions of these plates were 
100 × 30 × 1 mm. The chemical compositions of the base 
metals are listed in Tables 1 and 2. Experiments were car-
ried out with a CW–Nd:YAG Laser, with a maximum power 
of 4 kW. The laser beam was delivered through a 400 mm 
optical fiber. The laser beam operates on a Gaussian mode 
(K > 0.9) at a wavelength of 10.9 µm. Metallographic and 
SEM images were taken and copper sulfate resolved in 
hydrochloric acid used for etching of welded materials.

3 � Finite element model

The standard finite element software ABAQUS/CAE was 
employed for simulating the temperature distribution in the 
base metals during the pulsed Nd:YAG laser welding pro-
cess. One of the special features of this software is the ability 
to consider the temperature-dependent material properties for 
the workpiece. Consequently, the temperature dependency of 
workpiece material properties was taken into account in the 
simulation stage. This consideration increases the compatibil-
ity of predicted values with the experimental observation. The 
latent heat of melting, considered as one of the major features 
of the workpiece, was considered in the numerical analysis due 
to the crucial effect on the result of the simulation. However, 
when the applied heat flux is based on the specific absorption 
coefficients in each material, the created keyhole will be closer 
to the true state. In this paper to define the heat flux distribu-
tion, we used the Goldak’s double ellipsoid with such constant 
parameters that converts this model into the parabolic shape 
with constant parameters and welding simulation conditions 
that is measured experimentally in welding speed 10 mm/s (as 
shown in Table  3). The numerical analyses were performed 
using a 10-node quadratic heat transfer tetrahedron (DC3D10) 

Table 1   Chemical composition of Inconel 625

Ni Cr Fe Mo Nb + Ta C Mn Si Al Ti

Min 58.0 20.0–23.0 Max 5.0 8.0–10.0 3.15–4.15 Max 0.10 Max 0.50 Max 0.50 Max 0.40 Max 0.40

Table 2   Chemical composition 
of stainless steel 316 l

C Si Mn Mo S P Ni Cr Cu N

Max 0.03 Max 1.00 Max 2.00 2.00–3.00 Max 0.030 Max 0.045 00–15.00 16.00–18.00 – –
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mesh with the global size of 13  Rm. Approximately 95,000 
elements have been generated in the sample. One of the most 
important factors for determining the final microstructure of 
welded material is the thermal history of the material.

3.1 � Computation of theoretical laser beam efficiencies 
using energy balancing

The formation of keyhole is an important factor that affects 
the efficiency of the laser beam welding. The keyhole will 
be formed after overcoming a threshold level (rs) that it can 
be defined as function of material vaporization temperature 

(TV), the thermal conductivity (K), and the absorptivity at 
normal incidence (A), as follows:

As shown in the schematic diagram in Fig.  1 for steady 
state, before the laser beam reaches for the keyhole wall, 
it would have lost some of its energy due to absorption by a 
plasma plume (Pplume), and part of laser power will be lost due 
to reflection from the material surface Pref, and therefore the 
laser beam power can be defined by the following formula:

If the shielding gas was properly used, the absorbed 
laser beam power can be minimized while the laser beam 
gets through the keyhole wall, even though some of it can 
be partially absorbed (first Fresnel absorption). The per-
centage of the absorbed power depends on the wall angle 
and material’s physical properties. The reflected intensity 

(1)rs ∝
TVK

A
.

(2)Peffected power = P − Pref − Pplume.

Table 3   Finite element simulation condition and constant parameter 
measured experimentally

a b Cr Cf Laser power Welding speed

0.3 mm 1 mm 0.5 mm 0.5 mm 3.5 kW 10 mm/s

Fig. 1   Schematic diagrams 
showing the power balancing 
during keyhole laser welding

Fig. 2   Geometrical analysis for 
multiple reflections inside the 
keyhole
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will pass through the multiple reflections inside the key-
hole, and between each reflection the laser ray will lose 
some of its intensity due to plasma absorption. The laser 
ray finally leaves the keyhole from the top in the case of 
blind key holes, or from both bottom and top in open key-
holes [18]. The coupling efficiency (ηA) is defined as the 
portion of the laser power available for the material and is 
equal to the ratio of the absorbed power (Pabs) by the key-
hole wall and the total laser power (P) [19]:

