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Laser welding of metals involves with formation of a melt-pool and subsequent rapid solidification, resulting in alteration of
properties and the microstructure of the welded metal. Understanding and predicting relationships between laser welding process
parameters, such as laser speed and welding power, and melt-pool characteristics have been the subjects of many studies in
literature because this knowledge is critical to controlling and improving laser welding. Recent advances in metal additive
manufacturing processes have renewed interest in the melt-pool studies because in many of these processes, part fabrication
involves small moving melt-pools. *e present work is a critical review of the literature on experimental and modeling studies on
laser welding, with the focus being on the influence of process parameters on geometry, thermodynamics, fluid dynamics,
microstructure, and porosity characteristics of the melt-pool. *ese data may inform future experimental laser welding studies
and may be used for verification and validation of results obtained in future melt-pool modeling studies.

1. Introduction

Laser is a coherent single-phase beam of lights from a single
wavelength (monochromatic) with low beam divergence
and high energy content, which creates heat when it strikes
a metal surface. *e advent of high-power (multi-kW) lasers
in the 1970s [1] opened the door to many metal working
applications, which, previously, had been done using con-
ventional high-flux heat sources, such as reacting gas jets,
electric discharges, and plasma arcs. One metal working
application of lasers is laser welding, which requires power
density> 103 kW·cm−2 [2]. In laser welding, two adjacent or
stacked metal pieces are fused together by melting the parts
at the weld line; usually, the process is conducted under an
inert gas flow with or without addition of material to the
weld line. *e moving melted volume is called the melt-pool
(Figure 1). *e size of this pool, which is on the order of
1mm, is influenced by many variables, such as the material,
laser power, and welding speed.

*e deep volume directly under the laser focus area is
called the keyhole, within which the high energy of the laser
creates heating rates >109 K·s−1 [3]. *us, the material in
the keyhole is rapidly melted and even boiled, thereby
creating a metallic plasma around it. Boiling of the material

maximizes the absorption of the laser energy by the ma-
terial because it turns the keyhole to a black body [4].
*e amount of absorbed energy in the material decreases
exponentially through the thickness, as predicted by the
Beer–Lambert law. A smaller portion of the absorbed
energy is conducted away through reradiation and con-
vection from the surface, while the rest is conducted into
the substrate. An intense recoil pressure created by evap-
oration of the material in the keyhole generates a vapor jet
and a fluid flow in the keyhole and the melt-pool (Figure 1)
[5]. In addition, the surrounding area of the melt-pool that
is still in the solid state will reach temperatures high enough
to change the microstructure of the material or to cause
solid-state phase transformation, depending on the ma-
terial thermodynamics. *is area is called the heat-affected
zone (HAZ). Hereafter, we use the term “melt-pool” to refer
to the combination of the keyhole, the molten-metal area
(MMA), and the HAZ. Laser welding mechanisms can be
divided into two categories based on the existence of the
keyhole: keyhole mode and conduction mode. Keyhole-
mode welding is more common because it produces narrow
HAZs. However, keyhole oscillations and closures result in
instabilities of the melt-pool, leading to creation of pores in
the welded zones. On the other hand, there is more stability
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in the conduction mode since vaporization is minimal.
Conduction-mode welds are produced using low-power
laser beams; as such, these welds are shallower than
keyhole-mode welds [6]. �e focus of this review is
keyhole-mode laser welding.

Melt-pool characteristics directly control the quality of
the weld, for example, porosity in the weld through keyhole
thermodynamics and residual stresses through HAZ ther-
momechanics. As a result, one of the main goals of many
research studies is to understand the relationships between
weld quality and laser welding process parameters (such as
laser type and laser power), substrate temperature, and melt-
pool characteristics [7–12]. �ere are di�erent types of la-
sers, three widely used ones being neodymium-doped
yttrium aluminum garnet (Nd:YAG), CO2, and argon la-
sers. Lasers di�er in characteristics, such as maximum
output power and pulse repetition rate that they can provide,
and, as such, the choice of the laser should be based on the
application being considered. For instance, Morgan et al.
[13] conducted density analysis experiments on 316L
stainless steel and chose Nd-YAG laser over CO2 laser due to
increased absorption of a 1.064 μm wavelength by metallic
powder compared to a longer wavelength (10.64 μm) [14].

Locke et al. [15] carried out one of the early experiments
on laser welding of metals. �ey used laser power levels of
8 kW and 20 kW, leading to penetration depth and speed
that had not been possible previously. �e penetration depth
achieved was 12.7mm at a ratio of 2.54m·min−1 in a 5-to-1
depth-to-average-width fusion zone in 304 stainless steel at
a 20 kW laser power level.�e state of the art of laser welding
of metals and associated melt-pool characteristics in those
early days of research was reviewed by Mazumder in 1982
[2] and in 1987 [16]. Since then, laser welding of metals has

advanced signi�cantly in many aspects, such as welding
materials, process monitoring, computational modeling, and
quality. �ere are a few review papers in the literature that
deal with recent advancements in laser welding of metals. In
1989, David and Vitek [17] focused on the solidi�cation
behavior of the melt-pool and investigated the correlation
between the weld metal microstructure and solidi�cation
parameters such as crystal growth rates and the consequent
interface cooling rates. �ey presented a diagram showing
the variation of weld microstructure as a function of cooling
rate, growth rate, and combination(s) of these variables. In
2003, Cao et al. [18, 19] reviewed research and progress in
laser welding of wrought Al alloys. �ey reviewed �ndings
regarding the in�uence of an assortment of parameters,
which they divided into three categories (laser-, process-,
and material-related parameters), on weld quality. �ey
quanti�ed the weld quality by metallurgical microstructures
and defects, such as porosity, cracking, oxide inclusions, and
loss of alloying elements, as well as mechanical properties of
the weld, such as hardness, tensile strength, fatigue strength,
and formability. In 2005, Shao and Yan [20] reviewed on-
the-�y monitoring techniques for inspecting the laser
welding process, highlighting the advantages and limitations
of acoustic, optical, visual, thermal, and ultrasonic tech-
niques. In 2006, Cao et al. [21] conducted a similar review
but focused on Mg alloys. In 2014, Liu et al. [22] reviewed
laser welding studies of dissimilar Mg and Al alloys. �eir
review also included discussion of progress on research on
other welding techniques applied to these alloys, including
solid-state processes and fusion welding. �e authors stated
that a challenge in welding dissimilar Mg and Al alloys is the
formation of brittle intermetallic compounds, which can be
addressed by eliminating or reducing the Mg-Al in-
termetallic reaction layer through careful selection of pro-
cess parameters.

Modeling the laser welding process has been another
major research focus. �is is challenging due to the mul-
tiphysics nature of the problem (Figure 1); that is, it involves
laser-material interaction, �uid �ow, large temperature
variation, plasma formation, vapor-liquid-solid coexistence,
and possible solid-state phase transformation [4, 23–25]. As
analytical solution of the laser welding process is not possible
(except in the case of a simpli�ed physics and geometry
model), numerical/computational approaches have been
taken. In 2005, Mackwood and Crafer [26] reviewed the
literature on thermal modeling up to 2002. �ey divided the
work conducted into categories based on the welding
method, such as arc, resistance, and friction, as well as
welding processes, such as alloying, cladding, and surface
hardening. �e review covered basic analytical solutions,
such as a moving/�xed-point heat source combined with
a line source of heat, along with numerical solutions, in-
cluding standard heat transfer solutions, welding dissimilar
metals, multipass welding, melt-pool models, and keyhole
models. Also, in 2005, Yaghi and Becker [27] reviewed
thermal and mechanical welding simulations in which �nite
element analysis (FEA) was used. �e simulations included
heat �ow processes and solid-state phase transformations
occurring in the welding process. �ey discussed several
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Figure 1: A cross-sectional schematic of a side view (the interface
between two solids) of the melt-pool formed during a laser welding
process.
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relevant modeling considerations (such as parametric
studies of residual stresses), influence of material properties
on residual stresses, and combination of welding simulation
with other heat transfer engineering processes. In 2012, He
[28] updated the review of FEA studies on laser welding,
with special attention to the simulation of defect formation.
He discussed numerical problems in FEA of laser welding,
including materials modeling, meshing procedure, and failure
criteria. He concluded that establishing an accurate and re-
liable finite element model of laser welding is very difficult
because the process is a complex phenomenon that comprises
many interrelated mechanisms and metallurgical processes.
In 2015, Svenungsson et al. [29] conducted a review of mod-
eling investigations of the keyhole and categorized these
models based on the considerations and assumptions used
in constructing the models.

