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Abstract
For numerical investigation of the quasi-continuous laser beam welding (Q-CLBW) process, the existing research usually 
considered a constant welding heat input, which to some degree loses accuracy in representing the welding dynamics. 
This paper developed a validated CFD model for the simulation of Q-CLBW of Ti6Al4V alloy based on a near-reality heat 
source model. The coupled transient temperature, velocity, and phase fields were solved under a high-frequency pulsed 
laser power (HF-PLP) at 5000 Hz as well as a constant laser power (CLP) which has been conventionally employed. Com-
parative analysis was carried out with respect to keyhole stability, melt flow pattern, and weld pool dimensions resulting 
from different heat sources and different heat input values with laser peak power of 2800 ~ 3800 W and welding velocity of 
0.02 ~ 0.04 m/s. Results indicate that the time-dependent laser input yields less stabilized dynamics featured with middle-
depth keyhole collapse, chaotic melt flow, and periodic vapor eruption, and such characteristics are difficult to be observed 
with CLP. The maximum temperature, pressure, and velocity magnitude of molten metal present remarkable oscillations in 
relation to welding time. With decreasing heat input in HF-PLP welding cases, the keyhole geometry tends to collapse in 
the tip segment while the melt flow becomes regular. Furthermore, the employment of the HF-PLP condition also enhances 
the accuracy in predicting the cross-sectional seam profile in terms of width and depth. Pulsed laser input should be taken 
into full consideration in the numerical simulation of the Q-CLBW process.

Keywords Quasi-continuous laser beam welding · High-frequency pulsed laser power · Constant laser power · Keyhole 
stability · Weld pool dynamics

1 Introduction

As a near-net-shape manufacturing process, quasi-continuous 
laser beam welding (Q-CLBW) has been widely concerned 
in automotive, aerospace, and aerospace industries because of 
its excellent performance in automatic production, material 

utilization, and product quality [1]. It has been prodigiously 
employed in the fabrication of light and green metals, includ-
ing titanium and its alloys, to achieve improved strength-to-
weight, energy conservation, and emission reduction [2].

Q-CLBW for titanium alloys evolves multi-phase and 
multi-physics coupling phenomena, typically the metal 
evaporation and keyhole effect, which leads to high com-
plexity and nonlinearity in terms of thermal and flow behav-
ior during the process. The keyhole stability determines the 
dynamic behavior of the molten pool to a great extent and 
ultimately affects the joint quality, including weld continuity, 
porosity rate, grain morphology, and mechanical properties.

The keyhole and molten pool dynamics occurring in the 
Q-CLBW process have been studied extensively through 
various experimental observation schemes. Seto et al. [3] 
examined the interrelationship between keyhole and plasma 
behavior by using a synchronous visualization system consist-
ing of a high-speed camera and an X-ray transmission device. 
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The effect of shielding gas flux on porosity formation mecha-
nism in continuous wave  CO2 laser welding was investigated 
through simultaneous photography. Tao et al. [4] used a CMOS 
high-speed video system to observe the in-process weld pool 
dynamics during the welding process. To improve the image 
quality, a bandpass red laser with an emission wavelength of 
808 nm was aligned as a backlight source to illuminate the 
welding zone. According to Wolff et al. [5], in situ X-ray imag-
ing was employed to investigate the magnet-assisted weld 
pool and porosity evolutions in laser welding of 4140 steel. It 
was reported that a static magnetic field of 600 mT enables a 
less oscillated keyhole cavity, thus eliminating the porosities 
caused by keyhole collapse. Yi et al. [6] designed the “sand-
wich” assembly consisting of glass and base metal components 
side by side to capture the keyhole shape in the longitudinal 
section. A systematic study was made on the effects of Fresnel 
and inverse Bremsstrahlung absorptions on keyhole dynamics 
in  CO2 laser welding. Üstündağ et al. [7] recorded the keyhole 
morphology during high-power laser welding of a 25-mm-
thick structural steel plate assisted by an alternating magnetic 
field. They showed that the induced electromagnetic stirring 
effect makes the keyhole profile deeper and the leading edge 
of the keyhole more inclined to the beam axis.

Computational fluid dynamics (CFD) simulation is 
a complementary tool that has been increasingly used in 
recent years to deal with in-process phenomena of Q-CLBW. 
The primary advantage of this approach is that the keyhole 
and weld pool behavior can be accurately and quantitatively 
reproduced from various physical perspectives, such as tem-
perature, velocity vector, phase volume, and element frac-
tion, based on customized numerical models. Ki et al. [8, 9] 
presented a self-consistent keyhole and multi-phase coupling 
model by using the level-set (LS) method. They performed 
the complete simulation of heat and mass transfer behav-
ior, e.g., liquid–gas interface evolution, metal evaporation, 
Knudsen layer effect, and beam multi-reflections, during the 
deep-penetration  CO2 laser beam welding of steel sheets. 
Besides, the effects of laser power and scanning speed on 
keyhole profile, laser energy distribution, melt-flow veloc-
ity, and weld bead geometry were theoretically predicted 
and well verified. Another typical model proposed by Cho 
et al. [10, 11] simplified the gas/plasma as void and focused 
on single-phase problems during high-power laser welding. 
The volume-of-fluid (VOF) method was employed for free 
surface tracing under laser irradiation and recoil pressure. 
The molten pool dynamics coupling multiple physical fac-
tors were simulated, and the effects of beam profile, vapor 
shear force, and plume heating on the seam profile at cross-
section were discussed. Pang et al. [12, 13] improved the 
LS method by introducing the particle correction strategy. 
It was revealed that the keyhole instability at different linear 
energies is closely related to the bulges on the keyhole wall. 
The simulation results also showed the periodic collapse 

