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• Energy coupling efficiency in infrared
laser welding of high-reflectivematerial
was greatly increased by power modu-
lation.

• The empirical model between energy
coupling efficiency and modulation pa-
rameters was obtained.

• Half-sandwich specimen of dissimilar
metals was designed to compare key-
hole evolutions through high speed im-
aging.

• The mechanism of improving energy
coupling efficiency of highly reflective
material by laser power modulation
was analyzed.
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High-reflectivity of materials, such as magnesium, copper and aluminum, results in low thermal efficiency of
their infrared laser welding processes. AZ31 magnesium alloy was selected to study the effects of power modu-
lation on energy coupling efficiency in laser welding of highly-reflective materials. A model for the relationship
between energy coupling efficiency and modulation parameters was obtained. The energy coupling efficiency
in optimized modulated-power laser welding was about 1.58 times that in constant-power welding. The mech-
anism was explored by analyzing keyhole evolution and the resulted pressure distribution along keyhole wall
duringwelding. The keyhole evolutions in laser continuouswelding of commonmaterial (Q345 steel, reflectivity
of 65%) and highly-reflective material (AZ31, reflectivity of 85%) were observed through high-speed imaging by
utilizing a half sandwichmethod. The results indicated that the secret of improving energy coupling efficiency of
laser welding process of highly-reflective materials through powermodulation was the formation of a deep key-
hole and its long life. When instantaneous power decreased from the peak, there was still enough recoil pressure
at the bottom of keyhole to resist surface tension and hydrostatic pressure of liquid metal, which was the funda-
mental reason for the long time existence of keyhole with a large depth.

© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Due to the advantages of high energy density, small heating zone,
large aspect ratio of weld seam, narrow heat affected zone, small defor-
mation, high production efficiency and flexible control, laser welding
has been widely used in industry and brought considerable economic
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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benefits. Owing to laser welding is a kind of thermal processing based
on photo-thermal effects on the premise that the laser is absorbed by
base metal and converted into thermal energy, the success of laser
weldingdepends heavily on the absorptivity of basemetal. For someen-
gineeringmaterials with high reflectivity, however, most of the laser ir-
radiated onto the materials is reflected, so that energy coupling
efficiency is extremely low, thus hindering laser heat source to play its
advantages. Materials with low absorptivity for infrared laser beam in-
clude aluminum alloy, magnesium alloy, pure copper, etc. Fig. 1 shows
infrared laser absorptivity of various materials. It can be seen from
Fig. 1(a) that absorptivity of steel for infrared laser is about 2.5 times
that of magnesium, 3.1 times that of aluminum and 36 times that of
gold, silver and copper [1–3]. In terms of highly-reflective materials,
multi-reflections of laser beam in keyhole is the main mechanism for
absorbing energy in deep-penetration laser welding process. Fig. 1
(b) shows the schematic diagram of absorbed laser energy on keyhole
wall in deep-penetration laser welding of materials with different re-
flectivity [4]. It can be observed in Fig. 1(b) that lower absorptivity
leads to lower energy coupling efficiency (71% VS 97%) in laser welding
of highly-reflective materials and higher concentration of absorbed en-
ergy at the bottomof keyhole. Unbalanced energy distribution along the
depth direction of keyhole accelerates the instability of keyhole in laser
welding process of highly-reflectivematerials, thus generating porosity,
sagging and poor performances of joints [5,6].

Magnesium alloy, with the advantages of low density, high specific
strength and specific rigidity as well as recoverability, shows great ap-
plication prospects in thesefields, such as automobile, railway, electron-
ics and aerospace [7–9]. Laser beam has huge superiority compared to
other heat source inwelding ofmagnesium alloy [10,11]. High reflectiv-
ity for infrared laser with thewavelength of about 1 μmwhich is gener-
ally used in industry reduces energy coupling efficiency and stability in
laser welding process of magnesium alloy. For example, many studies
on laser welding of magnesium alloy mainly focused on the removal
of porosity [12–20]. Pang et al. suggested that high welding speed con-
tributed to improving the stability of keyhole and reducing porosity
[21,22]. However, the study on improving energy coupling efficiency
and keyhole behaviors in laser welding process of magnesium alloy is
rarely conducted. Somemethods, such as surface pretreatment [23], ad-
dition of supplementary materials [24] and adoption of auxiliary gas
Fig. 1. (a) Absorptivity of various materials for infrared laser (b) schematic diagram of the distr
different reflectivity [4].
[25] show excellent effects in improving energy coupling efficiency in
laser welding process of highly-reflective pure copper, while they may
not suitable for magnesium alloy. Surface oxide layers generated from
surface pretreatment can aggravate problems of porosity in laser
welding of magnesium alloy. Using auxiliary gas containing high con-
tent of oxygen would result in brittle fracture of laser welded magne-
sium joints. Moreover, serious pore is found in weld seams and the
surface appearance becomes poor. The utilization of a high-power
laser can raise the total amount of absorbed energy and the weld
depth, while cost is greatly increased. In recent years, Heider et al.
[26,27] and Zhang et al. [28] have proposed the method of power mod-
ulation to improve the energy coupling efficiency of pure copper and
magnesium alloy, separately. By combining X-raywith high-speed pho-
tography, Heider et al. observed the keyhole evolution in laser welding
process of pure copper and found that powermodulation could also im-
prove the stability of keyhole. The research results of Zhang et al.
showed that the method of power modulation could increase energy
coupling efficiency in laser welding of magnesium alloy under a low
power density scope, while relevant mechanisms have not been stud-
ied. At present, the keyhole evolution of magnesium alloy and the ef-
fects of power modulation on energy coupling efficiency in laser
welding process have not been clarified to the best authors' knowledge.