Most reviews on laser welding are limited to either
a specific material or method of study, namely, experi-
mental, on-the-fly monitoring, or computational. In other
words, there is no review on the state of the art on the
properties of the melt-pool and their relationship to the
welding process parameters and weld quality. In the present
review, we focus on these aspects. *us, the present review
focuses on the following melt-pool characteristics: (1)
geometrical features, such as the penetration depth,
width, HAZ geometry, keyhole geometry, and MMA ge-
ometry; (2) thermodynamic characteristics, such as laser
energy absorption, surface temperature, cooling rates, and
temperature map in the melt-pool; (3) fluid dynamic
characteristics, such as fluid flow in the melt-pool and
vaporization in the keyhole; (4) resulting microstructures;
and (5) porosity characteristics, including factors that in-
fluence porosity formation and methods to avoid it. Due to
the multiphysics and integrated nature of the melt-pool, in
some literature reports, there may be some overlap coverage
of the abovementioned aspects. In each section of the
present review, we critically discuss the state of the art in
determination of the considered melt-pool characteristic, its
variation with process parameters, and its influence on
commonly used weld quality quantifiers, such as the mi-
crostructure and mechanical properties. In the final section,
we summarize the key points made and identify some gaps
in the reviewed models of laser welding of metals that
hinder full characterization of the process.

2. Melt-Pool Geometry

*e magnitude and distribution of cooling rates, tempera-
ture, and the maximum thickness that can be achieved by
a single welding pass are determined by the melt-pool ge-
ometry [7]. Additionally, the microstructure of the fusion
zone is also influenced by the melt-pool geometry. *ere are
several studies on the influence of laser power and welding
speed on melt-pool geometrical features (Table 1). A
summary of optimum laser welding process parameters, for
a selection of metals and alloy materials, is given in Table 2.
Summaries of studies on the influence of laser welding
process variables on melt-pool and keyhole features are
presented in Appendix.

In laser welding applications, the maximum achievable
welding speed is limited by the maximum available laser
power. For economic reasons, it is desirable to apply the
highest possible speed during laser welding, while a full
penetration is achieved at the same time. A feedback con-
troller, in which an optical sensor measures the intensity of
the melt-pool radiation and exports it to a feedback control
system, has been described by Postma et al. [48]. *ey
also proposed a dynamic model, which describes the sensor
and laser source dynamics, using system identification
techniques. *is model, which uses laser power as the input
and the modeled sensor signal as the output, is capable of
maintaining full penetration in the presence of artificial
power variations and speed changes. *is procedure opti-
mizes the welding speed without risking lack of penetration.

Surface structure and hardness of the substrate after
laser-related processes are also affected by process param-
eters. Ashby and Easterling [52] conducted experiments and
combined the equations of heat flow and kinetics to evaluate
the near-surface structure and hardness after laser treat-
ment. Using a Gaussian heat source for their model, they
presented diagrams, which show the structure and the
hardness of the surface, as a function of process parameters.
Using these diagrams, the maximum achievable surface
hardness without surface melting that results from using an
optimum combination of process parameters is identified.

In the process of deep penetration welding, a high energy
density is transferred to the workpiece through the keyhole;
therefore, the flows of metal vapor inside the keyhole and the
molten material around it play an important role in the
welding process, and the shape of the keyhole would highly
affect the weld quality. One approach that is employed to
evaluate the shape of the keyhole in this process is to es-
timate its cross-sectional area in each depth. *e model
presented by Dowden et al. [53] utilized this approach. *ey
assigned a single temperature to vapor materials. *erefore,
by obtaining the temperature distribution in each depth,
a border between the vapored materials and the materials
that are not vapored could be distinguished as the keyhole.
*e keyhole shape that they obtained was one that has
a circular cross section with a curved axis. Steen et al. [54]

Table 1: Influence of two laser welding parameters on various
melt-pool geometry parameters.

Geometry parameter
Process parameter

Laser power Welding speed
Melt-pool depth +a −b
Melt-pool width +c −d
Melt-pool depth/width ratio NS +e

Melt-pool length +f −g
Keyhole radius +g −g
Cooling rate −h +i

Melt-pool surface area +j −k
Vaporization rate +l NS
+Direct relationship; −inverse relationship; NS: not stated in the report;
a[11, 30–37]; b[11, 31, 33, 38–41]; c[11, 33–37, 42–44]; d[11, 12, 31, 33,
38, 41, 42, 45]; e[30]; f[32, 42]; g[42, 45]; h[7, 8]; i[8]; j[43, 46]; k[38, 41, 47];
l[44, 46].
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employed another approach to estimate the keyhole shape by
the combination of a point heat source and a line heat
source. *ey found a simple analytical form for the tem-
perature distribution, and possible weld profiles were found
numerically with specific choices for the strengths of the line
and point sources and specific locations for the point source.
Comparison of the obtained profiles with the actual mea-
sured profile led to the profile that gave the best fit, leading to
magnitudes of the line and point sources and the point
source location.

Beck et al. [55] used the equations of continuity, motion,
and energy to obtain the velocity and temperature fields and,
hence, the keyhole shape and the maximum velocity of the
melt flow at the sides of the keyhole. Kaplan [56] employed
another technique to obtain the keyhole shape. He used the
energy balance point-by-point through the substrate
thickness to find the position of each point of the keyhole
profile. *is work showed that most of the laser beam heat
was absorbed at the front wall of the keyhole rather than at
the rear wall. Lampa et al. [57] simplified Kaplan’s model
and used it for calculating the penetration depth, by applying
a correction factor for the material conductivity at the top of
the melt-pool. *e correction factor was calculated as 2.5,
which makes the material more conductive.

Amara and Bendib [58] solved the Navier–Stokes
equations for an incompressible fluid flow concentrated on
the vapor pressure in the keyhole and confirmed that the
vapor pressure works against forces, such as surface tension,
that tend to close the keyhole opening. *ey used the ray-
tracing code, which allows calculation of the energy de-
posited on the keyhole wall after each reflection of the laser
beam. However, Fabbro et al. [59] showed that due to the
high absorptivity of the front keyhole surface (60% to 80%),
only one reflection of the laser beam is necessary for the
modeling. Tenner et al. [60] used another method to esti-
mate the keyhole shape, that is, by relating it to the plasma
plume. *rough experiments, they showed that the keyhole
dynamic behavior is well correlated with the plume when
a threshold laser power is reached, with this power being
∼80% of the power required for full penetration (in this case,

2.5 kW). *ey concluded that, at low laser powers, the
stability of the keyhole is determined by the evaporation
process in the keyhole. Fabbro [61] defined some regimes in
laser welding and investigated the keyhole shape, particu-
larly, the keyhole front wall tilting, in the different regimes.
*ey observed that, at low welding speeds, the keyhole is
more unstable, and the intensity, which is absorbed by the
keyhole front wall, depends on the welding speed, not the
intensity itself. Postacioglu et al. [62] estimated the shape
of the surface of the weld as elevated or depressed. Kar and
Mazumder [63] used mass conservation, momentum, and
energy equations along with the heat transfer in the solid
and vapor phases of the materials to predict the shape of the
melt-pool by calculating the surface velocity and tempera-
ture distribution. *ey observed that the axial velocity at the
beginning of the laser melting process is negligible, com-
pared to velocities in other directions; however, after keyhole
development, the dominant velocity is in the axial direction.
*ey asserted that the moving speed of the solid-liquid
interface is much higher than that of the liquid-vapor in-
terface; in other words, the melt-pool depth increases more
rapidly than does the keyhole depth.

3. Melt-Pool Thermodynamics

Heat transfer in the melt-pool during laser welding signif-
icantly affects the melt-pool shape, melt flow inside the melt-
pool, and cooling rates of themelt-pool and, thus, the quality
and microstructure of the weld [64]. Since, in laser welding,
dimensions of the melt-pool are on the order of mm and
timescales are on the order of fractions of a second, mea-
suring the temperature profiles and cooling rates of each
point is costly and time-consuming. *us, many of the
studies reported on the thermodynamic characteristics of the
melt-pool during laser welding are modeling works.