of keyhole and the formation of bubbles near the keyhole 
tip. Moreover, the dynamics of metallic vapor, including 
local evaporation, plume swing, and gas entrapment were 
investigated using a multi-time scale approach. Luo et al. 
[14] explored the keyhole and weld pool behavior during 
underwater laser welding. The numerical results indicated 
that with the increasing water pressure, the average tem-
perature at the keyhole surface increases while the keyhole 
depth reduces due to the higher boiling point. As with water 
cooling, Marangoni convection near the weld pool surface 
is almost eliminated due to the rapid solidification rate. Li 
et al. [15] carried out numerical and experimental research 
on quasi-continuous laser welding of Ti6Al4V alloy plates 
with different thicknesses and showed that the heat-affected 
zone and molten pool can be diverted to the thinner sheet 
side. Yang et al. [16] modeled and investigated the physi-
cal phenomena during the double-sided laser welding of the 
t-shaped joint of aluminum alloy. It was found that the varia-
tion trend of porosity defects is closely related to the keyhole 
state and melt flow pattern.

In the numerical study of Q-CLBW, most numerical 
models adopt a continuous heat source, namely, a constant 
laser power (CLP) input. Nevertheless, this process is actu-
ally implemented by utilizing a high-frequency pulsed laser 
beam (HF-PLP)  (103~106 Hz), according to Chen et al. [17]. 
Under the intermittent laser power, the keyhole and weld 
pool would exhibit very different characteristics in temper-
ature, velocity, and geometry, compared to the numerical 
results with CLP.

At present, heat source modeling based on pulse wave-
form is mainly applied to pulsed laser beam welding 
(PLBW) with low and medium pulse frequency. Kumar [18] 
modeled the heat source with a rectangular waveform for the 
simulation of PLBW of 316L stainless steel. The transient 
thermal response across and temperature field was analyzed 
at a pulse frequency of 20 Hz and pulse width of 12 ms. 
Li et al. [15] exploited a pulsed 2D Gaussian laser heat 
source to investigate the thermal process in laser welding of 
Ti6Al4V sheets at different thicknesses. Comparative analy-
sis was performed on thermal cycle curves resulting from 
different focus lengths, laser speeds, and laser powers. Zhou 
et al. [19, 20] simulated the keyhole dynamics in PLBW of 
304 stainless steel and pointed out that the keyhole collapse 
and porosity formation occurring during the pulse interval 
is caused by the downward refilling of liquid metal lagging 
behind the solidification of the molten pool. By introducing 
an external electromagnetic support system, the filling rate 
is improved and porosity prevention is realized numerically 
and experimentally. Liang and Luo [21] simulated the sur-
face deformation of Ti6Al4V-Niobium dissimilar joint pre-
pared by a 10~20 Hz pulsed laser beam, based on the local 
drilling velocity model coupled with Gaussian heat source 
at the workpiece surface. It showed that the higher pulse 
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overlap coefficient reduces the solidification rate and makes 
the penetration fluctuation smaller and surface ripples finer. 
Chen et al. [22] employed a 20 Hz pulsed laser beam to weld 
2 mm-thick Ti6Al4V sheets assembled in butt joint configu-
ration with a reserved air gap. The gap bridging dynamics, 
as well as the beam formation, was numerically investigated 
and experimentally validated. The gap size accounting for 
16.67% of base metal thickness is permitted for a desirable 
welding formation, indicating that the assembly tolerance 
was effectively improved compared to the data reported in 
Salminen [23].

To reproduce the heat and flow behavior of molten 
pool during the Q-CLBW process and enhance the reli-
ability of the prediction results, in the current research, an 
improved numerical model was developed by taking the 
high-frequency pulsed characteristic of the laser beam 
into account. Simulations were conducted on autonomous 
welding of Ti6Al4V plates under various heat input values. 
The temperature, velocity, and phase fields were calculated 
using practical HF-PLP and pure CLP, respectively. Com-
parative analysis and discussion were performed on key-
hole stability, melt flow pattern, and weld pool dimensions 
corresponding to the laser input conditions. The necessity 
of considering a time-dependent laser power in Q-CLBW 
simulation was primarily evaluated.