In this study, AZ31 magnesium alloy was employed as test material
to systematically investigate the effects of power sinusoidal modulation
on laser welding of magnesium alloy through orthogonal design. The
half sandwich method was used to observe the evolution of keyhole in
welding process through high-speed photography. Then the evolution
of energy density distribution and pressure distribution on keyhole
wall were obtained by using an analytical model considering the energy
conversions and force balance. In addition, the improvement mecha-
nism of energy coupling efficiency by power modulation in deep-
penetration laser welding process of magnesium alloy was revealed.

2. Materials and methods

2.1. Test materials and welding equipment

AZ31 magnesium alloy plates with the dimension of 100 × 30
× 8 mm were used in laser welding tests. The absorptivity of AZ31
ibution of absorbed energy on the inner wall of keyhole in laser welding of materials with



Table 1
Experiment schedule of constant-power laser welding.

No. Test
schedule

Test condition

A B C Power
(AP)/W

Speed
(v)/m·min−1

Defocusing amount
(f)/mm

C1 1 1 1 1500 2 −2
C2 1 2 2 1500 4 0
C3 1 3 3 1500 6 2
C4 1 4 4 1500 8 4
C5 2 1 2 1800 2 0
C6 2 2 1 1800 4 −2
C7 2 3 4 1800 6 4
C8 2 4 3 1800 8 2
C9 3 1 3 2100 2 2
C10 3 2 1 2100 4 −2
C11 3 3 4 2100 6 4
C12 3 4 2 2100 8 0
C13 4 1 4 2400 2 4
C14 4 2 3 2400 4 2
C15 4 3 2 2400 6 0
C16 4 4 1 2400 8 −2
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magnesium alloy for infrared laser was about 15%, as displayed in Fig. 1.
Before welding, oxide film on the surface of the specimen was removed
by polishing with abrasive paper and then cleaned up with acetone.
Table 2
Experiment schedule for modulated-power laser welding.

No. Test schedule Test condition

A B C D E Average power (AP)/W Speed (v
/m·min

M1 1 1 1 1 1 1500 2
M2 1 2 2 2 2 1500 4
M3 1 3 3 3 3 1500 6
M4 1 4 4 4 4 1500 8
M5 2 1 2 3 4 1800 2
M6 2 2 1 4 3 1800 4
M7 2 3 4 1 2 1800 6
M8 2 4 3 2 1 1800 8
M9 3 1 3 4 2 2100 2
M10 3 2 1 3 1 2100 4
M11 3 3 4 2 4 2100 6
M12 3 4 2 1 3 2100 8
M13 4 1 4 2 3 2400 2
M14 4 2 3 1 4 2400 4
M15 4 3 2 4 1 2400 6
M16 4 4 1 3 2 2400 8

Fig. 2. Schematic diagrams for calculating th
Q345 steel with an absorptivity about 36.5% for infrared laser was
employed as a comparison to observe the difference of the effects of
power modulation on keyhole behavior and energy coupling behavior
in laser welding of common material (i.e. Q345) and high-reflectivity
material (i.e. AZ31). The dimension of the Q345 specimen was the
same as that of magnesium alloy. An IPG YLS-4000 fiber laser with
focus diameter of 0.2 mm was used in the test. Sinusoidal modulation
on laser power was realized through a function generator. During the
welding test, the laser beam was inclined backward by 10° to protect
the optical elements. In the welding process, upper and lower surfaces
of the specimen were protected with argon flowing at 25 L/min.

2.2. Research method

Two groups of orthogonal design, i.e. constant-power laser welding
and modulated-power laser welding were firstly designed to study
the effects of power modulation on laser welding of magnesium alloy.
Test schedules are shown in Tables 1 and 2.

As shown in Fig. 2, the fusion zone (FZ) area Si on longitudinal cross
section of weld seamwithin a certain lengthWi was calculated for each
weld. The ratio of FZ area on longitudinal cross section to the total area
of longitudinal cross sectionwas defined as fusion ratio η to characterize
the energy coupling efficiency, as described in Fig. 2 and Eq. (1). ηC and
ηM were employed to present the fusion ratios of constant power laser
)
−1

Defocusing amount (f)/mm Amplitude (A)/W Frequency (F)/Hz

−2 450 100
0 800 400
2 1150 700
4 1500 1000
0 1150 1000
−2 1500 700
4 450 400
2 800 100
2 1500 400
−2 1150 100
4 800 1000
0 450 700
4 800 700
2 450 1000
0 1500 100
−2 1150 400

e FZ area on longitudinal cross section.