4 � Results and discussion

In this paper, the thermal histories of materials have been 
determined at several critical points, such as weld line, 
HAZ and base metal using the laser power of 500  W in 
each material. Comparison between experimental and 
finite element results (Figs. 3, 4) shows that in each mate-
rial “Superalloy Inconel 625 and AISI 316L”, experimental 

(3)ηA =
Pabs

P
.

results are much close to finite element results. Since 
there is a different laser power absorption coefficient for 
each material, the created keyhole in each base material is 
unique. Considering the variation in the absorption coef-
ficients of different materials provide better prediction for 
the actual case using finite element results.

4.1 � Calculation of the Fresnel absorption coefficient

The laser beam can be reflected or absorbed from the key-
hole wall. At the liquid–vapor interface the angle of inci-
dence of the laser beam is assumed to be equal to the angle 
of reflection. The absorption coefficient of the laser ray 
α(Fresnel) can be calculated using the Fresnel formula for cir-
cular or randomly polarized light as follows:

(4)

α(Fresnel) = 1−
1

2

(

1+ (1− ε cosφ)2

1+ (1+ ε cosφ)2
+

ε2 − 2ε cosφ + 2 cos2 φ

ε2 + 2ε cosφ + 2 cos2 φ

)

,

Fig. 3   Comparison of the 
temperature distribution by the 
finite element model and experi-
mental results in Inconel 625

Fig. 4   Comparison of the 
temperature distribution by 
the finite element model and 
experimental results in stainless 
steel 304L
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where φ is the angle of incidence and ε is the material-
dependent constant in the Nd:YAG laser. Based on the 
experimental examination, the Fresnel absorption coefficient 
α(Fresnet) will be in the range of 4–6 %. However, this range 
can be changed based on material types. In this paper, a vari-
able absorption coefficient that varies by distance from the 
surface has been used. For this reason, an angle of keyhole 
wall, perpendicular to the horizon is determined based on the 
equations defined in the Fig. 2. With this calculation, the key-
hole wall will be defined as a cone. All of the following items 
using a FORTRAN subroutine have been given to ABAQUS 
in a transient thermal analysis; therefore, the amount of 
absorbed laser power can be expressed as follows:	

where p is the laser power. The plasma absorption appears 
in the keyhole-mode laser welding that affects the charac-
teristics of the keyhole by producing a wider or less pen-
etrated keyhole [20]. The absorbed intensity in the keyhole 
by the inverse Bremsstrahlung action will be deposited 
back to the keyhole wall by radiation [21]. The plasma 
absorption coefficient is proportional to the square of the 
wavelength [18]. Since the wavelength of a CO2 laser is 
10.6 and 1.06 μm for Nd:YAG, Kaplan [22] reported that 
the plasma plume absorption outside the keyhole is approx-
imately 1  % of the incident laser power for CO2 lasers. 
Therefore, the plasma plume (outside the keyhole) can be 
neglected because of the shorter wavelength of the Nd:YAG 
laser, whereas the plasma absorption between the multiple 
reflections inside the keyhole was calculated.

4.2 � Calculation of plasma effect

Inverse Bremsstrahlung coefficient, the most important 
coefficient in the absorption of laser energy into plasma, is 
expressed as follows:

where ne is the electron density, me electron mass, Te effec-
tive temperature, ɛ0 vacuum permittivity constant, γg a 
fixed quantity that is approximately equal to 1.78 and ω 
angular frequency of the laser radiation.

The amount of power that is absorbed by the plasma col-
umn using the inverse Bremsstrahlung coefficient is equal 
to:

(5)pabs = pα(Fresnel) − αIBp,

(6)αIB =
n2ee

6

6
√
3µε30chω

3m2
e

[

me

2πkTe

]0.5

g

(7)g =

√
3

π
ln

[

(

2

γg

)
5
2
(

kTe

me

)(

4πε0me

e2ω

)

]

,

(8)Pplume = αIBp.