2  Experiment

As demonstrated in Fig. 1, the bead-on-plate Q-CLBW 
process was performed on a Ti6Al4V workpiece sized 
100 mm × 100 mm × 5.6 mm. The laser device employed 
is Trudisc 4001 (made by TRUMPF China Co. Ltd. in Tai-
cang, China) which possesses adjustable output power of 
80~4000 W, a wavelength of 1030 nm, and a beam param-
eter production (BPP) of 4  mm·mard. The initial inci-
dent beam was set vertical to the plate surface with zero 

defocusing amount. During the welding, a unilateral shield-
ing argon flux at 20 L/min was provided to the upper surface 
of the workpiece.

The modulated laser waveform, namely the laser power-
time curve employed for Q-CLBW experiments is shown 
in Fig. 2. It has two ramp-up stages and one ramp-down 
stage, which benefit a lower thermal crack risk compared to 
a square or step pulse shaping [24].

As expressed in Eq. (1), a novel formula is developed for 
the averaged heat input calculation in each pulse period with 
respect to arbitrary pulse waves employed.

Here, η0, PL, Tp, and u0 denote heat efficiency, laser peak 
power, pulse period, and welding speed. kP(t) is the time-
dependent laser power percentage in each pulse period. For 
square waves, when the initial phase is zero, the formula has 
the following form:

(1)qp=
�0PL∫

Tp

0
kP(t)dt

u0Tp

(2)qp =
�0PLrp

u0

Fig. 1  Schematic description of 
CLBW of Ti6Al4V plate

Fig. 2  Laser waveform applied for Q-CLBW experiment
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which is consistent with Gao et al. [25] with rp being the 
duty ratio.

The critical welding processing parameters are shown in 
Table 1. The heat efficiency of laser welding is commonly 
defined as 0.9. The heat input at five levels is designed by 
changing the laser peak power and the welding speed.

The weld beams were then processed with wire cutting, 
mounting, polishing, and acid etching with Kroll reagent 
(8%  HNO3 + 2% HF + 90%H2O in wt.) for metallographic 
examination. The cross-sectional morphology was captured 
by optical microscopy MR-5000 (made by Jiangnan Yongxin 
Optics Co. Ltd. in Nanjing, China).

3  Numerical model

A multi-phase flow model based on the assumptions of 
incompressible, laminar, and non-isothermal immiscible 
is developed. Fundamentally, the conservations of mass, 
momentum, and energy take the following forms.

Here, u, ρ, μl, p, t, SM, H, k, T, and SE denote velocity vec-
tor, mass density, dynamic viscosity, fluid pressure, physical 
time, momentum source term, mixing enthalpy, thermal con-
ductivity, temperature, and energy source term, respectively.

Basically, the liquid and gas phases consisting of the 
computational domain are subjected to the gravity fg and 
the thermal buoyancy fb. For the calculation of the melting-
solidification process, the enthalpy-porosity relation and 
Darcy resistance fD are employed to handle the momentum 
attenuation in the solid-liquid mixture. With the weld pool 
being rapidly heated to or over the evaporation point, the 
recoil pressure fr is calculated and applied to the liquid sur-
face. The momentum source term SM reads

(3)∇ ⋅ � = 0

(4)�

(
��

�t
+ (� ⋅ ∇)�

)
= �l∇ ⋅

[
∇� + (∇�)T

]
− ∇p − �M

(5)
�

�t
(�H) + ∇ ⋅ (�H�) = ∇ ⋅ (k∇T) + SE

Here, g, αl, u0, β, and T0 are gravitational accelera-
tion, liquid volume fraction, initial velocity field, thermal 
expansion coefficient, and ambient temperature. K0 and c 
are Darcy resistance coefficients, respectively. A, B0, Ma, 
Hv, Na, and kb are pressured-related coefficients, evapora-
tion constant, molar mass, evaporation latent heat, Avoga-
dro constant, and Boltzmann constant, respectively. n is the 
normal unit vector of the free interface pointing to the liquid 
phase side.

Considering the weak ionization of metallic vapor 
with a disc laser, the plasma phase, as well as the inverse 
bremsstrahlung effect, can be ignored [26]. The energy 
source term SE contains the Rayleigh scattering absorption 
QR, Fresnel absorption QF, and surface heating effect Qs due 
to the vapor eruption.

As illustrated in Fig. 3, the initial incident of the laser 
beam is set vertically to the workpiece surface. The beam 
spot shrinks spatially with a decreasing radius from the 
initial rb to the focused rf, following the practical BPP of 
the laser. The beam spot extracted with a radius of r0 is 
uniformly discretized into a bunch of sub-beams (the blue 
cells), carrying power densities corresponding to Gaussian 
distribution approximation [27]:

where P(t) is time-dependent laser power and r is the dis-
tance from the arbitrary cell center node to the spot circle 
center.

As described in Eq.  (9), the Rayleigh scattering is 
calculated when the sub-beams travel through the metal-
lic vapor, which causes the heating of vapor phase and 
the attenuation of laser power density [22]. The Fresnel 
absorption is calculated where the sub-beams intersect 
the liquid–gas interface, as depicted in Eq.  (10) [28]. 