Fig. 3.Half-sandwich specimenof dissimilarmetals used to compare the responses of keyholedepth to transient laser power inmaterialswith different reflectivity through CCDhigh speed
imaging.

Table 4
Materials properties used for calculating the energy density distribution and pressure dis-
tribution on keyhole wall.

Material properties Values

−3
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weld joint andmodulated power laser weld joint, respectively. Then the
improving effect φ of power modulation on energy coupling efficiency
was defined as the ratio of ηM to ηC, as explained in Eq. (2). It should
be noted that when measuring the FZ area, reinforcement above the
original surface of the specimen was excluded while the sagging or
pores below the original surface of the specimen were included. In the
welding without filler materials, the reinforcement was generated
fromweld defects, while the loss of themetal under the original surface
was due to melting and vaporization. The results of orthogonal designs
were analyzed by using Minitab software. The confidence interval was
set to be 0.95.

ηi ¼
Si

Wi∙H
ð1Þ

φ ¼ ηM

ηC
ð2Þ

Here Si is the FZ area on longitudinal cross section of weld seam,Wi is a
certain length to calculate the fusion ratio,H indicates the thickness (i.e.
8 mm) of the plate.

The test method for observing keyhole behavior in welding process
is shown as follows. Q345 steel plate and AZ31 magnesium alloy plate
were clamped in combination with high-temperature glass. Laser
beam scanned along the metal/glass interface to form a molten pool
on the metal side. Then the keyhole could be monitored in real time
from the side of the glass by utilizing a high-speed camera, so as to ob-
serve themorphological evolution of keyhole duringwelding, as shown
in Fig. 3. Modulation parameters used in this experiment are listed in
Table 3. Welding parameters were consistent in all welding routes in
this experiment with a welding speed of 4 m/min and a defocusing
amount of −2 mm, respectively. Material properties used for
Table 3
Modulation parameters used in half-sandwich experiment.

No. Average power (AP)/W Amplitude (A)/W Frequency (F)/Hz

3–1 2100 840 10
3–2 2100 840 30
3–3 2100 840 100
3–4 2100 840 300
3–5 2100 840 500
calculating energy density distribution and pressure distribution on
keyhole wall are presented in Table 4.

3. Results

3.1. Effect of power modulation on weld morphologies

Figs. 4, 5 and 6 show the effect of power modulation on morphol-
ogies of surface, transversal cross section and longitudinal cross section
of laser welded joints, respectively. Firstly, it can be seen from Fig. 4 that
the effect of power modulation on the weld surface morphologies was
closely related to welding parameters. Obvious bead defects (hump
andmass loss) and great fluctuation of weld width occurred on the sur-
face of the weld seams (C2, C5, C9 and C13) in constant-power laser
welding. Hump defects disappeared and the whole weld seam showed
surface mass loss after the power was modulated (M2, M5, M9 and
M13). Wang et al. (2011) [31] presented that the bead defects of weld
seam in laser welding of magnesium alloy were mainly correlated
with recoil pressure. Recoil pressure pushed liquid metal to the rear
part of molten pool which resulted in the ejection of liquid metal and
the formation of hump and spatter. Furthermore, metal evaporation
was usually serious in the laser welding of materials with low melting
point and boiling point, such as magnesium and aluminum. The spatter
andmetal evaporationwould result in the appearance of mass loss near
the surface of the weld. Therefore, surface mass loss meant a higher
Density of solid ρs(kg·m ) 1800
Density of melt ρm (kg·m−3) 1640

Melting point Tm (K) 903
Boiling point Tv (K) 1363

Latent heat of melt Lm (J·kg−1) 3.67e5
Latent heat of evaporation Lv (J·kg−1) 5.33e6

Thermal conductivity of solid γm (W·K−1·m−1) [29] 84.7
Thermal conductivity of melt γm (W·K−1·m−1) 66
Specific heat capacity of solid cs(J·kg−1·K−1) [29] 1091
Specific heat capacity of melt cm (J·kg−1·K−1) 1441
Surface tension coefficient σ (N·m−1) [30] −0.64·10−3·(T-1363)

Absorptivity 0.15
Gravity g (N·kg−1) 9.8



Fig. 4. Surface morphologies of weld seams obtained by laser welding with (a) constant power (b) modulated power.
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energy coupling efficiency in a sense. Furthermore, when the optimal
parameters were used, the weld seam with power modulation showed
better surface performance, such asM10 andM15.While in some other
conditions, bead defects becamemore serious in the weld seams of M1,
M8, M14 and M16 compared to those without power modulation (C1,
C4, C8, C14 and C16). In conclusion, the effects of power modulation
on the surface morphologies of weld seams in laser welding of magne-
sium alloy had a close relation with welding parameters and optimum
parameters could improve the surface performance of weld seams.

