
Introduction 

Applications for magnesium alloys
have increased in a variety of fields, such
as the aerospace industry, automobile
manufacturers, and electron apparatus.
These increases are attributed to the al-
loys’ low density, high strength-to-weight
ratio, and high damping capacity. Among
these magnesium products, die-cast mag-
nesium alloys occupy ~80% of the appli-
cations (Refs. 1, 2). Despite their good
casting qualities, die casting of large and
complex components is not always practi-
cal or economically favorable. Therefore,
welding, as a main joining method, plays
an important role in applications of die-
cast magnesium alloys, such as manufac-
turing of parts and repair of casting de-
fects. Conventional gas tungsten arc
welding (GTAW) and gas metal arc weld-
ing (GMAW) methods can cause several
severe welding problems, such as weld

pool collapse, liquation cracks, residual
stresses, and distortion, whereas laser
beam welding, being a high-energy-
density welding method, can greatly re-
lieve these problems (Refs. 1–5) and
therefore is considered to be very efficient
and promising.

For magnesium alloys (Refs. 5, 6), es-
pecially for die-cast alloys (Refs. 6–9),
weld porosity was found to be a major con-
cern during fusion welding, which greatly
limits its practical application in industry.
There are several factors that were con-
sidered to contribute to the high tendency
of porosity in magnesium alloy welds: a)
entrapment of gas (air) in the base metal
due to surface turbulent flow during the
manufacturing process (Refs. 2, 10, 11); b)
rejection of dissolved hydrogen from solid
phase to liquid phase during solidification

(Refs. 2, 12, 13); and c) collapse of unsta-
ble keyholes (Refs. 14, 15) and entrap-
ment of shielding gas (Refs. 11, 14). Key-
hole instability in magnesium alloys was
considered not to be a major factor (Ref.
6), yet the effects of entrapped gas in the
die-cast base metal during the manufac-
turing process could be very profound, as
demonstrated by the fact that die-cast
magnesium alloys, which have higher gas
content (Ref. 16) due to entrapment of gas
during the high-pressure die-casting
process, have a much higher porosity ten-
dency (Refs. 2, 4–6, 10) compared to vac-
uum die-cast magnesium alloys (Refs. 17,
18) and their wrought counterparts (Refs.
7, 8, 16). The effects of gas entrapment in-
clude two aspects. First, without being dis-
solved, some of the entrapped gases can
form micropores in base metal, leading to
high initial porosity (area-percent porosity
2%~5%, Refs. 6, 10) and making heat
treatment of them very difficult. Expan-
sion and coalescence of these preexisting
pores were considered to be a main cause
of the increase in weld porosity during
laser welding, proposed by Zhao and
DebRoy (Ref. 6). Second, interaction of
water vapor (H2O) contained in the en-
trapped gases with magnesium can gener-
ate hydrogen (Ref. 2), leading to a high hy-
drogen content in the base metal existing
in both atomic and molecular forms. The
high hydrogen content in die-cast magne-
sium alloys was also considered to serve as
a main origin of weld porosity (hydrogen
rejection) during laser welding (Refs. 2,
12, 13). 