(6)

�� = −�� + ���(T − T0) − K0

�
1 − �l

�2
�3
l
+ c

�
� − �0

�
+

AB0√
T

exp

�
−MaHv

NakbT

�
⋅ �

(7)SE = QR + QF + Qs

(8)q(r) =
3�0P(t)

�r2
0

exp(
−3r2

r2
0

)

Table 1  Experiment cases and 
processing parameter sets

Case no. Laser peak 
power
PL (W)

Welding speed
u0 (m/s)

Pulse frequency
fp (Hz)

Duty ratio
rp

Heat input 
on average
qp (J/mm)

#1 3800 0.02 5010 0.6 62.47
#2 3300 0.02 5010 0.6 53.25
#3 2800 0.02 5010 0.6 46.03
#4 3800 0.03 5010 0.6 41.65
#5 3800 0.04 5010 0.6 31.23
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Multi-reflection of the beam inside the keyhole is handed 
by mirror reflection relation, as expressed in Eq. (11).

Here, q, αR, l, and θ are laser power density during trav-
elling, Rayleigh scattering coefficient, beam forward dis-
tance, and reflection angle. m numbers the multi-reflection 
time from 1 to mr, while n numbers the sub-beams from 
1 to bn. αF is the Fresnel absorption coefficient following 
the Hagen-Rubens relation:

with ε being a material constant related to its electrical 
conductivity.

When the temperature at the liquid surface exceeds the 
evaporation point, the classic LEE model [29] is employed 
to deal with the liquid–gas mass transfer along with the 
latent heat. Furthermore, the vapor heating around the 
keyhole opening can be implemented by employing a 
Gaussian surface heat source, as suggested by Norman 
et al. [30]:

(9)QR =

bn∑
n=1

mr∑
m=1

qm−1,n(r)

(
1 − exp

(
∫

lm

lm−1

�Rdl

))

(10)

QF =

bn∑
n=1

mr∑
m=1

qm−1,n(r)exp

(
−
∫

lm

lm−1

Kpldl

)(
�m ⋅ �m

)
⋅ �F,m

(
�m

)

(11)� = � + 2(−� ⋅ �)�

(12)

�F(�) = 1 −
1 + (1 − �cos�)2

2 + 2(1 + �cos�)2
−

� − 2�cos� + 2cos2�

2� + 4�cos� + 4cos2�

(13)Qs(r) =
3�1P(t)

�r2
s

exp(
−3r2

r2
s

)

with η1 and rs being vapor heating efficiency and radius of 
heat source.

The THINC/LS algorithm [31], which integrates high-
order accuracy and strict mass conservation is used to 
track the liquid-gas interface. The basic equations can be 
expressed as:

Here, Eq. (14) is the signed distance function where x 
is the arbitrary coordinate within the fluid domain, and V1, 
V2, and ∂V denote the liquid phase, gas phase, and inter-
face zones. Equation (15) is the hyperbolic tangent function 
which is reconstructed by using a grid-related constant, � , 
and the signed distance function to meet a range of (0, 1).

The geometry evolution of the phase interface is domi-
nated by the transportation equations of LS and THINC vari-
ables, which read

The computational domain is locally extracted from the 
workpiece with a length of 5.6 mm, a width of 5.6 mm, 
and a height of 6.4  mm (thickness). The geometry is 
uniformly dispersed with uniform cube elements sized 

(14)�(x, t) =

⎧
⎪⎨⎪⎩

dist(x, �V) x ∈ V1

0 x ∈ �V

−dist(x, �V) x ∈ V2

(15)H(x, t) =
1

2

[
1+tanh

(
��(x, t)

)]

(16)
��

�t
+ � ⋅ ∇� = 0

(17)
�H

�t
+ ∇ ⋅ (�H) = 0

Fig. 3  Optical parameters of laser beam and beam discretization method
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0.8 mm and then is initialized to a liquid region (5.6 mm 
at thickness) and a gas region right above the liquid. The 
initial and boundary conditions of cell and face are clas-
sified in Fig. 1, and defined mathematically in Table 2 in 
terms of energy and momentum.

The thermophysical properties of Ti6Al4V and argon 
which respectively occupy the initial liquid and gas regions 
of domain are consistent with our previous research [17], 
as listed in Table 3.

The material property of the cells at the liquid–gas 
interface can be calculated by [17]:

with �l and �g being the properties of liquid phase and gas 
phase.

4  Results and discussion

4.1  Simulation implementation and results 
verification

The proposed model is solved using a CFD platform ANSYS 
Fluent 18.0. The realistic simulation of the Q-CLBW pro-
cess is performed based on the consideration of HF-PLP. 

(18)�interface=�lH(�)+�g(1 − H(�))

The pulse frequency applied is slightly modified to 5000 Hz 
to facilitate the result extraction. To achieve comparative 
analysis and accuracy evaluation, the conventional numerical 
scheme is also presented by using a CLP, which equals the 
peak value of HF-PLP. The other process-related parameters 
in both cases follow Table 1. The solution time is set 70 ms 
covering 140 pulse cycles with a time step of 0.001 ms.