By comparing Fig. 5 with Fig. 6, it can be found that the weld pene-
tration of laser welded joint of magnesium ally showed obvious fluctu-
ation nomatterwhether laser powerwasmodulated or constant, which
could be correlatedwith the inherent instability of laserwelding. There-
fore, the fusion ratio was employed to characterize the energy coupling
efficiency in this work. It can also be found that the weld penetration of
joint with power modulation obviously increased (M1, M8, M10, M13
and M16 in Figs. 6 and 7) compared to those without power modula-
tion, which was consistent with the results reported by Heider et al.
(2013) [26] in modulated-power laser welding of pure copper. How-
ever, the weld penetration of joints with power modulation could also
be similar with or ever lower than those without power modulation,
such as M4, M9, M11 and M14. Zhang et al. [28] found that the effect
of power modulation on energy coupling efficiency in laser welding of
AZ31magnesium alloy greatly depended on power density. In addition,
it can also be observed that themass loss induced by recoil pressure rose
in the case with power modulation, indicating that the energy density
on keyhole wall increased.

3.2. Weld morphology obtained in the keyhole-observation experiment

Fig. 7 shows weld morphologies obtained in the keyhole-
observation experiment. Table 5 compares the physical properties be-
tween steel and magnesium alloy. It can be found from Table 5 that
the thermal conductivity and the infrared laser absorptivity of magne-
sium alloy are about 4.57 times and 40.5% that of steel, respectively.
The melting point and boiling point of magnesium, however, are obvi-
ously lower than those of steel, which resulted in melting and evapora-
tion of magnesium alloy are more significant than those of steel under
the same heat input conditions. As a result, the weld depth of magne-
sium alloy was obviously larger than that of steel under any condition
in this study, as shown in Fig. 7. Furthermore, it can be seen from
Fig. 7 that the maximum penetration gradually decreased with the fre-
quency rising from 10 Hz to 50 Hz, while it began to increase when the
frequency continued to increase from 50 Hz to 100 Hz. After that, with
the frequency increasing from 100 Hz to 500 Hz, the weld penetration
reduced. In addition, the fluctuation of the penetration obviously de-
clined with the increase of the frequency, and the penetration tended
to be stable after the frequency was larger than 100 Hz.



Fig. 5.Morphologies of transversal cross sections of laser welded AZ31 joints.
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4. Discussion

4.1. Empirical model of describing the relationship betweenmodulation pa-
rameters and energy coupling efficiency

Table 6 presents the results of the improving effect of power modu-
lation on energy coupling efficiency.

As observed in Table 6, the most significant improving effect was
achieved in the joint of M10, in which the fusion ratio increased about
56% compared to that in the joint without power modulation (C10), as
shown in Fig. 8. The most obvious negative effect was found in the
joint of M13 with a decrease of fusion ratio about 27% compared to
the constant powerwelded joint of C13. In other words, modulation pa-
rameters had a remarkable influence on the energy coupling efficiency
in welding process of highly reflective materials. The energy coupling
efficacy could be improved significantly under the optimum parameter.
An empirical model of the improvement effect for energy coupling effi-
ciency relating to power modulation welding parameters was
established according to the experimental results, as shown in Eq. (3).

φ ¼ 0:6013−4:4720∙x1−3:3190∙x2−1:5106∙x3 þ 13:9700∙x4
þ 9:9010∙x5 þ 2:6250∙x21
þ 0:5011∙x22−0:0731∙x23−4:227∙x24−10:16∙x25
þ 0:1789∙x1∙x2−0:0713∙x1∙x3−2:941∙x1∙x4
þ 0:3584∙x2∙x3−0:0296∙x32 ð3Þ

where x1 is average power (kW), x2 is welding speed (m/min), x3 is
defocusing amount (mm), x4 is amplitude (kW), x5 is frequency (kHz).



Fig. 6.Morphologies of longitudinal cross sections of laser welded AZ31 joints.
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By performing Taguchi analysis on the data in Table 6, the mean re-
sponse table of the improvement effect of powermodulation relating to
welding parameters was obtained, as displayed in Table 7. It can be seen
from Table 7 that the significance of welding parameters for improving
the energy coupling efficiency could be ranked as follows: modulation
Fig. 7. Longitudinal cross-section of
frequency, defocusing amount, modulation amplitude, average power
and welding speed. The statistical weight factors are 33.70% of modula-
tion frequency, followed by defocusing amount, modulation amplitude
and power with influence weights of 21.03%, 18.99% and 16.54% sepa-
rately, and 9.74% of welding speed. Fig. 9 presents the main effect
FZ in half-sandwich specimens.



Table 5
Comparison of physical properties between steel and magnesium alloy.

Melting
point/K

Boiling
point/K

Thermal
conductivity/W·m−1·K−1

Absorptivity/%

Steel 1811 3134 26.7 34.5
Magnesium
alloy

923 1323 122.1 14.8

Table 6
Results of the improving effect of power modulation on energy coupling efficiency.