Measurement of the compositions of
the entrapped gases in the preexisting mi-
cropores in the base metal, using quadru-
pole mass analyzer (Refs. 10, 11), showed
that the main composition is nitrogen gas,
~95% by volume, with very little hydrogen
gas, only ~1% (Ref. 10), which supports
the entrapping of air in the base metal dur-
ing die casting. After welding, the main
composition of entrapped gases in the
weld was also nitrogen gas, ~78%, but
with significant increase in hydrogen gas,
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Weld porosity is a severe problem during laser  beam welding of magnesium alloys.
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~17% (Ref. 10). The close content of ni-
trogen in base metal porosity and laser
weld porosity, therefore, was considered
to be evidence of the expansion and coa-
lescence of preexisting pores during laser
welding (Refs. 10, 11), whereas the in-
crease in hydrogen content strongly indi-
cated the occurrence of hydrogen rejec-
tion during solidification of the weld pool.
It should be pointed out that these gas
composition analyses only captured the
gases entrapped in preexisting pores in the
base metal and weld, whereas dissolved
gas in the base metal (atomic form, mainly
hydrogen) was not a concern. In fact, our
previous work (Refs. 16, 19) showed that,
besides expansion and coalescence of pre-
existing pores, solute hydrogen (atomic
form) in die-cast base metal also plays an
important role in pore formation during
laser welding. Removal or partial removal
of solute hydrogen by vacuum-degassing
the base metal of high-pressure die-cast
magnesium Alloy AM50 at 350°C signifi-
cantly reduced the weld porosity (Refs. 16,
19). To better understand the pore-forma-
tion mechanisms involved, information on
the content of solute hydrogen in the base
metal and its role during laser welding is
necessary.

Practical efforts also have been made

to reduce weld porosity during laser weld-
ing of die-cast magnesium alloys, but these
are less encouraging compared to their
growing needs in industry. Effects of weld-
ing parameters on weld porosity have
been investigated for several different
magnesium alloys. It was found that, in
general, weld porosity decreases with de-
creasing heat input, i.e., lower laser power
and higher welding speed (Refs. 5, 6, 10,
11), or with decreasing interaction time
(Ref. 2). Suppression of pore formation in
these welding conditions should be attrib-
uted to the insufficient nucleation and
growth time, as well as the rapid cooling
rate of the weld pool (Refs. 1, 2). If hy-
drogen remains dissolved in solid magne-
sium and preexisting pores are not well
swelled and coalesced yet, then the weld
porosity can be reduced. However, reduc-
ing weld porosity by using low heat input
is achieved with the sacrifice of penetra-
tion depth. Marya and Edwards’ work
(Ref. 2) showed that pore-free welds could
be readily obtained for normal-pressure
die-cast magnesium Alloy AZ91 in all
welding conditions employed (also see
Ref. 20). For high-pressure die-cast AZ91,
the lowest weld porosity, ~10%, was ob-
tained using high welding speed, but with
only a 0.65-mm-deep weld for a 3.5-mm-

thick sheet. Similarly, using low heat
input, Zhao and DebRoy (Refs. 5, 6) and
Wahba et al. (Ref. 10) also obtained rela-
tively low weld porosity in die-cast AM60B
and AZ91D magnesium alloys, respec-
tively, also without complete joint pene-
tration. As a remedy, Zhao and DebRoy
(Ref. 6) proposed to use a moderate laser
power and perform a well-controlled re-
melting of the die-cast AM60B laser
welds, which allows the entrapped gas
bubbles in the welds to have a second
chance to escape. At a high welding speed
of ~6 m/min, this remedy led to a low weld
porosity of ~6% but the penetration sta-
tus was not mentioned in the report.
Moreover, the weld porosity is sensitive to
the remelting parameters and the choice
of appropriate remelting parameters is of
vital importance. Wahba et al. (Ref. 10)
proposed to perform welding of a butt
joint with an extruded magnesium alloy in-
sert layer to reduce the weld porosity in
die-cast AZ91D, instead of using low heat
input. Weld porosity as low as ~5% was
obtained but the method itself is of less
practicality in actual industrial applica-
tions due to its complexity. 

There were also reports showing that
lower laser power and welding speed
could reduce weld porosity in die-cast
AZ91 magnesium alloys (Refs. 2, 21, 22),
since long interaction time favors the de-
gasification. However, weld porosity of
18% was obtained even when the welding
speed was only 0.15 m/min (Ref. 2). So far,
it is still challenging to effectively and ex-
pediently produce pore-free and com-
plete-joint-penetration laser welds in
high-pressure die-cast magnesium alloys.