The weld pool morphologies corresponding to cases #1, 
#3, and #5 under the function of HF-PLP were calculated 
and compared with the experimental results. As shown in 
Fig. 4, a sound symmetry is always achieved between the 
fusion line of seam and the solidus line of weld pool with the 
increase of the averaged heat input applied. According to the 
measurement at the cross-section, the averaged deviations of 
weld depth (WD) and half-weld width (H-WW) are 1.83% 
and 2.35%, respectively. The high precision prediction of 
weld morphology preliminarily confirms the rationality and 
accuracy of the model coupled with pulsed-mode heat input.

4.2  Keyhole and weld pool dynamics in CLP and HF‑PLP 
welding cases with equal laser peak power

Figure 5 summarizes the calculated temperature and phase 
fields during the keyhole penetrating period under CLP 
and HF-PLP conditions. The as-built weld pool region is 
highlighted with solid black lines, and is colored using a 
localized temperature legend of 400~3000 K. As can be 
seen, with a constant laser input, the keyhole profile is in 
an inverted-conical shape surrounded by a thin layer of liq-
uid metal. The keyhole wall presents slight fluctuation in 
terms of topological morphology and temperature distribu-
tion due to the dynamic instability [10, 12]. In contrast, the 
keyhole profile is more fluctuated when high-pulsed laser 
power is employed, especially near the tip section. The 
temperature at the keyhole wall decreases obviously as the 
welding proceeds from 6.042 to 6.2 ms, corresponding to 
the laser power percentage decreasing from 100% to zero. 

Table 2  Initial and boundary conditions of domain for numerical 
solution

Condition Thread Energy Momentum

Initial Cells T0 = T∞ u⃗0= 0

Boundary Top face Adiabatic pgauge = 0

Bottom face Mixed convection 
and radiation 
[12]

u⃗wall= 0

Side faces of Ti6Al4V Continuum [32] u⃗wall= 0

Side faces of argon Adiabatic pgauge = 0

Table 3  Thermophysical 
properties of Ti6Al4V titanium 
alloy and argon

Thermal-physical property Symbol Ti6Al4V Argon Unit

Density ρ 8190 1.6228 kg/m3

Thermal expansion coefficient β 1.1 ×  10–5

Solidus temperature Tl 1533 K
Liquidus temperature Ts 1609 K
Evaporation point Tv 2917 K
Specific heat Cp 435 at T0, 723 at Tl 520.64 J/(kg·K)
Heat conductivity (T0) λ 8.9 at T0, 29.6 at  Tl 0.0158 W/(m·K)
Latent heat of fusion Lm 2.1 ×  105 J
Latent heat of evaporation Lv 6.09 ×  106 J
Dynamic viscosity η 8.89 ×  10–3 2.125 ×  10–5 Pa·s
Surface tension coefficient σ 1.893 N/m
Marangoni coefficient ��∕�T  − 1.1 ×  10–4 N/(m·K)
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Due to the imbalance between surface tension and recoil 
pressure, the keyhole geometry shrinks in volume and then 
collapses in the tip segment at the end of the pulse period.

As the numerical process progresses to ~52 ms, the 
keyhole geometry has a full growth indicating that the 
welding dynamic behavior approaches the quasi-steady 
state. As shown in Fig. 6, in the welding case with CLP, 
small porosity caused by keyhole collapsing can be 
observed at the bottom of the weld pool. When HF-PLP 

is applied, the middle and lower segments of the key-
hole become slenderer due to the reduction of heat input, 
according to Eq. (1). Moreover, with the decreasing laser 
power, the temperature at the keyhole surface shows an 
overall drop, and several contraction shapes appear on 
the keyhole surface. The collapsing occurs at the middle 
penetration during the pulse interval, resulting in a sharp 
decrease of keyhole depth as well as a prominent irregular 
porosity.

Fig. 4  The simulated seam profile and dimensions in comparison to the experiment results

Fig. 5  Comparison of temperature and phase fields resulted from CLP and HF-PLP conditions during keyhole growing stage

235The International Journal of Advanced Manufacturing Technology (2022) 121:229–247
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Furthermore, on a larger time interval scale within 
70 ms, it can be observed that the keyhole collapses more 
remarkably and frequently in the HF-PLP condition than 
in the CLP condition, as can be seen in Fig. 7. Under the 
intermittent laser input, the middle-depth collapse occurs 
at both growing and fully developed stages of the key-
hole, leading to an average reduction of 14.04% in key-
hole depth compared with the data measured with constant 
laser input, as presented in Fig. 8.

In Figs. 9 and 10, the transient velocity field which con-
sists of the melt flow inside the weld pool and the vapor 
flow outside the keyhole wall is presented in combination 
with the keyhole profile. Two scales are used to eliminate 
the mapping problem caused by the difference of magnitude 
between gas and liquid velocity values, wherein the vapor 
flow follows the vector scale while the melt flow vectors are 
homogenized and colored by the contour legend.