Mazumder and Steen [4] developed a three-dimensional
quasi-steady heat transfer model of laser melting and
compared their results using this model to those obtained
from experiments. For simplicity, they assumed that there is
no reflectivity at the material surface, where the temperature

Table 2: Optimum laser welding parameters for a selection of metals and alloys.

Metal/alloy
Parameter

Laser power (kW) Welding speed
(m·min−1) Focal position (relative to the surface) (mm) Shielding

gas
Mg alloy, WE43 [11] 2 2 0 or −1 Helium
Mg alloy, AZ91 [11] 2 3 0 Helium

Several Mg alloys [49] 1.5a 2.5–3a −2 Helium2–2.5b 1-2b

Ti-6Al-4V alloy [50] NS 0.8 NS Helium
Stainless steel 304L [30] 4 3 0.2 Helium
Stainless steel 347 [30] 5 2 0.4 Helium
Stainless steel 304 [33] 1.25 0.75 NS NS
Galvanized steel [34] 1.3 1 NS Argon
Inconel 625 [39] 1.5 2 NS NS
Zn and Sn [51] 1.6 1.5 5 NS
Stainless steel 440 and 416 [35] Any combination of parameters that produces energy density in the range of 20.8 to 27.7 J·mm−2

NS: not stated in the report; afor thinner plates (2.5mm and 3.0mm); bfor thicker plates (5.0mm and 8.0mm).
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exceeds the boiling temperature of the material and the
thermal properties of the material are constant and in-
dependent of temperature changes. Using this model, some
process parameters were predicted, including the temper-
ature profile, maximum welding speed, HAZ width, thermal
cycle at any location or speed, and the effect of supple-
mentary heating or cooling, thickness, reflectivity, and
thermal conductivity on the melt-pool shape.

Goldak et al. [65] presented a more sophisticated model
of weld heat sources that consisted of two combined ellipsoid
shapes and is flexible enough to change the size and the
shape of the heat source so that it could be used for shallow
or deep penetration welding with various types of heat
sources, such as arc, laser, and electron beam.*ey observed
some differences between FEA and experimental results and
suggested the reason to be due to neglecting the heat flow in
the longitudinal direction. *ey found that the energy losses
due to radiation and convection near the heat source are
negligible.

Wang et al. [66] considered continuity, energy, and
momentum equations and employed the volume of fluid
method [67], which can be used to calculate the free surface
shape of the keyhole, to solve a three-dimensional model of
the temperature distribution. Using assumptions that the
material properties are constant and the fluid flow is laminar
and incompressible during the process, they found large
temperature gradients in the front region of the keyhole.
*ey claimed that the recoil pressure is the main driving
force for the keyhole formation. Akbari et al. [68] used the
same sets of equations and assumed the melt-pool surface to
be flat and the fluid flow to be transient, laminar, and in-
compressible. *ey found that regardless of the welding
speed, the temperature distribution decreased sharply at the
laser beam center and then decreased slightly far away from
the center of the laser beam. Frewin and Scott [69] con-
sidered temperature dependence of material properties and
stated that the temperature profile is a function of ab-
sorptivity and laser beam energy distribution. De et al. [70]
assumed a double-ellipsoidal model for the heat source to
present a two-dimensional conduction heat transfer model.
*ey investigated the effect of varying the penetration depth
and absorptivity on the exactness of the model results.

Vaporization is important in laser welding of alloys that
contain one or more volatile constituents because vapor-
ization determines the thermodynamic characteristics of the
melt-pool. Khan and Debroy [44] concluded that the relative
rate of vaporization of any two elements from the melt-pool
was an indicator of melt-pool temperature, irrespective of
the element pair selected. Increasing the laser power will
increase the vaporization rate by increasing the temperature
and the surface area of the melt-pool. Collur et al. [71]
conducted several experiments to examine the role of gas-
phase mass transfer in the vaporization of alloying elements
and modeled the role of plasma in the vaporization of
alloying elements. *e melt-pool is surrounded by a plasma
during laser welding, allowing molten metal drops to va-
porize, both in the presence and absence of plasma, iso-
thermally. *ey found that, under various shielding gas
environments, the rate of vaporization of alloying elements

is independent of the flow rate and also of the nature of the
shielding gas but is controlled by plasma-influenced intrinsic
vaporization at the melt-pool surface.

To simplify modeling convection in the melt-pool, many
researchers assumed that the thermal conductivity of the
material is isotropic in that region [24, 72, 73]. In contrast,
Safdar et al. [74] took into account the anisotropic thermal
conductivity and stated that the anisotropy-enhanced ther-
mal conductivity approach leads to a more accurate result in
the prediction of melt-pool temperature distribution.

*ere are many parameters that affect the shape of the
melt-pool. One of them is the Marangoni convection, also
called surface tension-driven convection, which is convec-
tion along an interface between two fluids due to a surface
tension gradient [75]. Tsotridis et al. [76] presented a sim-
plified model of the melt-pool considering the Marangoni
convection. For simplicity, they assumed that all the physical
properties of the solid and the liquid are the same, and
they claimed that the Marangoni flow dominated over
the buoyancy flow. Tsai and Kou [73] presented a two-
dimensional heat transfer fluid flow model to describe the
Marangoni convection in the melt-pool that is dependent on
the surface tension temperature coefficient. *ey asserted
that when this parameter has a negative value, the Mar-
angoni convection direction is radially outward, and the
pool center is depressed but the outer part is elevated.
However, a positive coefficient results in a convex melt-pool.

Limmaneevichitr and Kou [43] conducted experiments
to investigate the effect of the Marangoni convection on the
melt-pool shape. In this work, they used NaNO3 and Ga for
welding as these two materials have extremely high and low
Prandtl number (Pr), respectively; Pr � Cpμ/k, where Cp is
the specific heat, μ is the dynamic viscosity, and k is the
thermal conductivity. *e Peclet number (Pe) is also im-
portant in determining the effect of the Marangoni con-
vection. Pe expresses the ratio of heat transport by convection
to heat transport by conduction; that is, Pe � LV/α, where L

is the pool surface radius, V is the maximum outward surface
velocity, and α is the thermal diffusivity. For themelt-pools of
NaNO3, a material with a high Pr, α is very low and V is high
(strong Marangoni convection). *erefore, Pe is very high,
and heat transport in the melt-pool is dominated by the
Marangoni convection. Increasing the beam power increases
the Marangoni convection, the melt-pool size, V, L, and,
hence, Pe. Experimental results showed that if a strong
outward surface flow carries the heat outward to the melt-
pool edge, it makes a concave pool bottom wide and flat.
Reducing the beam diameter also increases the Marangoni
convection and Pe. *e return flow penetrates the pool
bottom close to the pool edge and turns the flat pool bottom
to a convex one. Both the convex and flat pool bottoms
indicate that the Marangoni convection dominates over
buoyancy convection, which is induced by gravity in the
pools. On the other hand, formelt-pools of Ga, Pe is very low,
and conduction dominates heat transport in the melt-pool.
Heat is conducted downward and outward and, thus, makes
the pool bottom concave. Reducing the beam diameter makes
the melt-pool more hemispherical, which confirms the
domination of conduction over heat transport in the pool.
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Yang et al. [9] presented a model by combining continuity,
momentum, and energy equations for liquid and solid phases
and reported that the thermal properties of the material and
the Marangoni flow in the melt-pool could significantly
influence the melt-pool shape such that more Marangoni
flow results in a wider and shallower melt-pool. Abderrazak
et al. [10] utilized their experimental and finite volume
simulation results obtained from Mg alloy specimens to
assert that a negative Marangoni effect, due to the absence of
the surface active agent in the alloy composition, makes the
melt-pool wider and shallower.