In the present study, gas compositions
both entrapped in micropores and dissolved
in the base metal of 2.54-mm-thick high-
pressure die-cast magnesium Alloy AM50
sheets are measured to better understand
the origin of high weld porosity during laser
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Fig. 2 — Sketch showing the dimensions of the tensile specimen (top view).

Fig. 3 — Weld bead surfaces of the following: A — Wrought AZ31; B — die-cast AM50
magnesium alloys.

Fig. 1 — Schematic representation of the experimental setup.

Table 1 — Chemical Compositions of AM50 Magnesium Alloy, Mass-%

Al Zn Mn Si Fe Cu Mg

4.50 0.20 0.28–0.50 0.05 0.004 0.008 Bal.

Table 2 — Gas Compositions in the Base Metal, Vol-%

Gas component H2 Hydrocarbon CO2 Total, mL

Content 72.1 17.7 10.2 2.67

A

B
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welding. Then the effects of welding pa-
rameters on weld porosity are systemati-
cally investigated using both CO2 and fiber
lasers, and a prevention technique of pore
formation is realized. Welds with low poros-
ity (<5%), complete joint penetration, and
good surface quality are obtained. The con-
trol strategy of this technique is also pre-
sented. For thicker sheets, 5 mm in thick-
ness, the gas content in the base metal is
lower due to its greater mass (assuming the
same amount of entrapped gas) and lower
casting pressure, and weld porosity can be
reduced more readily, thus the results are
not presented.

Experimental Procedures

Analysis of Gas Compositions in the
Base Metal

The material investigated in this study
was 2.54-mm-thick high-pressure die-cast
magnesium Alloy AM50. Chemical com-
positions of the base metal are shown in
Table 1. Two types of gas composition
analyses were performed for the base
metal. The first is inert gas fusion analy-
sis (IGFA). The AM50 sheet was cut into
a 60 × 20 × 2 mm block, mechanically
cleaned with a metal scraper, and then
fused by heating it to a temperature of
700°C (the liquidus temperature being
640°C) for 0.5 h in a quartz tube in argon
gas current. The compositions of re-
leased gases, including solute hydrogen
released as molecular hydrogen (H2),
were collected and measured using gas
chromatography. Since gas chromatogra-
phy only gives the volume ratio of each
gas component, a certain amount of gas
not contained in the base metal, 0.5 mL
CO, was mixed into the collected gas and
the absolute volume of each component
can be calibrated according to the ab-
solute volume of CO gas. The second
analysis is similar to the IGFA, with the
only difference being the lower heating
temperature of 350°C and longer holding
time of ~1 h. In the latter analysis, only
gas dissolved in the base metal (atomic
form, diffusible) can get released by dif-
fusion, since the heating temperature is
lower than the solidus temperature,
~434°C.

Vacuum-Degassing of the Base Metal

To ascertain the effect of solute hydro-
gen (atomic form) on weld porosity during
laser welding, AM50 base metal was also
vacuum-degassed to remove solute hydro-
gen (atomic hydrogen) through diffusion.
The samples were mechanically cleaned
and then vacuum-degassed (10–5 Pa) using
an FF-160/620NE turbomolecular pump
during heating. The temperature reached
350°C in about 0.5 h and then was kept for
1.5 h.

Laser Welding Procedures and
Parameters 

Bead-on-plate welds were produced on
base metal sheets using a 3-kW CO2 laser
and a 6-kW fiber laser, respectively. The
die-cast sheets were 200 × 18 × 2.54 mm
in dimension, and surfaces were ground
with 600-grit SiC paper and cleaned with
acetone before welding. The CO2 laser
has a focal length of 300 mm, with a spot
size of 0.6 mm in diameter, and the fiber
laser has a focal length of 250 mm, with a
spot size of 0.25 mm in diameter. Welding
was conducted with the focal position on
the workpiece surface. Figure 1 schemati-
cally shows the experimental setup. Dur-
ing welding, the workpiece was placed
horizontally on an aluminum anvil with a
horizontal square notch (5 × 5 mm) along
the welding direction, which was just un-
derneath the workpiece to provide shield-
ing gas (argon gas, at a flow rate of 500
L/h) to the bottom surface of the work-
piece. Meanwhile, a cylindrical copper
nozzle (8 mm ID) was directed in the
welding direction at an angle of 30 deg
with the workpiece to provide shielding

