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Abstract: The quality of a laser deep penetration welding joint is closely related to porosity. However,
the keyhole stability seriously affects the formation of porosity during the laser welding process.
In this paper, a three-dimensional laser welding model with gas/liquid interface evolution char-
acteristics is constructed based on the hydrodynamic interaction between the keyhole and molten
pool during the laser welding process. The established model is used to simulate the flow and heat
transfer process of molten. The Volume of Fluid (VOF) method is used to study the formation and
collapse of the keyhole and the formation of bubbles. It is found that bubbles are easy to form when
the keyhole depth abruptly changes. There are three main forms of bubbles formed by keyhole
instability. The front wall of the keyhole collapses backward to form a bubble. The back wall of the
keyhole inclines forward to form a bubble. The lower part of the keyhole produces a necking-down
effect, and the lower part of the keyhole is isolated separately to form a bubble. In addition, when the
keyhole does not penetrate the base metal, the stability of the keyhole is high and the percentage of
porosity is low.

Keywords: porosity; keyhole instability; VOF; laser welding

1. Introduction

Laser welding technology has been widely used because of its high efficiency, high
welding quality, high precision, good performance, small heat input and small deforma-
tion [1-3]. However, the defects of joints, such as porosity and spatter, have been extensively
studied by experts. Porosity defects caused by the keyhole in laser welding of Aluminum
Alloy are an important defect in laser deep penetration welding [4,5].

During the laser welding process, the driving force of the keyhole wall promotes
keyhole formation and maintains keyhole stability. J. Zhou [6-8] carried out force analysis
on the keyhole wall, which was affected by the metal vapor recoil pressure and surface
tension in the normal direction of the keyhole wall. The shear direction is affected by the
Marangoni shear force caused by the surface tension gradient. In a study on the force on the
keyhole wall, C.S. Wu and R. Kovacevic [9,10] believe that the force driving the formation of
the keyhole is the metal vapor recoil pressure. In addition, the keyhole wall is also affected
by the Marangoni shear force caused by the surface tension gradient. The main role of the
former is to promote the formation of the keyhole, thus forming deep and narrow weld
seams. The main effect of the latter is the formation of Marangoni flow. In the study of
the electron beam deep penetration welding mechanism, D. Schauer [11,12] believes that
the keyhole wall is affected by the recoil pressure of metal vapor and surface tension by
analyzing the force inside the keyhole, and observing that there is a force equilibrium point
on the keyhole wall. Under the equilibrium point of force, the metal vapor recoil pressure is
greater than the surface tension. Above the equilibrium point of force, the surface tension is
greater than the metal vapor recoil pressure. Under the action of the force, the liquid metal
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in the upper part of the keyhole flows slightly inward driven by surface tension, reaches
the pressure balance area, forms a metal protrusion, and destroys the original pressure
balance. After that, the bulge intercepts a part of the incident high-energy beam, so that its
temperature increases rapidly, and strong evaporation occurs. The keyhole wall recovers
to a smooth state, and the molten pool is further deepened in the process to establish a
new pressure balance. Based on the study of keyhole behavior in laser deep penetration
welding, H. Wang [13] analyzed the temperature field and molten pool flow field in the
laser welding process and studied the influence of keyhole morphology on weld seam
formation. The flow state of the molten pool was simulated by analyzing the distribution
of keyhole gas pressure. The distribution law of the flow velocity of the liquid metal is
obtained, and it is pointed out that the flow velocity decreases at the end of the molten
pool. The driving forces of molten pool flow include buoyancy, surface tension, and the
force between metal vapor rushing out of the keyhole and the liquid metal.

In the numerical simulation of the high-energy beam welding process, the study of
force balance on the keyhole wall and the metal evaporation process is the basis of keyhole
morphology and molten pool flow field. The analysis of the front two aspects provides
pressure and heat flux boundary conditions for the study of the third aspect from the
perspectives of mechanical balance and energy balance.