*e physical origin of the enhanced energy transfer from
a laser to a material may be explained on the basis of two
alternative mechanisms, namely, Fresnel absorption and
inverse bremsstrahlung (IB) absorption [77]. *e Fresnel
equation describes the behavior of light when moving be-
tweenmedia of differing refractive indices.*e absorption of
light that the equations predict is known as Fresnel ab-
sorption. IB absorption is one of the important mechanisms
for transferring energy from laser light to matter. In the very
intense field used in a laser fusion program, processes in-
volving multiphoton absorption and emission are very
important [78]. *ere have been a number of different
formalisms suggested for treating IB in intense fields [79]
together with a few numerical calculations [79]. For ex-
ample, Zhang et al. [80] presented a sandwich model to
observe the keyhole in deep penetration laser welding, thus
providing an effective way to analyze both Fresnel and IB
absorptions. By increasing the thickness of Al films between
two glass pieces, higher densities of the keyhole plasma are
achieved, leading to deep keyholes. By continuing to thicken
the Al films, the aperture of the keyhole continues to widen.
However, above a critical thickness, the depth of the keyhole
reduces (in Al films, this critical thickness is 0.3mm). *is is
due to the excess density of the keyhole plasma, which
prevents the transmission of the laser beam to the keyhole.
*e density of the keyhole plasma creates similar effects on
changes in welding depth compared to keyhole depth.
Cheng et al. [77] computed the laser intensity absorbed on
the keyhole wall using Fresnel and IB absorptions of the
keyhole plasma. *ey concluded that IB absorption of the
keyhole plasma plays a more important role than does
Fresnel absorption. *ey asserted that the temperature of
the keyhole plasma decreases from the top to the bottom of
the keyhole and decreases from the center to the edge of the
keyhole. Tan et al. [81] found that almost invariably, the
maximum temperature in the keyhole wall is located at
the bottom of the keyhole.

4. Melt-Pool Fluid Dynamics

In order to obtain a high-quality laser-weldedmetal product,
it is necessary to prevent defects before they occur. When
a metal is in the liquid state, the probability of collapsing of
the melt-pool or its partial penetration is high.*erefore, the
dynamics of the melt-pool and the fluid flow patterns are
important.

Zacharia et al. [82] proposed that surface active elements
may alter the flow field in the melt-pool and, hence, affect

weld penetration. *ey showed that a combination of the
concentration of the surface active elements and the tem-
perature distribution has an important role in determining
weld penetration. It was also shown that the melt-pool flow
can be simulated more realistically considering not only the
coefficient of surface tension as a function of temperature
but also the concentration of the surface active elements. In
laser welding (unlike gas tungsten arc welding [83, 84]), the
latter factor makes the temperature coefficient of surface
tension largely negative, causing the flow to be radially
outward at the melt-pool surface.*is flow transfers the heat
out from the center of the melt-pool and makes the pool
shallow.

Semak et al. [85] investigated the dynamics of the melt-
pool by conducting experiments using three different types
of pulses: a single 20 or 30ms pulse, continuous wave pulse,
and repetitive 20ms pulses. *ey observed that the vapor-
ization pressure exceeds surface tension and hydraulic
pressure in the melt-pool, creating a high-velocity melt flow
and, thus, a melt crown around the keyhole at the melt-pool
edge. Also, significant variations in the shape of the keyhole
opening were observed, which were attributed to the in-
stability of the vapor pressure. Semak et al. [86] presented
a model to simulate the fluid flow in the melt-pool during
pulsed laser welding. In a later contribution, they modified
their simulation to include the effect of surface tension [87].
*ey asserted that the effect of this force could be an ejection
or a retention, depending on the distribution of the beam
intensity.

Cho et al. [88] simulated the fluid flow in the melt-pool
during the transition from conduction laser spot welding to
keyhole laser spot welding and showed an upward and
downward oscillation in the fluid flow in the center of the
melt-pool in the direction of normal to the surface. *ey
attributed this oscillation to interaction of competing
pressures, including recoil pressure and surface tension
pressure. Using a sandwich model, Zhang et al. [89] ob-
served the dynamics of the keyhole and showed that the
hydrodynamics at the keyhole wall have a dominant effect
on defects in the weld. Geiger et al. [90] used continuity, heat
conduction, and the Navier–Stokes equations to show how
pores form at high welding speeds (such as 12m·min−1). A
higher welding speed results in a higher pressure at the
keyhole front and, thus, higher velocities of melt flow around
the keyhole, which lead to a depression outside the keyhole.
A combination of this phenomenon with the surface tension
leads to formation of pores.

*e coupling between the melt-pool and the keyhole is
complicated. It has been shown that the sideways liquid
displacement around the front keyhole wall is the main
process for generating high velocities of the fluid that enters
the melt-pool [25, 91]. Basu and DebRoy [92] found
a threshold for the melt-pool surface temperature above
which the vaporization-induced recoil pressure overcomes
the surface tension pressure, causing an outward flow to the
sides [93]. *e recoil pressure is one of the three main
mechanisms responsible for expellingmelt from the keyhole.
*e other two, which are particularly important at higher
melt surface temperatures, are melt evaporation and the
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shielding gas interaction with molten metal. *e melt flow
generated by the recoil pressure has a direction in which the
recoil pressure gradient is the highest. *erefore, in laser
welding, the melt flow is ejected by the recoil pressure to the
sides of the melt-pool [25]. Fabbro et al. [40] discussed the
effects of the interaction between the vapor, which is gen-
erated by the ablation process occurring on the front keyhole
wall, and the surrounding melt-pool. *ey showed that an
efficient control of the dynamics of the melt-pool can be
achieved using a side gas jet, which can be localized in the
front or the rear position. *is gas jet decouples the in-
teraction zone inside the keyhole and the melt-pool.
*erefore, the melt-pool flow can be well stabilized,
resulting in a high-quality weld and improved penetration at
low welding speeds. Amara and Fabbro [94] modeled the
fluid flow in the melt-pool, considering the interaction
between the vapor and the liquid and between the liquid and
the air. Fabbro et al. [95] showed that the escaping vapor,
which is generated in the keyhole, creates friction forces,
which, in turn, play an important role in fluid flow in the
melt-pool. Experiments [96] showed that these forces
generate humping instabilities on the melt-pool above
a critical welding speed. Amara et al. [97] considered the
friction effects of the vapor flow with the liquid walls as an
important factor to numerically solve the hydrodynamic
equations, obtaining the shear stress distribution on the
keyhole walls. Further investigations [98] lead to three-
dimensional calculations of the molten metal flow velocity
induced by the friction phenomenon and the thickness of the
boundary layer. *e friction force, which is induced on the
melt-pool wall, results in a drag force expelling the flow
towards the surface. *e other main driving forces for the
molten material in the melt-pool result from surface tension,
recoil pressure, and buoyancy forces [5, 85, 94]. By solving
a combination of the Navier–Stokes, energy conservation,
and ideal gas equations, using the finite volume method, it
was confirmed that using a gas jet during deep penetration
laser welding results in better weld joints because the melt
flow in the melt-pool is enhanced.

Insufficient metal flow in the melt-pool may be due to
excessive welding speed or incorrect laser power, which
leads to hump formation, a phenomenon that produces
variation in weld penetration [99]. Once the hump starts to
be solidified, further melt flows upwards and resolidifies,
causing the hump to grow [100]. *e travel angle between
the laser beam and the welding direction has been found to
affect the onset of humping. Forehand welding has been
shown to suppress hump formation to higher welding speeds
[101, 102]. Gratzke et al. [103] defined a critical ratio of the
width to the length of the melt-pool, which determined the
likelihood of hump formation, such that maximizing this
ratio during welding decreases the possibility of hump
formation. Another way of reducing humping defects in
laser welding is by using a tandem dual beam [104]. When
the beams are far apart, the second beam suppresses the
humps formed by the first one, and when the beams are
close, the following beam stabilizes the keyhole, thereby
preventing hump formation after the leading beam.
According to Beck et al. [55], any reduction in flow velocities

in the rearward direction avoids hump formation. Kern et al.
[105] used this concept in their experiments of CO2 laser
welding of steel by applying amagnetic field transverse to the
welding direction, thus altering the melt flow profile within
the melt-pool and suppressing hump formation. Matsunawa
and Semak [106] simulated the keyhole during high-speed
laser welding and found that hump formation frequency was
increased with increasing welding speed. However, Kawa-
hito et al. [107] defined a process window of welding speed
and laser beam diameter, in which humping occurred over
a particular range of laser power densities. In a later work
[108], these authors found hump formation to be caused by
several dynamic and static factors, including flow velocity,
surface tension, solidification, and melt volume. *ey
asserted that hump formation could be avoided in fully
penetrated welds by decreasing melt volume so that the
formation of the convex surface at the rear end of the melt-
pool was suppressed. According to the model of Matsunawa
and Semak [106], when the component of the keyhole ve-
locity that is parallel to the surface was higher than the beam
translation speed, the instability of the keyhole resulted in
hump formation on the weld surface. A humpmay also form
on the keyhole wall surface when the upper part of the
keyhole wall moves away from the laser beam axis and the
lower part continues to move towards the axis. Ilar et al.
[109] introduced root humping, which was different from
top surface humping, being formed due to a gravity effect.
Root humping was initiated by the increase in the amount of
the material flowing in the melt-pool that originated from
the bottom of the melt-pool. Amara and Fabbro [110]
presented a 3D model based on the numerical resolution of
the fluid flow and the heat transfer equations showing hump
formation at high welding speeds in deep penetration laser
welding. Pang et al. [111] found significant differences be-
tween melt-pool dynamics of an unstable keyhole and
a stable one and that, by controlling the welding speed and
surface tension, they could prevent the formation of humps
on the keyhole wall, thus reducing keyhole instability. *ey
stated that, under certain low-heat input welding conditions,
collapse of the keyhole wall could be avoided.