The subpictures exhibited in Fig.  9 show that the 
gas eruption intensity during the welding with HF-PLP 
decreases obviously after the laser shuts down at 6.12 ms, 
while that in CLP welding is almost unchanged. This indi-
cates that the local temperature of the keyhole wall can be 
kept above the boiling point to maintain liquid evaporation 
during the keyhole growth stage.

Figure 10 records the fluid velocity field of the keyhole and 
molten pool with fully developed geometry as the welding 
process exceeds 50 ms. Similar to the numerical reports in 
the pieces of literature [8–13], the thermal-capillary convec-
tion featuring with an anticlockwise vortex is induced near the 
upper surface of the weld pool. Besides, local velocity spikes 
(depicted by red arrows) can be observed around the necking 
segments of the keyhole, since the presence of the local bulges 
reduces the laser propagation distance and thus enhances the 
Fresnel absorption as well recoil pressure levels. As the laser 
power decreases in the HF-PLP case, the impact of surface 
tension on molten metal flow becomes dominant near the 
gas-liquid interface, leading to backfilling of melt towards the 
interface contractions which cause the continuous necking and 
finally keyhole collapsing. In addition, compared with Fig. 9, 
the intensity of Rayleigh scattering absorption enhances with 
the deepening of the keyhole, and the remarkably cooled key-
hole wall cannot sustain the evaporation of liquid metal. There-
fore, the vapor eruption character above the keyhole opening 
disappears, as demonstrated in the subpicture of 52 ms.

In Fig.  11, the maximum temperature, pressure, and 
velocity values of liquid phase within 2 ms (covering 10 
pulse periods in HF-PLP welding cases) are measured and 
depicted in relation to welding time.

Fig. 6  Comparison of temperature and phase fields resulted from CLP and HF-PLP conditions during quasi-steady-state stage
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Basically, the target measurement positions locate in 
gas-liquid coexistence area. The maximum temperature 
values resulting from a constant laser power are between 
the boiling point Tv and 500 K above Tv, consistent with 
the numerical data reported in [10, 33]. The curve oscilla-
tion is fundamentally attributed to the evolution of the key-
hole front-wall morphology lagging behind the advance of 
the laser spot, which changes the primary reflection angle 

of the laser beam and accordingly the Fresnel absorption 
coefficient, according to Eq. (10). Moreover, the Rayleigh 
scattering effect also affects the temperature of the keyhole 
wall, depending on the thickness of the gas phase between 
the initial position of the laser spot and the beam-keyhole 
intersection point [34]. Therefore, the higher temperature 
peaks occurring in 51.6~51.8 ms are probably due to the 
decline of keyhole depth caused by tip-mode collapse, as 
presented in Fig. 11a. In Fig. 11b, the maximum tempera-
ture–time curve has distinctive oscillation characteristics 
wherein the major oscillation period (MOP) is basically 
consistent with the laser pulse period while the major 
oscillation amplitude (MOA) is much larger than that 
in the CLP case. Besides, the valley values can be lower 
than Tv at the end of each pulse cycle. This is an indica-
tor that the significant keyhole collapse occurs during the 
measured pulse periods, that is, the necking and collaps-
ing appear at relatively high positions along the Y-axis, 
leading to the weakened Rayleigh scattering effect as well 
enhanced Fresnel absorption flux.

As shown in Fig. 11c, d, the maximum pressure of molten 
metal is highly correlated to the maximum temperature espe-
cially in two laser irradiation conditions with the abscissa 
interval between the adjacent peaks close to one pulse 

Fig. 7  Comparison of temperature and phase fields resulted from CLP and HF-PLP conditions at certain moments

Fig. 8  Measurement of keyhole depth with the time interval of 10 ms
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period, indicating that the temperature-dependent recoil 
pressure dominates the momentum source terms during 
the welding process. However, the velocity curve shown in 
Fig. 11f is less related to the temperature curves in terms of 
MOP and MOA.

To explore further, the melt flowing mechanism, as well as 
the velocity variation principle under the action of momentum 
factors, is schematically depicted in Fig. 12a. It is known that 
the higher temperature simultaneously increases the local gra-
dient of surface tension and in turn the Marangoni shear force 
which promotes the melt flowing (Marangoni flow) along the 
tangential vectors of the keyhole wall [30]. This momentum 
factor can be expressed by Eq. (19) with γ being the surface 
tension coefficient. Then, the current velocity vector  u1 driven 
by the resultant force of recoil pressure and Marangoni shear 
force could be enhanced or weakened, largely depending on 
the temperature gradient at the position of liquid phase at t1 
moment, as depicted in Fig. 12b. Therefore, the maximum 

velocity of molten metal and its occurrence moment have cer-
tain randomness in each pulse period, which can be respon-
sible for the poor correlation to the maximum temperature 
distributions.