In this paper, the numerical calculation model of keyhole shape changes and molten
pool flow is established, and the transient analysis of keyhole formation and molten pool
flow during laser welding is carried out. The relationship between molten pool flow and
keyhole stability and porosity defects is established. In the laser welding process, the
spontaneous fluctuation and spontaneous perturbation of keyhole depth promote the
formation of bubbles. The relationship between bubble formation and keyhole dynamics is
studied systematically. The results show that keyhole stability is the main cause of bubble
formation. Therefore, this paper is helpful to understand the mechanism of laser deep
penetration welding and analyze the causes of porosity defects and put forward the method
of weld seam quality control.

2. Materials and Methods

The 6061-T6 Aluminum Alloy used for the test is a 4 mm thick plate. The chemical
composition and mechanical properties [14] are shown in Table 1. The welding sample size
is 100 x 50 x 4 mm.

Table 1. Chemical compositions of the 6061 Aluminum Alloy and the filler wire (mass fraction, wt.%).

Si Mg Fe Zn Cu Mn Cr Ti Al
6061 0.71 0.94 0.16 0.04 0.19 0.02 0.08 0.03 Bal.
ER4047  5.14 0.05 0.80 0.10 0.30 0.05 - 0.20 Bal.

The leading welding equipment used in the test includes pieces of equipment such as
lasers and welding robots, as shown in Figure 1.

The process parameters affecting the laser welding of 6061 Aluminum Alloy include
laser power, welding speed, defocusing amount, and shielding gas [15]. In this paper, only
the influence of laser power and welding speeds on keyhole morphology and percentage of
porosity are discussed. Four sets of tests are conducted here. In the first set of tests, under
the determination of small laser power with high welding speed. The second group is
obtained under the determination of small laser power with low welding speed. The third
group increased the laser power and then used high welding speed. The fourth set of
tests was performed under the determination of large laser power with low welding speed.
The test process parameters are shown in Table 2.
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Figure 1. Welding schematic diagram and welding equipment: (a) the schematic diagram of the laser
welding plate butt joint; (b) the schematic diagram of laser deep penetration welding.

Table 2. Welding process parameters.

Process No. Laser Power (W) Welding S peed Filler Wire
(m/min)
1 2500 3.0 N
2 2500 2.6 N
3 4500 3.0 N
4 4500 2.6 N

The calculation domain of the model proposed in this paper is shown in Figure 2,
including entrance, exit, symmetry plane and wall. The YZ plane is the symmetric plane.
The top region of the XY plane is the plasma region. The plane above the plasma region is
the entrance, set to a constant speed. Both sides of the plasma region along Y direction and
opposite side of symmetry plane are the exits, set to the isobaric surface. The region above
the XY plane is the Aluminum Alloy area. The two sides of Aluminum Alloy area along Y
directions, opposite side of symmetry plane and bottom are walls.

(@) y Entrance (b) (c) lEntmnce
— d Exit |Exit
Plasma L, Domain of plasma
x | b ~
R
g 5
Al alloy >« Domain of Al alloy
-
-
Wall

Figure 2. Boundary condition diagram of geometric model: (a) three-dimensional diagram; (b) cross-
section; (c) longitudinal section.

Model simplification and assumptions:

1.  Assuming that the material is isotropic and the liquid state is incompressible Newto-
nian fluid in laminar flow mode;

In the laminar boundary layer, the fluid motion is extremely regular. As the velocity
increases, the boundary layer exhibits extremely irregular turbulent flow. As a result of
the interaction that leads to the chaotic flow state, the velocity and pressure at any point in
the turbulent boundary layer fluctuate. The variation of the velocity boundary layer on
the plate is shown in Figure 3. In order to simplify the calculation, the liquid flow state is
assumed to be laminar.
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Figure 3. Diagram of Variation of Velocity Boundary Layer on Plate.

The liquid region is assumed to be a porous medium with isotropic permeability;
Ignoring the effect of shielding gas on molten pool flow and keyhole fluctuation;
The shielding effect and absorption effect of the plasma on the laser beam are ignored;
The calculation area of molten pool and keyhole is symmetrical about weld seam;
The free surface of the molten pool is solved by the Volume of Fluid (VOF) equation.
The equation is as follows:

o G LN

oF

where u is the fluid velocity and F is the volume fraction. In the model established in this
paper, the aluminum alloy is the first phase and the plasma is the second phase. When
F =1, the control unit is all-aluminum alloy composition.