Ki et al. [45, 112] presented a three-dimensional laser
keyhole welding model and used the Navier–Stokes and
energy equations to simulate the movements of the liquid-
vapor interface and the solid-liquid interface as well as the
heat transfer. In addition, they simulated the transition from
conduction-mode welding to keyhole-mode welding. For
the sake of simplicity, they extrapolated material properties
at high temperatures from values obtained at lower tem-
peratures. *ey did not take plasma into account, assumed
the gas was incompressible, and neglected recondensation of
the vapor after interacting with the hole surface. *ey
confirmed that one of the main differences between the two
types of laser welding (keyhole mode and conduction mode)
is the recoil pressure, which is generated by evaporation
during the laser keyhole welding.*ere is a fluctuation in the
amount of laser energy absorbed in the keyhole, which, in
turn, leads to fluctuation of the shape of the keyhole, and
this fluctuation affects the recoil pressure and the flow field
in the melt-pool. *eir model also allows prediction of the
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microstructure and property evolution in laser-welded
joints. Chakraborty and Chakraborty [72] developed
a three-dimensional model of laser welding using conser-
vation of mass, momentum, and energy equations to eval-
uate the in�uence of turbulence in the melt-pool on the
process parameters and found that the velocity and tem-
perature gradients are smaller in the turbulent melt-pool,
a �nding that agrees with the experimental results.

5. Weld Microstructure

A high cooling rate typically is experienced by the melt-pool
immediately after laser welding. Solidi�cation takes place
usually in a few tens of milliseconds, and metastable mi-
crostructures are produced that in�uence the �nal me-
chanical properties of the weld. �erefore, microstructure
characterization is vital in the determination of weld quality
[113, 114]. Solidi�cation of molten weld metal depends on
the kinetics of the liquid-solid interface. Kou [115] described
this by using values of the thermal gradient (G) (usually, they
are in the range of 100–1000K·m−1) and the travel speed of
the liquid-solid interface (R) (usually, they are in the range of
10–103m·s−1). Kou identi�ed four possible modes of so-
lidi�cation: (1) planar (high G and low R), (2) cellular, (3)
columnar dendritic, and (4) equiaxed dendritic (low G and
high R) (Figure 2). �e ratio of G to R determines the mode
of solidi�cation. Kou showed that the product of G and R
indicated the cooling rate, so these two parameters de-
termined the �neness of the solidi�ed microstructure
(Figure 2). Kou also noted that solidi�cation of themelt-pool
could take place in one of two ways, namely, (a) epitaxial and
(b) nonepitaxial, depending on the composition of the weld
metal.

�e microstructure of rapidly solidi�ed laser-molten Al-
4.5 wt.% Cu alloyed surfaces was studied, andmelted regions
were found to resolidify epitaxially onto unmolten crystal-
line substrates [116]. Solidi�cation proceeded as follows:
a plane front mode, then cellular, and, �nally, continuing in
a columnar competitive manner. �e major impact of the
rapid solidi�cation was a re�nement of the surface micro-
structure. Kou [115] found that melt convection was not
su§ciently vigorous to produce a homogeneous melt. Evi-
dence of epitaxial resolidi�cation was also found in a nickel-
based superalloy (Udimet 700) when laser melted [117].�is
face-centered cubic (fcc) material showed a strong prefer-
ence for dendritic growth along (100) directions. �e con-
sequence of the rapid cooling rate was evident by �ne
dendritic regrowth, with a spacing of ∼2.5mm. �e den-
drites grew nearly parallel to the local direction of maximum
heat �ow [117].

Many researchers have investigated the microstruc-
tures of welds in laser welding of stainless steels and other
ferrous alloys. Zambon and Bonollo [118] characterized
the microstructure of weld beads and the HAZ of austenite
and duplex stainless steels. �ey stated that high cooling
rates might result in formation of nonequilibrium mi-
crostructures, which contain larger amounts of δ-ferrite in
duplex steels than predicted both by the Fe-Ni-Cr pseu-
dobinary phase diagram and by the Schae©er diagram.

�ey concluded that nonequilibrium microstructures de-
creased the corrosion resistance of the welded joints. �e
rate at which a ferrous metal/alloy weldment cools signif-
icantly in�uences the ferrite morphology and distribution
[119]. Zacharia et al. [8] presented a model to obtain the
complex temperature distribution and the cooling rates and
showed that, in pulsed laser welding, at low speeds, the weld
metal remains molten, even during the time when the laser
beam is not being applied. �ey con�rmed that the mi-
crostructure is dependent on the cooling rates and ranged
from duplex austenite + ferrite to fully austenitic or fully
ferritic. �ese authors conducted another study in two parts
(analytical and experimental) [82, 120] and by employing
the equations of momentum, energy, and mass continuity
concluded that the dominant force for the �uid �ow is the
surface tension gradient. �ey found the cooling rates at the
solidi�cation temperature to be the highest at the edge of the
melt-pool rather than at the bottom or the top center of it.
In another study by Zacharia et al. [82], their observed
microstructural evaluation of laser-welded 304 stainless
steel fusion zones revealed a �ne dispersion of chromium
oxide inclusions and a continuous oxide layer.�e observed
microstructures were sensitive to the cooling rates, with the
decrease in the cooling rate resulting in a coarser solidi�-
cation substructure with a widely spaced ferrite network.
�e rapid solidi�cation of the laser beam-welded metal
resulted in a fully austenitic microstructure with a �ne
solidi�cation substructure. Lippold [121] determined the
susceptibility of weld solidi�cation cracking in austeni-
tic stainless steels during pulsed laser welding. �e author
found that a shift in weld solidi�cation behavior occurred
under rapid solidi�cation conditions. Solidi�cation as
primary austenite was found to be the most detrimental,
and cracking depended mainly on composition, whereas
pulsed laser welding process parameters had only a small
in�uence. A solidi�cation model was discussed that related
the transition in primary solidi�cation from ferrite to
austenite to dendrite tip undercooling at high solidi�cation
growth rates.
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Figure 2: In�uence of temperature gradient (G) and growth rate
(R) on the mode of solidi�cation and grain structure [115].

8 Advances in Materials Science and Engineering



Lippold [121] also found out that the available predictive
microstructure diagrams and solidification models (the
Suutala weldability diagram [122] and theWelding Research
Council constitution diagram [123]) are not accurate under
rapid solidification conditions, which happens during pulsed
laser welding of stainless steels. *erefore, regarding rapid
solidification, they proposed a predictive diagram for weld
solidification cracking susceptibility, a solidification model
relating the transition in primary solidification from ferrite
to austenite to dendrite tip undercooling, and a micro-
structural map for austenitic stainless steel welds. Brooks
et al. [124] studied high-energy stainless steel welds and
concluded that minimal solid-state diffusion occurs during
the solidification and cooling of primary austenite solidified
welds, whereas structures which solidify as ferrite may be-
come almost completely homogenized as a result of diffu-
sion. A nearly segregation-free, single-phase austenite
structure, which appears to be unique to the rapid solidi-
fication velocities and cooling rates of high-energy welds,
was also observed. *ey suggested that this structure was
a product of a marked phase transformation in which ferrite
was transformed to austenite.