No. Welding parameters and modulation parameters Results

AP/W v/m·min−1 f/mm A/W F/Hz φ

1# 1500 2 −2 450 100 1.31
2# 1500 4 0 800 400 1.00
3# 1500 6 2 1150 700 1.27
4# 1500 8 4 1500 1000 0.71
5# 1800 2 0 1150 1000 0.96
6# 1800 4 −2 1500 700 0.77
7# 1800 6 4 450 400 0.98
8# 1800 8 2 800 100 1.29
9# 2100 2 2 1500 400 1.01
10# 2100 4 −2 1150 100 1.56
11# 2100 6 4 800 1000 0.84
12# 2100 8 0 450 700 0.76
13# 2400 2 4 800 700 0.73
14# 2400 4 2 450 1000 0.76
15# 2400 6 0 1500 100 1.04
16# 2400 8 −2 1150 400 0.82
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diagram of the means under different levels of each factor. As shown in
Fig. 9, under the conditions considered in Table 6,modulation frequency
showed a negative linear influence on the improvement of energy cou-
pling efficiency, while amplitude shows a parabolic correlation. In addi-
tion, the improvement rates of energy coupling efficiency obviously
Fig. 8. Energy coupling efficiency significantly improved thr

Table 7
Mean response table based on the data in Table 6.

Level 1 2 3

Average power 1.0738 1.0006 1.0415
Speed 1.0009 1.0229 1.0345

Defocusing amount 1.1148 0.9421 1.0822
Amplitude 0.9537 0.9624 1.1543
Frequency 1.3001 0.9512 0.8829
decreased under large positive defocusing amount, high power and
high welding speed.

4.2. Keyhole evolution in modulated-power laser welding

Fig. 10(a) displays a high-speed photograph captured inwelding pro-
cess. The bright spot diameter on the inner wall of keyhole ranged from
about 0.17 mm to 0.21 mm, which was close to the laser spot diameter
of 0.2 mm. The change of the bright spot from 0.17 mm to 0.21 mm cap-
tured by the high-speed photography imagewas closely related to the in-
cident angle of the laser beam on the inner wall of keyhole and the
fluctuation of the surface of molten pool. The position of the CCD camera
and the sample remained static during welding. The fluctuation of the
surface of molten pool and the change of the laser incidence angle
would lead to the change of plane projection size of laser beam spot on
the lens of CCD camera. As a result, the size of the bright spot on the
high-speed photography image fluctuated around the focused laser spot
size. In the following discussion, the bright spots were regard as the
reflected spot of laser beam on the inner wall of keyhole. The reflected
spots of laser beams on the inner wall of keyhole suggested the keyhole
profile. Then the geometry of keyhole and themulti-reflections in keyhole
could be calculated. For example, as shown in Fig. 10(c), five reflections
occurred on the inner wall of the keyhole.

Fig. 11 shows the evolutions of the keyhole in modulated-power
laser welding process of Q345 steel and AZ31 magnesium alloy under
different modulation frequencies. Firstly, it can be seen from Fig. 11
that the depth of the keyhole of magnesium alloy was obviously larger
than that of steel under any condition in this study, mainly because
melting point (923 K) and boiling point (1323 K) of magnesium were
obviously lower than those (1811 K and 3134 K) of iron. Therefore,
under the same heat input condition, melting and evaporation of mag-
nesium alloy were more significant than those of steel. Secondly, as
shown in Fig. 11, when instantaneous power began to decrease from
ough power modulation under optimized parameters.

4 Delta
(maximum-minimum)

Rank Weight

0.8380 0.2358 4 16.54%
0.8956 0.1389 5 9.74%
0.9954 0.2998 2 21.03%
0.8835 0.2708 3 18.99%
0.8197 0.4805 1 33.70%



Fig. 9.Main effect diagram of the means under different levels of each factor.
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the peak, the keyhole depth in laser welding process of steel immedi-
ately started to reduce, while that in laser welding process of magne-
sium alloy maintained unchanged for a long time, rather than
decreasing immediately (seeing Fig. 11(a)). Furthermore, the keyhole
depth could continuously rise even in laser power descending process
(seeing Fig. 11(b)). This verified the conclusions in authors' previous
study [32]. As shown in Fig. 12(a), the lagwas defined here as the differ-
ence between the moments when the keyhole depth in laser welding
process of magnesium alloy started to decrease and the moments
when instantaneous power started to reduce from the peak. Then the
lag ratio was defined as the ratio of the lag to the period, which was
used to characterize the effect of frequency on the maintaining ability
of the keyhole with large depthwhen the instantaneous power was de-
creasing. When frequencies were 10 Hz, 30 Hz, 100 Hz and 300 Hz, the
lag ratios were 10%, 15.3%, 34.8% and 15%, respectively, as shown in
Fig. 12(b). At 100 Hz, the keyhole with a large depth maintained for
the longest time, which was the reason for the highest energy coupling
efficiency in modulation welding process at the frequency of 100 Hz. As
modulation frequency increased, the duration for maintaining the key-
hole with large depth shortened, so energy coupling efficiency in
welding process reduced.