The specific process of the modeling is shown in Figure 4 below.

Simulation keyhole and molten pool dynamic behavior of deep-penetration laser welding 6061 aluminum alloy
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Figure 4. Schematic diagram of numerical model structure.

The basic equations of calculational fluid flow including mass, momentum and energy
continuity equations are used to describe the heat transfer, mass transfer and fluid flow in
the laser welding process.

The instantaneous time of laser heat source acting on the surface to 6061 Aluminum
Alloy is defined as the initial time of calculation.

The molten pool and keyhole will be formed on the surface to be welded from the
base metal under the action of the laser beam, which mainly includes the combined action
of laser beam irradiation, thermal convection, thermal radiation and metal evaporation.
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For the keyhole-free interface in the molten pool, the recoil pressure and surface
tension are the main driving forces for the molten pool flow, and they will affect the fluid
flow in the molten pool surface area.

In this paper, we only consider the welding process of thermal convection and thermal
radiation.

In order to accurately calculate the heating effect of the laser beam on the plate
butt structure in the welding process, this paper uses the combined heat source model
to simulate the energy transfer of the laser beam in the welding area. The combined
heat source model is composed of a Gaussian surface heat source and a Gaussian rotator
heat source.

In order to verify the accuracy of the model, the actual process parameters of 6061
Aluminum Alloy plate butt welding are applied to the model for simulation, and the
calculation results are compared with the experimental results. For the model verification
method, this paper adopts the fusion line contour comparison method for the verification.

In order to fully verify the accuracy of the model, the simulation results under 4 groups
of process parameters in the welding test are verified, and the verification results are
shown in Figure 5. It can be seen from the figure that the simulation results are in good
agreement with the experimental results, although some molten pool and welding seam
size parameters present small deviations from the experimental results. In general, the
simulation results of the welding seam cross-section profile are basically consistent with
the experimental results, and the average error of model accuracy is less than 1%, which
indicates that the model used in this paper is more accurate and can be applied to the
simulation analysis of 6061 Aluminum Alloy plate butt laser welding process.
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/ i ﬁ" 1.9« 10°
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I
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Figure 5. Verification results of thermal-flow coupling model in laser welding process of 6061
Aluminum Alloy plate butt structure: (a) P =2500 W, v =3 m/min; (b) P = 2500 W, v = 2.6 m/min;
(c) P=4500 W, v =3 m/min; (d) P = 4500 W, v = 2.6 m/min.

3. Results
3.1. Formation of Keyhole and Molten Pool in Laser Welding Process

It can be seen from Figure 6 that, when the time was 4 ms, the base metal surface
was heated and the metal melted. When the time reached 20 ms, the recoil pressure of
the molten pool decreased. The recoil pressure here was the lowest, which promoted the
formation of a narrow and deep keyhole. As the keyhole depth increased, the surface
tension increased, and the surface tension interacted with the recoil pressure to prevent
keyhole growth. Finally, the keyhole driving force kept balanced, which made the keyhole
maintain a relatively stable state. Before keyhole formation, the laser beam irradiated the
base metal surface. When the keyhole was formed, the laser beam was irradiated by metal
vapor, and the multiple reflections of the laser beam were realized through the plasma
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on the keyhole wall, which improved the efficiency of energy absorption. Therefore, the
keyhole became deeper.

Temperature K Velocity Vector ms™
welding direction [ W I | |

| o= 300 131023 10°33 - 10° 42 - 10° 0 44- 10" 88 10" (3 18

Figure 6. Keyhole formation in laser welding process.