4.3 � Multiple reflections of the laser beam in the keyhole

The keyhole profile can be calculated by considering only 
the first Fresnel absorption; the keyhole profile was con-
verted to polynomial equation using the least squares 
method that can be used to calculate the Fresnel absorp-
tion coefficient at any location. Between two reflections, 
the laser beam loses intensity due to the plasma absorp-
tion. Geometry calculation and density of Fresnel absorp-
tion coefficient are considered in Kaplan’s analysis [24]. 

Fig. 5   Keyhole profile in stainless steel 304L

Fig. 6   Keyhole profile in Inconel 625
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The energy balance equation reflects the effects of all 
mechanisms (first Fresnel, Multiple reflections and plasma 
absorption), but the effect of multiple reflection is assumed 
to be acting only in the horizontal direction since the angle 
between the multiple reflected ray and keyhole wall is 
assumed to be always 90° (Figs. 5, 6). Since this is not the 
typical case in the multiple reflections, the absorbed inten-
sity of multiple reflections will add to the direct Fresnel 
intensity to produce the total absorbed intensity in the par-
ticular layer where the plasma plume absorption helps in 
the development of keyhole [20–24].

4.4 � Defining of body heat flux distribution

In the number of papers published recent years, more 
attention was paid to the numerical models of heat 
sources in the laser heating process. The papers mostly 
utilize surface heat source models, but there are much 
less studies focused on the numerical models in laser 
beam heat sources that refers to the volumetric heat 
source. The laser beam heat source intensity is an expo-
nential function that changes along the penetration depth 
of welded element. In this research, we used the modified 
version of the Goldak’s volumetric heat source model 
[25] that is usually used for numerical modeling of the 
electric arc heat source power distribution. It can predict 
the laser power observation on the parts. So we have an 
optimized model for heat source power density distri-
bution in the laser welding. A Gidak’s double elliptical 
model for laser power density distribution is modified as 
follows:

where a, b, cr and cf, are set of axes that define front ellip-
soid and rear ellipsoid, ff and fr (fr + fr = 2) represent dis-
tribution of the heat source energy at the front and the rear 
section, therefore resultant distribution of the energy source 
is wholly described as:

	

(9)qf(x, y, z) =
6
√
3ffpabs

abcfπ
√
π
e
(

−3x2/a2
)

e
(

−3x2/b2
)

e
(

−3z2/c2f

)

(10)qr(x, y, z) =
6
√
3frpabs

abcrπ
√
π
e
(

−3x2/a2
)

e
(

−3x2/b2
)

e
(

−3z2/c2r
)

,

Fig. 7   Microstructure of Inconel 625 in the HAZ area

Fig. 8   Thermal history at 
different points in the stainless 
steel 304L with the laser power 
500 W
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where pabs is the absorbed laser power that is calculated in 
this paper [24]. In this paper to simulate butt welding of 
two different materials, the heat flux distribution defined in 
the Eq. (11) was applied.

5 � Conclusion

By comparing the results of simulation and experimen-
tal results (Figs. 3, 4), we can conclude that the presented 
finite element model in this paper can predict the tem-
perature distribution with little error around the different 
regions of the laser welded parts with different base metals. 

(11)qtotal(x, y, z) = qf(x, y, z)+ qr(x, y, z),

According to Figs. 8 and 9, provided the temperature his-
tory at several different points, the plots provided that the 
heat-affected zone is very narrow in laser beam welding. 
Although the extent of this region has a significant influ-
ence on the deformation and microstructure changing of 
welded components, laser welding can be one of the com-
mon methods for welding of very thin parts or materials 
that have a strong tendency to distort and microstructure 
change like Inconel 625. By comparing the final micro-
structure and thermal history diagrams, it is clear that only 
a very narrow region can reach the phase change temper-
ature (Fig.  7); due to this issue, it can be argued that the 
presented model in this paper with high performance can 
predict the thermal gradient that leads to microstructure 
changes and deformation. By comparing the isothermal 
surface on each material shown in Fig. 10, it is clear that 
thermal distribution is unique for each material, we know 
that the cooling of the metal close to the weld pool is the 
critical metallurgical location. The results of the thermal 
history in this paper can be used to determine the final 
microstructure of laser welded part, since the absorption 
coefficient of laser power and reflection coefficient changes 
by varying the laser power. Therefore, the model presented 
in this paper with high precision can predict the thermal 
gradients.  
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