4.3  Keyhole and weld pool dynamics in CLP and HF‑PLP  
welding cases under various heat input

In this subsection, the numerical simulations based on con-
tinuous and high-frequency pulsed laser power are subjected 
to various heat input values by changing the laser peak 
power PL and the welding speed u. The calculated tempera-
ture, velocity vectors, and phase distributions within 2 ms 
at the quasi-steady-state stage are presented in Figs. 13, 14, 
15 and 16.

(19)�M =
��

�T
∇sT

Fig. 9  Comparison of velocity field resulted from CLP and HF-PLP conditions during keyhole growing stage
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As demonstrated in Fig. 13 corresponding to the CLP 
welding process, the keyhole and the weld pool plotted 
in the symmetry plane show dimensional reductions in 
length and depth, with the constant laser power decreas-
ing from 3300 to 2800 W. The keyhole surface becomes 
smoother with fewer bosses and contractions, and the 
molten metal around the keyhole is decelerated resulting 
in a relatively regular flow pattern with uniform veloc-
ity distribution within the weld pool. The geometrical 
collapsing tendency at the keyhole tip decreases reflect-
ing that the dynamic stability is improved, which agrees 
well with Ahh et al. [35]. Moreover, the lower heat input 
cools the keyhole surface and hence reduces the evapora-
tion rate of liquid metal, which can be addressed from 
the shorter vapor eruption vectors under the same scale. 
As observed by reducing the laser power, similar physical 
phenomena including the smaller keyhole penetration and 

the stabilized melt dynamics are obtained as the welding 
speed reduces from 0.02 to 0.04 m/s. Besides, the leading 
edge of keyhole becomes more slant with a vertical angle 
increasing from 2.69 to 5.46°, reproducing the Q-CLBW 
process numerically conducted on aluminum and austenite 
stainless steel [12, 36]. It is mainly because the positions 
of first Fresnel absorption move upward with the increase 
of welding speed, and in turn, the keyhole interface can be 
more heated and firstly recoiled in the upper part, accord-
ing to Tan and Shin [37]. Apart from the inclined keyhole 
profile, the gradually enhanced vapor eruption intensity 
can be found with higher welding speeds applied, which 
is mainly attributed to the attenuated Rayleigh scattering 
effect before the first Fresnel absorption.

As presented in Fig. 14, in general, as the heat input 
varies, the thermal-flow behavior as well as the key-
hole evolution simulated in HF-PLP condition is still 

Fig. 10  Comparison of velocity field resulted from CLP and HF-PLP conditions during quasi-steady-state stage
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Fig. 11  Measurement of maximum temperature, pressure, and veloc-
ity values in liquid phase in relation to welding time. a Temperature–
time curves in CLP case; b temperature-time curves in HF-PLP case; 

c pressure-time curves in CLP case; d pressure-time curves in HF-
PLP case; e velocity magnitude-time curves in CLP case; f velocity 
magnitude-time curves in HF-PLP case
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quite different from that of CLP condition. According 
to Fig. 15, the application of lower laser peak powers 
facilitates the elimination of keyhole collapse and the 
resultant porosity, wherein the keyhole profile tends to 
shrink and rebound as a whole. The discrepancy is that 
the necking position of the keyhole in pulsed welding 
cases is relatively random, and the keyhole morphol-
ogy preserved during the previous pulse interval would 
yield a significant impact on the dynamic and geometri-
cal evolutions in the current pulse period. Therefore, 
although the collapse is eliminated, the keyhole topology 
can have more fluctuation as laser peak power further 
declines from 3300 to 2800 W. The compensation flows 
can be notable near the trailing edge of the keyhole, as 
seen in Fig. 16. The attenuation of vapor flow inten-
sity caused by the reduced laser peak power can also 
be noticed in periodic vapor eruptions. The decrease in 
welding velocity decelerates the melt flow and reduces 
the keyhole depth at the fully developed stage. Simi-
larly, the collapse risk of keyhole geometry with a larger 
inclination angle is released, and the contraction shape 
occurs more frequently near the keyhole tip instead of 
at the middle penetration. This result further confirms 
numerically that the weaker melt convection combined 
with a smaller keyhole penetration benefits enhanced 
dynamic stability, as early reported in [36–38].

Figure 15 records the maximum values of tempera-
ture, pressure, and velocity magnitude as the simulation 
proceeds from 62 to 62.4 ms. The values exhibit a drop 
tendency with the decrease of laser peak power PL or 
the increase of welding speed u. The nonlinear variation 
with higher oscillation amplitude can be more remarkably 
observed in HF-PLP cases than in CLP cases. Compared 
to Fig. 11a, b, the valley values of the temperature curves 
resulted from PL = 3800 W, u = 0.02 m/s can be higher than 
the boiling point of metal due to the thermal accumulation 

effect [22], as can be seen in Fig. 15a, b. When PL reduces 
to 3300 W, the temperature curves measured in the HF-
PLP case intersect with the Tv line during the pulse inter-
val, whereas curves resulting from the CLP condition stay 
above Tv. This difference also can be found as u increases 
from 0.02 to 0.03 m/s, providing a quantitative explanation 
for the variation of vapor eruption characteristics afore-
mentioned in Figs. 13 and 14. Moreover, the poor relation-
ship between the pressure spikes and temperature spikes is 
more observable under lower heat input conditions, primar-
ily attributed to the less contribution of recoil pressure to 
the melt acceleration within the weld pool.