Recently, marked transformations were identified in the
selective electron beammelting of Ti-6Al-4V.*us, Lu et al.
[125] concluded that the β (body-centered cubic (bcc)) to
αm (hexagonal close-packed) transformation led to the
formation of a variety of patch-shaped massive grains,
including large grain-boundary-crossing grains with mis-
orientations being as much as 30°. Marked transformations
have been identified in laser welding of stainless steels where
the influence of composition and cooling rate on the solid-
state transformation to c-austenite was studied [126]. An
analysis by D’amato et al. [127] showed that grain re-
finement at the weld area occurred and that δ-ferrite was
present in the as-welded samples. *e authors also con-
cluded that the welds solidified by primary ferrite solidi-
fication with some chromium carbide precipitates in the
weld area. *e microstructure of the weld metal of a duplex
stainless steel made with Nd:YAG pulsed laser was studied
by Mirakhorli et al. [128]. *ey found the weld micro-
structure to be composed of two distinct zones: (1) at high
overlapping factors, an array of continuous axial grains at
the weld centerline was formed, and (2) at low overlapping
factors, in the zone of higher cooling rate, a higher per-
centage of ferrite was transformed to austenite. *ey
concluded that the high cooling rates involved in pulsed
laser welding led to low overlapping, thus limiting the
ferrite-to-austenite transformation to the grain boundaries
only.

Concerning other ferrous-based alloys, Babu et al. [129]
studied the primary solidification phase of Fe-C-Al-Mn steel
welds under rapid and slow cooling rates. *ey found
nonequilibrium austenite solidification during rapid cooling
in contrast to equilibrium δ-ferrite solidification that occurs
under slow cooling conditions. Nakao et al. [130] studied the
effects of rapid solidification by CO2 laser surface melting of
Fe-Cr-Ni ternary alloys. *ey found rod-like eutectic mi-
crostructures that first increased and then decreased with
increasing cooling rates. *e so-called “massively solidified

structures” were formed when the cooling rate exceeded
a critical value, which, in turn, is markedly influenced by the
chemical composition of the alloy. Microstructurally, the
δ-ferrite contents were influenced by the cooling rate.

El-Batahgy [30] evaluated the fusion zone shape and
solidification structure as a function of laser welding pa-
rameters. He found that the type of the fusion zone mi-
crostructure does not depend on the change in heat input,
and it is always austenite, with ∼2-3 vol.% ferrite. However,
a finer solidification structure could be obtained by lowering
the heat input.

Mohanty and Mazumder [131] observed the solidifica-
tion behavior of the melt-pool during laser melting and
stated that the keyhole shape influences the flow pattern in
the melt-pool, which may change the microstructure
characteristics. Even under constant scanning speed con-
ditions, they observed an unsteadymotion of the solid-liquid
interface, resulting in fluctuation in growth rates and in
thermal fields, which makes a solidified zone remelt and
resolidify. *is leads to discrete structural bands in the
solidified bead. Using time-resolved X-ray diffraction, David
et al. [132] analyzed the instabilities at the solid-liquid in-
terface and confirmed that, on slowly cooled spot welds, the
equilibrium primary solidification phase is δ-ferrite but, in
rapid solidification, primary austenite was observed. Using
momentum, continuity, and energy equations for in-
compressible, laminar, and Newtonian flow, Roy et al. [133]
developed a model to simulate the temperature and velocity
fields during pulsed laser welding and verified it using ex-
perimental results [134]. *e computed cooling rates and
weld bead dimensions were consistent with experimental
results. However, the ratio of the temperature gradient to the
solidification rate indicated that conditions for plane front
solidification of stainless steel were not satisfied for the
pulsed laser welding parameters. *erefore, these workers
suggested that numerical calculations could improve un-
derstanding of solidification during pulsed laser welding.

*e role of the shape of the melt-pool on the weld
microstructure has been studied by Rappaz et al. [135], who
created a three-dimensional reconstruction of the electron
beam weld-pool shape and measured dendrite spacing as
a function of growth velocity. *e dendrites were found to
grow parallel to three <100> crystallographic directions,
which indicated that dendrites that occurred from the single
crystal portion remained solid during the welding process.
*e weld microstructure contained dendrites that were only
slightly branched and had a cell-like structure. David and
Vitek [136] were the first one to observe the effect of cooling
rate on the modification of microstructure from austenite
+ ferrite to fully austenitic structure in austenitic stainless
steels. *ey determined that this was due to a large
undercooling encountered by the liquid under rapid cooling
conditions encountered during electron and laser beam
welding. Here, two phenomena occur as solidification
growth velocities increase: (1) partitioning of the solute
between solid and liquid and (2) nonequilibrium phase
formation. Kelly et al. [137] made similar observations
in their study of rapid solidification of 303 stainless
steel droplets and found that solute elements were more
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completely trapped in the bcc structures. *e crystal-to-
liquid nucleation temperatures showed that bcc nucleation
was favored at large liquid supercooling. More recently,
Siefert and David [138] studied the weldability of austenitic
stainless steels and attributed changes in the microstruc-
ture to large undercooling in the liquid and partitionless
solidification.

Hu and Richardson [139] evaluated the cracking behavior
in welds of high-strength Al alloys and found out that
cracking happens when the fusion zone is in the semisolid
state and it is related to the temperature distribution, which is
elongated in the welding direction. *ese workers confirmed
that this temperature distribution during the cooling phase
causes a transverse tensile strain in the fusion zone. To avoid
cracking, they suggested three solutions: decrease the scan-
ning speed in order to decrease the longitudinal strain, alter
the composition in the fusion zone to improve the strength
and ductility of the weld, and add a heating or cooling source
to modify the thermal history of the fusion zone in the
semisolid temperature range. Rai et al. [140] stated that the
values of solidification parameters at the trailing edge of the
melt-pool depend on the physical properties of the material,
with some very influential ones being thermal diffusivity,
absorption coefficient, melting temperature, and boiling
temperature. Materials with a lower thermal conductivity are
expected to have a fusion zone, which is spread near the top.
A number of workers have combined various existingmodels
that consider multiple beam reflections in the keyhole to
calculate temperature and velocity fields, weld geometry, and
solidification parameters during laser welding of tantalum,
Ti-6Al-4V, 304L stainless steel, and vanadium [4, 25, 53, 56,
62, 65, 141–150]. In addition, these researchers used a tur-
bulence model to calculate the thermal conductivity and
effective viscosity in the melt-pool. *ey confirmed that the
main mechanism of heat transfer for all four materials was
convective heat transfer that depends on the thermal dif-
fusivity and temperature coefficient of surface tension. *e
smallest melt-pool was observed in tantalum, a consequence
of its high boiling temperature, melting temperature, and
solid-state thermal diffusivity.

Ghaini et al. [151] conducted experiments to examine the
influence of process parameters on the microstructure and
hardness during overlap laser bead-on-plate spot welding.
*ey defined the effective peak power density that takes into
account the effect of overlapping. *ey presented two ap-
proaches for full-penetration welding: high peak power
densities with high travel speeds that have low overlapping
and medium peak power densities with medium travel
speeds. In the first approach, due to the higher cooling rates
and the nature of the thermal effects of the next pulse on the
previous weld spot, the weld metal has high hardness and
displayed large hardness variation, while opposite results
were obtained when the latter approach was used. Com-
bining these two approaches and having the optimum power
density with overlapping factor enhances prediction of the
weld microstructure and hardness. In a bid to understand
the hot cracking phenomena in laser overlap spot welding of
Al alloys, Ghaini et al. [151] investigated the interdepen-
dency of solidification cracking in the weld metal with

liquation cracking in the base metal and concluded that the
liquation cracks act as initiation sites for solidification
cracks. However, at low laser pulse energies, liquation grain
boundary cracks occur less frequently and solidification
cracks initiate independently from the fusion lines between
subsequent weld spots. *ese workers stated that cracks
could only occur when the rate of induced strains was
greater than the rate of backfilling.