4.3. Evolution of absorbed energy density at the bottom of keyhole for high-
reflectivity material

Inmodulated-power laserwelding process ofmagnesium alloywith a
frequency of 100 Hz, the evolution of morphology of the keyhole with in-
stantaneous power during a period is shown in Fig. 13. It can be found
that with the change of instantaneous power, the keyhole depth showed
a stepwise increase and decrease. When instantaneous power rose to the
Fig. 10. High-speed photographs of keyhole (AP= 2.1 kW,
peak power, reflection times (or high brightness area) of laser in the
middle-lower part of the inner wall of the keyhole obviously rose
(Fig. 13(a) Images A6~A9), which might come from the previous energy
accumulation. As instantaneous power decreased from the peak power,
reflection times (or high brightness area) at the bottom of the keyhole
began to reduce after maintaining for about 1.38 ms (as displayed in
Fig. 13(b) A10~A12), while the keyhole depth could further keep for
about 1.96 ms (Fig. 13(b) A13~A16). However, when laser beams at the
bottom of the keyhole were insufficient to maintain the keyhole depth,
the depth suddenly decreased. In other words, in laser welding of high-
reflectivity material, the response of the keyhole depth to transient
changes of laser power showed certain lag effects. Stritt et al. (2011)
[33,34] also found this in the research on laser welding of aluminum
alloy. They found that critical power for forming the keyhole was higher
than that for collapsing the keyhole in laser welding of AlMgSi alloy,
while the critical powers for forming and collapsing the keyhole were
consistent in laser welding of St37 steel.

Suppose that laser energy deposited on the upper part of keyhole
was fixed. Absorptivity of magnesium alloy for laser with wavelength
of about onemicron was about 15%. Fig. 14 presents schematic diagram
of energy required for increasing a keyhole depth from D0 to D0 + Δd
and that required for maintaining the keyhole depth of D0 + Δd. As
shown in the figure, increasing the keyhole depth by about Δd, that is,
the formation of the keyhole with the depth of D0+Δd required six re-
flections of the laser beams on the inner wall of the keyhole, and about
47.43% E0 of laser beam energy was absorbed by the inner wall of the
keyhole through multi-reflections. However, to maintain the keyhole
depth unchanged, it was only necessary for laser beams to reflect once
on inner wall of the keyhole, and the absorbed energy of inner wall of
the keyhole was 15% E0. It is obvious that energy required for forming
the keyhole with the depth of D0 + Δd was about three times that for
maintaining the keyhole at this depth. Therefore, in modulated-power
laser welding process of magnesium alloy, when instantaneous power
began to decrease, the keyhole with a large aspect ratio could be main-
tained for a longer time.

As shown in high-speed photographs, the aspect ratio of the keyhole
in laser welding of magnesium alloywas very large. In order to facilitate
the calculation, the shape of the keyhole was simplified as a cone shape
here. Based on ray tracing principle and geometry, Jin et al. [35,36] ob-
tained the laser power density of a raywith a radius of r from the center
of the beam underwent the jth incidence (namely, after j-1 reflections)
on inner wall of the keyhole at the depth of z.

I j ¼
Yj−1

i¼1

R
rsin 2 j−1ð Þαð Þ F þ rcot 2 j−1ð Þαð Þð Þ2

hþ Z0ð ÞF h−zð Þtanα ∙Im rð Þ ð4Þ
v = 4 m/min, f = −2 mm, A = 840 W, F = 100 Hz).
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Fig. 12. Lag ratios of keyhole depth decreasing under different modulation frequencies (AP= 2.1 kW, v = 4 m/min, f = −2 mm, A = 840W).

Fig. 13. Evolution of intensity of laser beams subjected to multi-reflections on inner wall of the keyhole with power (red numbers in (b) indicating reflection of laser beams on the inner
wall of the keyhole, AP= 2.1 kW, v = 4 m/min, f = −2 mm, A= 840W, F = 100 Hz).
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Then the absorbed laser power density during the jth reflection prog-
ress could be expressed as follows:

Ijab ¼ 1−Rð ÞI j ð5Þ

where, R, F and Z0 represent the laser reflectivity of the material, the
focal length and the defocusing amount, respectively; α and h indicate
the half-angle of conic apex of the conical keyhole and the keyhole
depth. Im(r) is the distribution of power density of Gaussian beam, as
the follow equation described, in which P is the laser power, ω is the
spot radius, r is the distance from the spot center.

Im rð Þ ¼ 2P
πω2 exp −2∙

r2

ω2Þ
�

ð6Þ
Fig. 11.High-speedphotographs of the keyhole in laserwelding process of Q345 steel andAZ31
840 W).
The radius, depth and half angle of conic apex of the keyhole were
determined according to the images of the keyhole taken by high-
speed photography. Based on Eqs. (5) and (6), the distribution of energy
density on the inner wall of keyhole after multi-reflections could be ob-
tained. As demonstrated in Fig. 15, with the rise of reflection order, the
distribution area of laser power densitymoved towards the bottompart
of the keyhole, which coincided with the fact that multi-reflection on
the keyhole wall converges to the lower part of the keyhole. When re-
flections were more than 15 times, distribution of total power density
absorbed on inner wall of the keyhole was almost constant.