The vector arrow shows the flow trend of the liquid metal in the molten pool. At the
top of the keyhole, the liquid metal flowed from the middle of the molten pool to the
surrounding entire region, in which the Marangoni flow caused by surface tension absorbed
energy from the middle to the surrounding area. Near the keyhole wall, a part of the liquid
metal could flow between the surface of the liquid metal and the internal liquid metal due
to the temperature gradient and the buoyancy, which played an important role. The other
part of the liquid metal flowed along the keyhole surface, and the recoil pressure made the
liquid metal flow upward to form a deeper keyhole. However, due to the short welding
time and insufficient molten pool length, the Marangoni flow caused by surface tension
made the liquid metal flow downward.

3.2. Force Analysis of Keyhole Wall in Laser Welding Process

A point on the keyhole wall is selected for force analysis. The normal upward pressure
on the point includes: metal vapor recoil pressure Pg, additional pressure caused by the
surface tension of the curved liquid surface Po, liquid static pressure caused by gravity Pl,
pressure caused by centripetal force considering the rotation of the molten pool Pc, and
the laser beam impact force, which can be ignored. Shear force in the tangent direction
includes shear force caused by tangential velocity F_s and shear force caused by surface
tension gradient Fo, as follows in Figure 7.
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Figure 7. Force analysis of keyhole wall.

In the laser welding process, the direction from the liquid phase to the gas phase is
specified as the positive direction. When the keyhole reaches the dynamic balance state,
the normal direction resultant force on the keyhole wall is zero.

AU& Hm
Py(r) = ABexp(—Iz-Tgr)) @

where A is a coefficient related to the surrounding environment, A = 1 at atmospheric
pressure [16]; B is a coefficient associated with the integral constant, and the value of
parameter B is determined by referring to the saturated vapor pressure of pure Aluminum
at 2740 K under a standard state, B = 3.55 x 10'0; T(r) means the temperature distribution
in the free surface.

P, = 20H @)

Pr=0-(1/r1+1/17) 3)

In the Young-Laplace equation, r1 and 2 refer to the maximum and minimum curva-
ture radius of the surface, respectively, and % - (11 + 142) refers to the degree of curvature
at any point of the surface.

P = pgz (4)
2,2
_ pwr
Pe="—— ®)

Considering the rotation of the molten pool, the pressure distribution caused by
centripetal force is solved according to the law of statics. When the centripetal force is
volumetric force, the centripetal force of unit mass at the radius r on the keyhole wall is rw?.

With the decrease of keyhole wall radius, namely the increase of keyhole depth, the
liquid static pressure increases, the rotational centripetal force of the molten pool decreases,
the metal vapor recoil pressure increases and the additional pressure that is caused by
surface tension increases. The metal vapor recoil pressure and additional pressure are
much larger than the static pressure and centripetal force. The main force to maintain the
dynamic balance of the keyhole is the additional pressure caused by the metal vapor recoil
pressure and surface tension. The metal vapor recoil pressure promotes the formation of
the keyhole and maintains the stability of keyhole morphology. The additional pressure
caused by surface tension inhibits keyhole formation.

In the upper half part of the keyhole, the curvature of the keyhole wall is relatively
uniform, so that the additional pressure caused by surface tension is evenly distributed.
In addition, the small temperature gradient on the keyhole wall also causes the distribution
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of additional pressure caused by surface tension uniform. At the same time, the distribution
of metal vapor recoil pressure tends to be uniform.

In the lower part of the keyhole, the curvature of the keyhole wall is large, and
the additional pressure caused by surface tension increases rapidly with the increase of
the depth of the keyhole. Concomitantly, in order to maintain the stability of keyhole
morphology, the metal vapor recoil pressure needs to be increased rapidly to offset the
effect of surface tension.

3.3. Influence of Process Parameters on Dynamic Behaviour of Keyhole and Bubble Formation

The effects of laser power and welding speed on keyhole morphology were discussed.
The keyhole depth, width, area, front wall inclination angle of the keyhole and back wall
inclination angle of the keyhole were measured at different times, as shown in Figure 8.
For any measured values for each group of test parameters, 80 consecutive simulation
results were analyzed.