4.4  Assessment of prediction accuracy on weld pool 
dimensions

In Fig.  16, the calculated weld pool depth and width 
under different heat input modes are demonstrated in 
relation to welding time. The depth curves calculated 
in the HF-PLP cases, as summarized in Fig. 16a~c, are 
relatively lower and more deviated from the experimental 
measurement than those resulted from the CLP cases. It 
is mainly attributed to that the averaged heat input of 
pulsed laser power is much lower than that of continuous 
laser power, according to Eqs. (1) and (2). Compared to 
the weld pool depth, less difference can be found with 
respect to the measurement of molten pool width, as 
depicted in Fig. 16d~f, in part due to its close correlation 
to the vapor heating effect which is equivalently imple-
mented by employing a surficial Gaussian heat source 
at a constant diameter. Considering that the prediction 
accuracy of using a high-frequency pulse heat source in 
Q-CLBW simulation has been verified, it can be stated 
that the modeling scheme coupling with HF-PLP yields 
higher accuracy in predicting the weld pool dimensions 
in comparison to that with CLP.

Fig. 12  Melt flowing mecha-
nism and velocity variation 
under the action of momentum 
factors. a Micro melt at  t0; b 
Micro melt at  t1
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Fig. 13  Temperature, phase, 
and velocity fields calculated 
in CLP cases with different 
laser peak powers and welding 
speeds
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Fig. 14  Temperature, phase, 
and velocity fields calculated 
in HF-PLP cases with different 
laser peak powers and welding 
speeds
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Fig. 15  Measurement of maximum temperature, pressure, and veloc-
ity values in relation to welding time: a temperature-time curves in 
CLP cases; b temperature-time curves in HF-PLP cases; c pressure-

time curves in CLP cases; d pressure-time curves in HF-PLP cases; e 
velocity magnitude-time curves in CLP cases; f velocity magnitude-
time curves in HF-PLP cases
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5  Conclusions

This paper proposed a novel and validated numerical 
model for the CFD calculation of autonomous Q-CLBW on 
Ti6Al4V alloy plate. A near-reality welding heat input with 
HF-PLP was employed to simulate the keyhole and weld 
pool dynamics. The temperature, velocity, and phase fields 
were compared with those resulting from a conventional heat 
source with CLP. The difference and deviation with respect 
to keyhole stability, melt flow pattern, and weld pool dimen-
sions are evaluated qualitatively and quantitatively. Conclu-
sions can be addressed as follows.

1. Compared to the CLP welding cases, the HF-PLP con-
dition yields less stabilized keyhole dynamics featuring 
with obvious temperature and keyhole morphology fluc-
tuations in each pulse period. The keyhole tends to col-
lapse at the middle depths rather than at the tip segment, 
resulting in irregular porosity and a remarkable reduc-
tion in keyhole depth. The liquid velocity field mainly 
consists of back-filling flows caused by the imbalance 
between the recoil pressure and surface tension near the 
contractions at the keyhole wall. Periodic vapor eruption 
can be observed above the workpiece.

2. The maximum temperature–time curve of the liquid 
phase possesses oscillation characteristics in the HF-

PLP case, wherein the MOA is much larger than that 
in the CLP case and the valley values can be lower than 
the evaporation point, leading to the periodic collapse 
of keyhole geometry. The pressure spikes are consist-
ent with temperature spikes indicating the dominance of 
recoil pressure induced by liquid evaporation. The veloc-
ity spikes are less correlated to pressure values due to 
the acceleration or deceleration function of Marangoni 
shear force during the migration of molten metal.

3. Either the decrease of laser peak power or the increase 
of welding speed yields higher dynamic stability in HF-
PLP cases. A lower heat input stabilizes the molten flow 
pattern and reduces the keyhole depth, which facilitates 
a tip-mode collapse of keyhole geometry rather than a 
middle-depth collapse.

4. The employment of pulsed laser input yields a higher 
accuracy in predicting the weld pool and seam geome-
tries compared to the results calculated under continuous 
laser input. HF-PLP rather than CLP should be highly 
considered in numerical modeling and investigation of 
the Q-CLBW process.
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Fig. 16  Measurement of weld pool dimensions in relation to weld-
ing time under various heat input: a weld pool depth of PL = 3800 W, 
u0 = 0.02  m/s; b weld pool depth of PL = 3300  W, u0 = 0.02  m/s; c 

weld pool depth of PL = 3800  W, u0 = 0.03  m/s; d weld pool width 
of PL = 3800  W, u0 = 0.02  m/s; e weld pool width of PL = 3300  W, 
u0 = 0.02 m/s; f weld pool width of PL = 3800 W, u0 = 0.03 m/s
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