The increase of the keyhole depth was mainly related to the
absorbed power density at the bottom of the keyhole. Under the condi-
tion of simplified keyhole shape, the changes of absorbed power density
at the bottom point of the keyhole with instantaneous power were
magnesium alloy under different frequencies (AP=2.1 kW, v=4m/min, f=−2mm,A=



Fig. 14. Schematic diagram of energy required for increasing andmaintaining the keyhole depth (corresponding to A8, A10 and A16 in Fig. 13 respectively, AP=2.1 kW, v=4m/min, f=
−2 mm, A = 840 W, F = 100 Hz).
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obtained by considering 20 reflections, as shown in Fig. 16. It can be
seen from the figure that the absorbed power density Iform at the bottom
point of the keyhole required for forming the keyhole at this depth was
obviously larger than that Imain for maintaining the keyhole depth.
Therefore, when instantaneous power started to reduce from the
peak, the keyhole with a large aspect ratio could still exist for a period.
As power density was larger than the critical power density Iform re-
quired for raising the keyhole depth, the depth suddenly increased. Be-
cause the increase of keyhole depth consumed energy at the bottom of
the keyhole, power density at the bottom reduced after the sudden in-
crease of keyhole depth. With the increase of instantaneous power, en-
ergy at the bottom accumulated again. When the power density at the
bottom was increased to be larger than the critical one for further in-
creasing of keyhole depth, the keyhole depth further rose (A6). It can
be observed from Fig. 16 that the increasing of the keyhole depth
would raise the critical power density Iform at the bottom of the keyhole.

4.4. Evolution of pressure at the bottom of the keyhole for high-reflectivity
material

In deep-penetration laserweldingprocess, pressures applied on nor-
mal line at any position on the inner wall of keyhole include recoil
Fig. 15.Distribution of power density along innerwall of the keyhole aftermulti-reflections of la
= 4 m/min, f = −2 mm).
pressure Pr of metal vapor, surface tension Ps and hydrostatic pressure
Pl. In addition, pressure Pc caused by centripetal force and impact force
of laser beam when considering the fluid flow of the molten pool,
shear force Ft induced by tangential speed of gas jet and tangential
force Fs resulting from temperature dependent gradient of surface ten-
sion are also included, as shown in Fig. 17.

To facilitate the calculation and analysis, by neglecting centripetal
force in rotation of the molten pool and impact force of laser beam on
wall, forces on keyhole wall in normal direction in welding process
should meet the following condition.

Pr ≥Pl þ Ps ð7Þ

Hydrostatic pressure of liquid metal Pl is related to the keyhole
depth, and pressure Ps caused by surface tension has a correlation
with the curvature of the keyhole.

The shape of the keyhole is similar to Gaussian curved surface and
can be expressed as follows:

f rkð Þ ¼ −H∙ exp −K ∙rk2
� �

mmð Þ ð8Þ
ser beams in the keyhole calculated according to the shape of the keyhole (AP=2.1 kW, v



Fig. 16. Absorbed power density at the bottom of the keyhole after 20 reflections based on the simplified shape of the keyhole (AP=2.1 kW, v=4m/min, f=−2 mm, A=840W, F=
100 Hz).
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where, H, rk and K represent the depth, radius and shape factor of the
keyhole, respectively. Then hydrostatic pressure of liquid metal can be
expressed as follows [36]:

Pl ¼ ρgf rkð Þ ð9Þ

where, ρ is the density of melt, g is the gravity. The pressure induced by
surface tension can be obtained by combing two basic expressions of
Fig. 17. Schematic diagram of force balance on the keyhole wall.
curved surface in differential geometry and the Young-Laplace equation
[37]. It can be expressed as follows:

Ps ¼ σ
f 0 rkð Þ

rk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ f 0 rkð Þ2

� �r þ f 00 rkð Þ
1þ f 0 rkð Þ2

� �3=2Þ

0
BB@ ð10Þ

where, σ is the surface tension coefficient, f ′ (rk) is the first derivative of
the function of keyhole shape, and f ′ ′ (rk) is the second derivative of the
function of keyhole shape.
Fig. 18. The temperature dependence of the melt surface of magnesium on the absorbed
laser density for a laser beam radius of 0.1 mm based on the physical model reported by
Semak and Matsunawa [38].



Fig. 19. Evolution of pressure at the bottom of the keyhole with instantaneous power (AP= 2.1 kW, v = 4 m/min, f = −2 mm, A = 840 W, F = 100 Hz).
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Recoil pressure Pr is directly proportional to saturated vapor pres-
sure and depends on temperature on the surface of liquid metal [37].