Upper

Figure 8. Illustration of keyhole shape with depth, outlet diameter of keyhole top, area of keyhole,
front wall inclination angle of keyhole, and back wall inclination angle of keyhole.

In the molten pool, a keyhole with dense plasma metal vapor can be regarded as
a cavity. The filling mode of the liquid metal determines whether bubbles are formed
during the laser welding process. The backfill method of liquid metal mainly has two
forms. One is that the front wall of the keyhole bulges and collapses backward. The other
is the keyhole back wall bulges and collapses forward. Another way is that the necking-
down phenomenon occurs at the neck of the keyhole, and the lower part of the keyhole is
separated to form a separate bubble.

In this paper, the keyhole depth and the outlet diameter at the top of the keyhole
under different process parameters are analyzed, and the following regulations are found,
as shown in Figures 9 and 10.
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Figure 9. Effect of welding speed on keyhole depth and outlet diameter of keyhole top.
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Figure 10. Effect of laser power on keyhole depth and outlet diameter of keyhole top.

When laser power is insufficient to form a keyhole through the base metal, the keyhole
depth increases with the decrease in welding speed. When laser power is large enough
to form a keyhole through the base metal, the keyhole depth is equal to the thickness of
the base metal. When welding speed is high, the increase in the outlet diameter size of the
keyhole top is more significant than that at low welding speed.

Comparing different laser powers, it was found that when the laser power is large,
excessive heat input leads to a large fluctuation of keyhole depth. Moreover, when the
heat input is large, the effect of increasing the outlet diameter of the keyhole top is more
significant than that of small heat input.

In addition, through the statistics of the keyhole depth and the outlet diameter of
the keyhole top under different process parameters, it was found that bubbles were easily
formed when the keyhole depth changed, as shown in Figure 11, along with the outlet
diameter size of the keyhole top fluctuations.
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Figure 11. Effect of process parameters on keyhole instability.

Bubble formation induced by the keyhole leads to rapid instability of keyhole and
changes in the keyhole depth. Therefore, the formation of bubbles can be judged according
to the change of keyhole in the laser welding process, which provides help for the detection
of porosity defects in the laser welding process.

In the laser welding process, due to the interaction between different dynamic mecha-
nisms in the molten pool, the keyhole is unstable and the keyhole profile fluctuates over
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time. Inside the keyhole, the convergence of the liquid metal leads to a bulge and collapse
of the keyhole wall. As shown in Figure 12, according to the simulation results, the keyhole
profile at different times during the laser welding process is extracted, and bubbles formed
by the keyhole collapse are counted. The porosities formed by the keyhole are closely
related to bubbles. The variation trend of bubble formation in keyholes under different
process parameters was quantitatively compared.

=~ 0.6 0.5

I Ratio of maximum deviation to keyhole depth
I percentage of porosity

percentage of porosity(%)

0.0

Ratio of maximum deviation to keyhole depth (%)

P=2500W P =2500W P=4300W P =4300W
Vv =3m/miw = 2.6m/minv = 3m/minv = 2.6m/min

Figure 12. Effect of process parameters on ratio of maximum deviation to keyhole depth and
percentage of porosity.

In order to evaluate the stability of a keyhole, this paper determines the maximum
deviation of the keyhole depth relative to the average keyhole depth. The ratio of maximum
deviation to keyhole depth is expressed as follows [17]:

d
=—=x1
o=35x 00 (6)
where o is the ratio of maximum deviation to keyhole depth; d is the maximum deviation
depth of the keyhole; and D is the average keyhole depth.
The percentage of porosity, Ry, is defined as the sum of porosity diameters per unit of
weld seam length in the welding direction [4].

LP

Ry = X 100% (7)
w

where Ly, is the weld seam length and L, is the sum of porosity diameters in the welding

direction.

According to Figure 11, by comparing the ratio of maximum deviation to the keyhole
depth, it is concluded that the keyhole is relatively stable when the laser power is low. When
the laser power is high, reducing the welding speed can make the keyhole relatively stable.
When the laser power is high, the keyhole is relatively stable. However, the percentage of
porosity is increased because the keyhole runs through the base metal leading the bottom
of the keyhole to contact with the air and to enter the air. Therefore, the percentage of
porosity is low when the keyhole stability is high.