Kadoi et al. [152] studied the influence of welding speed
on solidification cracking susceptibility in laser welding of
type 310S stainless steel and found that an increase in
welding speed decreases the critical strain for solidification
crack initiation. *ey suggested the reason to be the dis-
tribution morphology of the residual liquid at the weld bead
center that depends on the microstructure at the rear of the
melt-pool. Tan and Shin [153] presented a multiscale model
of solidification and microstructure development during
laser keyhole welding of austenite stainless steel. On
a macroscale, a model was utilized to predict the fluid flow,
thermal history, and solidification conditions of the melt-
pool, which is influenced by the welding speed. *e me-
soscale model was used to predict the grain growth in welds,
and the macroscale model was developed to simulate the
dendrite growth. *ese workers observed that grain growth
direction varies according to the melt-pool complex shape.
*e maximum temperature gradient controls the dendrite
orientation, while the dendrite morphology is influenced by
the cooling rate. Increasing the cooling rate reduces the
spacing of the primary dendrite arms and suppresses the
growth of the secondary dendrite arms. A summary of
microstructural development as a function of cooling rate is
presented in Table 3.

6. Weld Porosity

Porosity is especially important in Mg and Al alloys, and
researchers have conducted several experiments on these
two metal alloys in order to determine the porosity char-
acteristics of the melt-pool in the keyhole laser welding
process. In recent years, Mg and its alloys have gained in-
creasing interest in industry, mainly due to their low density
[155]. Furthermore, liquidMg has a much larger solubility of
hydrogen than solid Mg [156]. *erefore, hydrogen porosity
is an important concern for the welding of Mg alloys [157].
Galun andMordike [49] observed a large number of pores in
welds of high-pressure die-cast alloys, such as AZ 91 and AM
60, due to escaping gas entrapped in the material during the
die casting process. *rough experiments, Pastor et al. [41]
showed that overfill on the AM60B alloy weld was caused by
the displacement of liquid metal by the pores. *erefore, any
parameter that reduces porosity in the melt-pool decreases
overfill. *ey showed that expansion of the initial pores in
the base metal is the most important mechanism of porosity
formation. For this alloy, Zhao and DebRoy [47] came to the
same conclusion. *ey observed that coalescence and ex-
pansion of the initial pores, due to heating and reduction of
internal pressure, play a key role in increasing the porosity in
the fusion zone.*ey asserted that a balance between surface
tension pressure and vapor pressure determines the stability
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of the keyhole. However, pore formation during laser
welding of alloy AM60B does not depend on the keyhole
instability.

*e 2000, 5000, and 6000 series Al alloys are used in
many automotive applications, such as body panels, because
of the combination of high specific strength, good crash-
worthiness, and excellent corrosion resistance [158]. *ese
attributes make laser beam welding an attractive joining
process for such applications [159, 160]. However, porosity,
hot cracking, and weld metal composition change are major
concerns in the welding of Al alloys [161]. *e formation of
the keyhole leads to a deep penetration weld, and a hole
created in a liquid is unstable by its nature, causing the
formation of porosity in the weld metal. Since porosity is one
of the serious problems in very high-power laser welding,
Matsunawa et al. [5] observed that, in pulsed laser spot
welding of Al alloys, the keyhole opening collapses within
one-tenth of the time that the melt-pool solidifies and a large
cavity forms at the bottom of the keyhole. Fluctuation of the
keyhole opening was less unstable in continuous-wave laser
than that in pulsed laser. However, the shape and the size of
the melt-pool change with time. By observing the keyhole
using optical and X-ray methods, they found that a deep
depression is formed on the rear wall of the keyhole, moving
from the top to the bottom periodically. *ey also observed
a large bubble in the melt-pool, resulting in the formation of
pores. *e bubble is composed of evaporated metal vapor
and entrained shielding gas. *ese workers observed two
types of porosity in laser-welded parts: porosity induced by
hydrogen and a large cavity caused by the fluctuation of the
keyhole by intense evaporation of the metal. *ey also found
two effective methods for reducing porosity in Al alloys: use
of a low-dew point shielding gas below 250°C and removal of
the oxide layer from the surface. *e cavity formation in
pulsed laser spot welding can be suppressed by adding
a proper tailing pulse to avoid collapse of the keyhole
opening. In continuous-wave laser welding of Al alloys,
Matsunawa et al. [5] found N2 shielding to be effective in
suppressing large pores. *is is because of the formation of
aluminum nitride (AlN) on the liquid surface, which sup-
presses the perturbation of both the melt-pool and the
keyhole. Moreover, entrained N2 in the keyhole is con-
sumed, forming AlN; therefore, the number of shielding gas-
filled pores is reduced.

Mizutani et al. [51] irradiated a laser beam to the surface
of a solid metal and to an already molten metal and observed
that the keyhole initiates much earlier in the molten metal
than it does in the solid metal. *ey presented a simplified
numerical calculation demonstrating that the formation of
bubbles is influenced by surface tension. *ey showed that
the deepest location of the keyhole tends to collapse
more easily. *erefore, formation of the bubbles in deep and

narrow keyholes is expected. Courtois et al. [162] confirmed
that, in pulsed laser welding with a high laser power, when
the laser beam is not being applied, the keyhole wall col-
lapses and entraps some gas, creating bubbles, which, in
turn, lead to pores. In addition to resolidification micro-
structures, defects, such as voids, form. Kim and Weinman
[163] irradiated samples of 2024-T3-51 Al with a pulsed
Nd-glass 1.06 μm laser at an incident energy density of
440 J·cm−2, with and without a protective helium gas flow
over the surface. A cooling rate of 105 to 107K·s−1 was
estimated. *ey found that many elongated and small voids
formed at the melt-matrix interface due to a combination of
shrinkage and gas expulsion and that void presence reduced
fracture resistance. *ese authors determined that gas
ejection in the melt affected dendrites’ growth patterns.

In a computational fluid dynamics study, Zhao et al.
[164] considered the existence of the three phases of the
material and employed continuity, energy, and momentum
equations.*ey extrapolated the material properties for high
temperatures and assumed the fluid to be Newtonian and the
flow to be laminar and incompressible. *ey reported the
main cause of the porosity defect to be the oscillation of
the keyhole depth, while the depth of the melt-pool is steady.
*e keyhole oscillates due to the opposition of the dynamic
forces and the melt flow. Courtois et al. [165] confirmed
the findings by Zhao et al. by calculating the laser reflections
in the keyhole during laser welding. *ey used Maxwell
equations, coupled with continuity, energy, and momentum
equations, to develop a model for calculating the laser re-
flections in the process. Moreover, they showed that the
shear stress at the keyhole surface has a marked influence on
the melt-pool dynamics. Cho et al. [166] simplified the laser
welding process by assuming a void region for the region of
gas or plasma.*eymodified the laser beammodel they used
in their previous work [167], in which an infinitesimal point
was considered as the focal point on the surface. In the later
model, the focal point was calculated and the reflections
were taken into account. *rough the use of mass, energy
conservation, and the Navier–Stokes equations, they con-
sidered buoyancy and Marangoni forces as well as recoil
pressure. *ey confirmed that using a beam with a Gaussian
profile could lead to reliable results, and they observed that
consideration of the shear stress on the keyhole wall, which
is generated by the metal vapor, does not play a significant
role in the shape of the HAZ.

7. Summary

*e present work is a state-of-the-art literature review on the
properties of the melt-pool in laser welding and the re-
lationship between welding process parameters and melt-
pool characteristics. *e characteristics considered were

Table 3: Effect of the solidification rate on the microstructure of metals and alloys.

Cooling rate (K·s−1) 105 104 103 102 101

Microstructural features Amorphous Fine grains Fine dendrites Martensite [154] Dendrites [132]
Comments Metastable Nonequilibrium None None Follows equilibrium-phase diagram
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geometry, thermodynamics, fluid dynamics, microstructure,
and porosity. Furthermore, the optimum laser welding
parameters for a selection of metals and alloys are presented
in this review. Several experimental studies have been
conducted on melt-pool characterization in laser welding.
However, direct experimental observation of melt-pool
characteristics remains a challenge because of the high
temperatures in the melt-pool and the difficulty of moni-
toring the metal vapor in the keyhole.*us, there is scope for
developing more sophisticated experimental techniques. A
number of models, having varying degrees of sophistication,
have been used. Four common shortcomings of many of
these models are identified. First, simplifications were used;
for instance, the temperature dependence of the thermo-
physical properties of materials is either neglected or ex-
trapolated for high temperatures. Second, the influence of
consideration of the three heat transfer modes, namely,
conduction, convection, and radiation, in both the radial
and the axial directions in the melt-pool, has received little
attention. *ird, fluid flow in the melt-pool is considered
incompressible and laminar. Fourth, the agreement between
model and experimental results is not very good. *ese
observations suggest a number of areas for future study. For
example, models may be improved by taking into account
the compressibility of the vapor in the keyhole and the
turbulence of the fluid flow in the melt-pool. In terms of
models, multiscale models, which integrate nanostructures
and microstructures of materials with multiphysics mac-
roscale models, are needed. Additionally, more experimental
results are needed on a wide collection of alloys and welding
parameters, yielding results that would enhance verification
and validation of models.