Pr ¼ A∙Pst Tsð Þ ¼ A∙B0∙TS

−
1
2
∙ exp −

MaLv
Nakb
Ts

Þ

0
BB@

ð11Þ

where,A is a numerical coefficient, Pst is the saturated vapor pressure, B0
is a vaporization constant,Ma is the atomic mass, Lv is the latent heat of
evaporation,Na is Avogadro's number, and kb is Boltzmann's constant, Ts
is the surface temperature of liquidmetal. For practical values of the am-
bient pressure, the coefficient A is close to its minimal value of 0.55 [38].
By referring to saturated vapor pressure at boiling point of magnesium
under standard state, parameter B0 can be determined as B0 = 1.88
× 1011.

The surface temperature of liquid metal is determined by the
absorbed energy density. The methods taking energy and mass conser-
vation of liquid metal in the front of the molten pool into account re-
ported by Semak and Matsunawa could be used to obtain the
relationship between temperature of liquid metal and the above
absorbed power density of AZ31 magnesium alloy [38], as shown in
Fig. 18. Therefore, according to power density at the bottom point of
the keyhole, surface temperature of liquid metal could be obtained,
thus obtaining recoil pressure at the bottom of keyhole based on
Eq. (11). In accordance with Eqs. (9) and (10), surface tension and hy-
drostatic pressure of liquidmetal at the bottom of the keyhole were cal-
culated. On this basis, evolution of total net pressure (assuming that the
direction of recoil pressure was positive) at the bottom of the keyhole
with instantaneous power was obtained according to Eq. (6), as
displayed in Fig. 19. As shown in the figure, firstly, recoil pressure and
surface tension ofmetal vaporwere significantly larger thanhydrostatic
pressure of liquidmetal and became themain force acting on inner wall
of the keyhole, valuing at an order of magnitude of 104. Secondly, when
net pressure was higher than a certain value under balanced state, that
is, in addition to counteracting surface tension and hydrostatic pressure
that caused the keyhole to close, a certain amount of allowanceΔPt was
also required for recoil pressure so that the keyhole depth could rise.
Thirdly, the positive net pressure (A1, A5) required for maintaining
the keyhole depth was much smaller than that (A2, A16) for forming
the keyhole at this depth. When the keyhole depth changed (increased
or decreased), force state at the bottom of the keyhole changed. As key-
hole depth rose, recoil pressure at the bottom of the keyhole reduced
and the total positive net pressure that raised the keyhole decreased.
Moreover, the bottom of the keyhole originally dominated by recoil
pressure even changed to be dominated by surface tension (A1~A2).
In modulated-power welding, after increasing the keyhole depth, in-
stantaneous power constantly rose and recoil pressure at the bottom
of the keyhole gradually increased, so the keyhole depth could be con-
tinuouslymaintained and even further increased. Finally, during the pe-
riod that instantaneous power began to reduce from peak power, recoil
pressure was still higher than the sum of pressure caused by surface
tension and hydrostatic pressure. Therefore, the keyhole could be fur-
ther maintained for several microseconds, which led to the lag effect.

5. Conclusions

In this paper, the effect ofmodulation parameters on the energy cou-
pling efficiency of laser welding process for AZ31 magnesium alloy was
obtained by an orthogonal experiment. The underlinedmechanismwas
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studied by combining high-speed photography and analytical calcula-
tion methods. The main conclusions are as follows.

(1) The selection ofmodulation parameters is very important for im-
proving energy coupling efficiency in laser welding process of
magnesium alloy through sinusoidal modulation of power.
When modulation frequency is 100 Hz, modulation amplitude
is 1.15 kW at an average power of 2100 W, welding speed of
4 m/min and defocusing amount of−2 mm, energy coupling ef-
ficiency is improved themost and theweld penetration increases
about to 1.56 times.

(2) The empirical model of the relationship between improvement
rate of energy coupling efficiency through power modulation
and modulation welding parameters was obtained. The welding
parameters, i.e. modulation frequency, defocusing amount, mod-
ulation amplitude, average power and welding speed are ranked
from large to small according to the effects on improvement of
energy coupling efficiency through modulation. The weight of
modulation frequency affecting the improvement of energy cou-
pling efficiency is about 30%.

(3) After instantaneous power begins to decrease, the keyhole with a
large depth can be maintained and even increase, which is the
key to improving energy coupling efficiency in laser welding of
high-reflectivity material through modulation. As modulation fre-
quency rises from 10 Hz to 300 Hz, lag ratio firstly increases and
then decreases, and reaches the largest (about 35%) at 100 Hz.
Fig. 1. The observation positions of cross

Appendix A
(4) The absorbed energy at the bottomof the keyhole required for fur-
ther increase of the keyhole depth from D0 to D0 + Δd is much
higher than that for maintaining the keyhole depth of D0 + Δd.
This is the main reason why the keyhole with a large depth can
be continuously maintained for a while after instantaneous
power starts to decrease in modulated-power welding.

(5) When instantaneous power reducing from peak power, recoil
pressure is still higher than the sum of pressure caused by surface
tension and hydrostatic pressure, which is responsible for the
maintenance of keyhole for several microseconds, and thus lead-
ing to the lag effect.
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