Figure 13 shows the influence of process parameters on the keyhole area, the front
wall inclination angle of the keyhole and the back wall inclination angle of the keyhole.
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Figure 13. Effect of process parameter on area of keyhole, front wall angle of keyhole, and back wall
angle of keyhole.

Through horizontal comparison, the relationship between the keyhole area, front wall
inclination angle and back wall inclination angle of the keyhole is studied under different
welding speeds and it is researched through longitudinal comparison under different laser
powers. It was found that when the laser power is too high, the keyhole is formed through
the base metal, and the keyhole area increases sharply. The front wall inclination angle and
the back wall inclination angle of the keyhole through the base metal are relatively stable.
When the laser power is low, the front wall inclination angle and back wall inclination
angle of the keyhole are relatively stable.

3.4. Relationship between Dynamic Behaviour of Keyhole and Bubble Forming

The tip at bottom of the keyhole tilts backward, the lower half part of the liquid
metal on the back wall of the keyhole flows clockwise, and the upper half part flows
counterclockwise. The middle position of the molten pool behind the keyhole intersects
and forms a bulge, which finally leads to the collapse of the keyhole and forms a bubble
below the keyhole. If bubbles cannot escape from the molten pool due to the flow behavior
of the liquid metal, porosities will eventually form [18].

In this paper, it was found that there are two main reasons for a ‘bulge’. One is a
sudden change in the temperature at a certain position of the keyhole wall, resulting in a
mutation in metal vapor recoil pressure, resulting in the emergence of bulges. The other is
the abrupt change of curvature at a certain position of the keyhole wall, which leads to the
mutation of surface tension and thus induces a bulge.

During laser welding, a bulge on the keyhole wall makes laser radiation and gas
pressure at the bottom of the keyhole decrease rapidly. Simultaneously, a low-pressure
zone appears near the keyhole outlet when extremely high-speed metal vapor is ejected
from the outlet at the top of the keyhole. Low pressure will make the keyhole absorb the
surrounding gas. As a result, ambient gases enter the keyhole.

In the laser welding molten pool, a keyhole with dense plasma metal vapor can be
regarded as a cavity. The filling mode of the liquid metal determines whether bubbles are
formed during the welding process. There are three forms of liquid metal backfill. One
is that the keyhole back wall bulge causes a collapse forward. The other is the front wall
of the keyhole bulges and collapses backward. Another way is that necking-down occurs
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in the lower part of the keyhole, and separate bubbles are formed in the lower part of the
keyhole.

During the laser welding process, the tip of the keyhole’s lower part inclines forward
when the keyhole is stable. Before keyhole instability, the tip of the keyhole bottom inclines,
as shown in Figure 14.

welding direction  The bottom tip of keyhole backward ~ Moment of keyhole stability

welding directign_ Keyhole wall bulge forward and collapse Moment of bubble forming

Figure 14. Bubble formation process caused by bulge and collapse of keyhole back wall.

The metal vapor pressure continues under the cation of the laser beam for a period
of time. At the same time, the keyhole plasma concentrates the heat source energy in
the keyhole region, which increases the temperature gradient near the top outlet of the
keyhole. Inside the molten pool in the upper half of the keyhole, the shear stress of the
Marangoni and vapor pressure force the liquid metal to resist the gravity flow out of the
top outlet of the keyhole. This is a resistance to liquid metal collapse from the top of the
keyhole. However, in the deep region of the keyhole, Marangoni shear stress and metal
vapor pressure are weak in the lower half. Therefore, the gravity effect is generated and
stable liquid metal backfill is carried out [19].

The tip of the bottom keyhole leans forward leading to the collapse of the front wall of
the keyhole forming a bubble, as shown in Figure 15.