Appendix

Several experimental and modeling studies have been per-
formed to understand the influence of process parameters
on melt-pool and keyhole features. *is appendix contains
summaries of a number of these studies.

Chande and Mazumder [7] evaluated the influence of
process parameters on the melt-pool shape and cooling
rates. *ey used a finite difference model for the heat source
and assumed a quasi-steady state model and observed that
when a surface reflectivity is very high, there is no melting;
however, as surface melting occurs, surface reflectivity
variation has no influence on other process parameters.
*erefore, in their model, at the temperatures higher than
the melting temperature, the surface reflectivity is consid-
ered zero. *ey concluded that the depth of the penetration
is more affected than the width of the weld by the absorption
of laser energy in the keyhole. Lankalapalli et al. [31] pre-
sented a two-dimensional heat conduction model (heat
conduction in the axial direction is neglected) to estimate the
dependence of penetration depth on process parameters.
*ey obtained the depth of penetration by equating the
conducted heat in the substrate to the absorbed laser power.

*e interdependency between the melt-pool and the
keyhole has been investigated. Ducharme et al. [42] pre-
sented an integrated model of laser welding, taking into

account the conditions in the keyhole as well as in the melt-
pool, interactively. *ese authors investigated the influence
of process parameters on the melt-pool shape. Whether
penetration was full, partial, or blind, the melt-pool shape
was different. However, their model is applicable only for full
penetration. *ey concluded that a change in process pa-
rameters has more influence on the length of the melt-pool
than on its width or shape.

To simulate the laser penetration welding process,
Sudnik et al. [150] considered the keyhole, the melt-pool,
and the solid substrate as a single nonlinear thermodynamic
continuum and divided the whole process to submodels for
laser beam, plasma formation, radiation absorption, vapor
channel, melt-pool, and solid substrate.*is allowed them to
calculate the keyhole and melt-pool geometries and tem-
perature distribution, as well as energy losses due to, for
example, reflection, vaporization, and radiation. In a later
contribution, Sudnik et al. [32] enhanced this model by
suggesting a correlation between the depth and the length of
the melt-pool. *ey added the consideration of heat
transport due to the moving flow in the radial direction. In
the case of a constant welding speed with a varying laser
power, they suggested a linear correlation between the depth
and the length of the melt-pool. *ese authors also in-
vestigated laser welding of overlap joints [168] and suggested
a low welding speed in cases of larger gap widths so that
there would be time for the heat to expand through the gap
more uniformly.

Butt welding is a technique used to connect parts that are
nearly parallel and do not overlap. Benyounis et al. [12]
investigated laser butt welding and developed linear and
quadratic-fitted polynomial equations for predicting the
heat input and the weld bead geometry. *ey asserted that
achieving the maximum penetration is possible by using the
maximum laser power with a focused beam while the
welding speed is minimum. *ey confirmed that the most
important factors affecting the welded zone width are the
welding speed and the laser focal point position. Shanmu-
gam et al. [33] carried out experiments in which they ob-
tained excellent weld bead geometry by selecting an effective
combination of input parameters and radiating the laser
beam with different angles to the specimen surface.

To better understand the behavior of steel during the
welding process, Mei et al. [34] constructed a setup to avoid
most of the defects such as pores and cracks in the HAZ by
optimizing the process parameters. *ey also determined
various mechanical properties of the alloy and the welded
joints. Based on the results of these tests, they confirmed that
both the yield strength and the tensile strength of the welded
joints are higher than those of the base metal. *ey stated
that, by moving the focal point position down to the depth,
melt-pool depth increases at first and then decreases. To
understand the effects of laser power, welding speed, and
fiber diameter on bead geometry and mechanical properties
of the weld, Khan et al. [35] conducted an experimental
investigation of laser beam welding in a constrained overlap
configuration. *ey found that welding speed and laser
power are the most significant factors that influence weld
bead geometry. By increasing the energy density input, the
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bead profile shape changes from conical to cylindrical. In
another study, Khan et al. [169] presented an experimental
design approach to process parameter optimization. *ey
developed a set of mathematical models to obtain the
graphical optimization of the results and thus the optimal
parameters.

*e low density, excellent high-temperature mechanical
properties, and good corrosion resistance of Ti and its alloys
have led to successful applications of these materials in
a variety of fields, such as the medical, aerospace, auto-
motive, petrochemical, nuclear, and power generation in-
dustries [50, 170]. Fusion welding of Ti has been performed
principally using inert gas-shielded arc and high-energy
beam welding processes. Laser welding of Ti-6Al-4V alloy
is widely used in aerospace and other applications. Casalino
et al. [50] investigated laser welding of Ti-6Al-4V alloy using
either lap or butt configurations and obtained the process
parameters that lead to welds with the minimal number of
imperfections. A pulsed and continuous-wave mode laser
has been used to weld Ti alloys. In pulse-mode laser welding,
the most important parameter affecting the penetration
depth is the peak power of the pulsed laser [36]. If it is too
high, it creates vapors on the surface of the material, pre-
venting the laser beam from reaching the material, and the
penetration depth remains constant. *erefore, for in-
creasing the penetration depth while preventing creation of
vapor craters, the peak power should be kept constant and
the pulse duration should be increased. *ese researchers
illustrated the relationship between peak power, HAZ width,
and melt-pool width: the higher the peak power, the higher
the transfer of heat energy to the keyhole walls and the
higher the proportion between the HAZ width and the melt-
pool width [36]. In order to determine the influence of the
heat input on the quality of the welded joint, Quan et al. [37]
carried out experiments and showed that, by increasing the
heat input, the widths at the top and at the bottom of the
weld become equal and more craters and pores are created.
Combining various models and concepts, such as multiple
reflections of the laser beam in the keyhole, Al-Kazzaz et al.
[38] calculated the geometry of the keyhole and weld profiles
as well as the temperature gradient in the melt-pool.

Shercliff and Ashby [171] developed a model involving
both Gaussian and non-Gaussian heat sources. *is en-
hanced model is applicable for all practical beam speeds.
*ey also presented process diagrams, in a combined form
called a “Master Diagram,” for rectangular heat sources so
that process variables could be selected to achieve optimum
results. Steen et al. [172] presented a simple relation between
the penetration depth and the process parameters using
a one-dimensional conduction balance without radiative
heat transfer. *ey assumed that the material properties are
constant for all temperature ranges and claimed that the
state of the convection in the melt-pool does not affect the
prediction of the depth of the pool. Ahmed et al. [39] used
three heat sources to investigate the effect of heat source on
the melt-pool shape in laser welding of Inconel 625.*e heat
sources were a single circular Gaussian beam and two
superimposed multiple Gaussian heat sources forming
a rectangular beam and one made up of three laser beams

and the other of ten beams. *e melt-pool profiles modeled
using rectangular beams agreed with the experimental re-
sults, considering the dependence on the scanning speed.
*ese profiles have a top-hat shape at higher speeds and
a crescent shape at lower speeds, as is seen experimentally.

Chan et al. [24] used nondimensional forms of the
energy, continuity, and momentum equations and found the
highest fluid velocity and the solidification start position at
the edge of the beam due to the maximum temperature
gradient at this point. *e width-to-depth ratio of the melt-
pool increases with the increase in Pr. *e increase of this
ratio with the increase of the surface tension number was not
uniform; specifically, it increased up to surface tension
number of 55,000 and then it decreased. To evaluate the
shape of the melt-pool, Sonti and Amateau [173] solved
a nonlinear heat conduction model using FEA and calcu-
lated the temperature distribution in the melt-pool. *e
results were comparable to the results of the experiments
that Sonti [174] had carried out to evaluate the influence of
the process parameters on laser welding of Al alloys.
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