In the laser welding process, the front wall of the keyhole is slightly bent backward,
and a bulge is generated in the part where the local bending degree of the front wall
changes slightly. The liquid metal near the bulge evaporates violently under the high-
energy irradiation of the laser beam. The vaporized metal vapor is ejected at a large speed
on the back wall from the concave and if impacted by the metal vapor flow, is a liability
to fall and collapse under the action of complex physical conditions such as gravity. As a
result, the keyhole collapses and closes, eventually forming bubbles [8].

In the laser welding process, various driving forces in the molten pool interact with
each other, and the keyhole is in an unstable state with intense oscillation. At the time of t0,
the keyhole begins to shrink, the diameter of the keyhole’s middle part becomes smaller,
and the front wall and back wall of the keyhole’s middle part bulges, as shown in Figure 16.
The liquid metal intersection at the neck of the keyhole makes the keyhole shrink, and the
cavity at the bottom of the keyhole is blocked at the bottom of the molten pool.
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Figure 15. Bubble formation process caused by bulge and collapse of keyhole front wall.

welding direction

The bottom tip of keyhole swing Before keyhole instability

welding direction

Keyhole bottom sharpen Moment of minute bubble forming

welding direction : " L,
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Figure 16. Bubble formation process caused by necking-down of keyhole.

In the molten pool, there is a liquid metal flowing downward, and there is also a liquid
metal flowing upward. Their encounter leads to the bulge of the keyhole wall. The keyhole
wall collapses and bubbles form at the bottom of the molten pool, which suddenly reduces
the keyhole depth. Liquid metal flow in the molten pool makes bubbles shrink and become
trapped in the molten pool. At the top of the molten pool, liquid metal flows from the
center to around the sides. At the bottom of the molten pool, there are two opposite flows.
One flows from the top to the middle. One flows from the bottom to the middle. Due to
the existence of two opposite flow directions, the surface of the keyhole wall is bulged,
resulting in the collapse and contraction of the keyhole.

According to the stability theory of capillarity, when the height of capillarity is greater
than the circumference of its cross-section, the capillarity would be in an unstable state, and
the necking-down and expansion would alternate. Especially, there is a trend of shrinkage
and closure at the necking-down stage. Corresponding to the actual laser welding process,
the keyhole is in this state. When the energy density of the laser beam is higher than a
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critical value, the recoil pressure generated by the metal vapor would expand the degree of
necking down. At the same time, the necking-down collapse trend of liquid metal around
the keyhole interacts with the metal vapor recoil pressure, making the keyhole vibrate back
and forth in the radial direction. When the laser beam energy density at the bottom of the
keyhole is lower than the critical value for maintaining the keyhole stability due to the
absorption of laser energy by the plasma in the keyhole or other factors, the keyhole would
be closed at the necking-down stage to form a bubble.

4. Conclusions

A three-dimensional thermal-fluid coupling model was established for the laser weld-
ing of a 4 mm thick 6061 Aluminum Alloy plate butt structure. The driving force of the
keyhole during the laser welding process was analyzed and added to the model to simulate
the dynamic of the keyhole under different process parameters. The conclusions drawn
from the present study are given below.

(1) WhenP =2500W, v =3m/min, is the critical value of weld penetration. The formation
of a bubble is usually caused by the driving force of the molten pool and keyhole
surface during laser deep penetration welding. The main reason for the formation of
keyhole porosity is the instability of the keyhole.

(2) In the laser welding process, the keyhole is unstable due to the interaction of different
driving forces, and the keyhole contour fluctuates over time. The liquid metal flow
at the keyhole wall leads to a bulge, which eventually leads to the collapse of the
keyhole wall.

(3) During the laser welding process, the spontaneous fluctuation of keyhole depth and
the spontaneous disturbance of the keyhole promote the formation of bubbles.

(4) The three types of bubble formation caused by keyhole dynamic behavior are: The tip
of the keyhole bottom leans forward, and the back wall of the keyhole collapses,
forming bubbles behind the keyhole; The tip of the keyhole bottom leans backward,
and the front wall of the keyhole collapses, forming bubbles in front of the keyhole.
A sharp shrinkage fracture occurs in the middle of the keyhole, forming bubbles
below the keyhole.
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