argon gas at a flow rate of 1000 L/h to the
top surface. The laser powers utilized var-
ied from 0.5 to 2 kW, and the welding
speeds varied from 1 to 10 m/min. Bead-
on-plate welds were also produced on a
2.54-mm-thick wrought magnesium alloy
AZ31 sheet and on a vacuum-degassed
AM50 sheet for comparison, using the
same welding procedures as depicted pre-
viously. In some cases, to characterize gas
release from the weld pool during laser
welding, optical images of high-tempera-
ture plasma plume were captured in real
time by a high-speed CCD camera with a
solar filter at a framing rate of 1000 f/s.

Metallographic Examinations and
Porosity Measurement 

After welding, welded samples were
sectioned across the weld interface and
mounted, followed by grinding, polishing,
and etching (alcohol with 5% glacial acetic
acid) procedures. Micrographs of weld
cross sections were obtained using a met-
allurgical microscope. The area-percent
porosity in the fusion zone of the weld
cross section was measured through com-
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Fig. 4 — Cross-sectional micrographs of the following: A — Wrought AZ31; B — die-cast AM50 welds.

Fig. 5 — Optical images (side view) of metallic vapor during laser welding of the following: A —  Wrought
AZ31;B — die-cast AM50 magnesium alloys.
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puter image analysis using MATLAB soft-
ware and an average was taken over three
different cross sections of each sample. 

Tensile Testing of the Joints

Welds used for the tensile tests were
produced on relatively large sheets, 200 ×
200 × 2.54 mm. After welding, samples

were sectioned into 20-mm-wide rectan-
gular sheets across the weld interface. The
tensile specimens were 200 × 20 × 2.54
mm in dimension (length and width of re-
duced section being 50 and 12 mm, re-
spectively), with length perpendicular to
the weld interface, as shown in Fig. 2 (top
view). Before testing, both front and back
surfaces were machined. The tensile tests

were carried out at a travel speed of 2
mm/min (strain rate being 7 × 10–4/s) at
room temperature until failure. The
strength was taken as an average of three
specimens from the same welded sample.
Microstructural images of fracture sur-
faces were examined with scanning elec-
tron microscopy (SEM).

Results and Discussion

Gas Compositions in the Base Metal

Although it has been known for a long
time that gases entrapped in the base
metal of magnesium alloys during the die-
casting process have significant effects on
pore formation during laser welding
(Refs. 2, 4–6, 10), examinations of the gas
compositions were performed only for
gases entrapped in the micropores (initial
porosity 2~5%) of the base metal (Refs.
10, 11), and nitrogen gas was found to be
the main composition. Measuring the
compositions of dissolved gas (atomic
form) in the base metal of die-cast mag-
nesium alloys has not been reported yet,
and therefore their effects (especially hy-
drogen effects) on pore formation during
laser welding were not evaluated rele-
vantly. Using inert gas fusion analysis
(IGFA), the total gas compositions in the
base metal of high-pressure die-cast mag-
nesium Alloy AM50 were measured after
fusion, and results are presented in Table
2. It is found that the base metal indeed
has a high gas content, 63.4 mL/100 g, not-
ing that the values for low-pressure cast-
ings and vacuum die castings are only 1~5
mL/100 g and < 3.5 mL/100 g, respectively
(Ref. 23). The major composition (72.1%
in volume) of the gas content is hydrogen,
45.7 mL/100 g (the average solubility of
hydrogen in solid magnesium being 30
mL/100 g from Ref. 1). Differing from gas
composition analysis using a quadrupole
mass analyzer (Refs. 10, 11), nitrogen gas
was not detected by IGFA, since nitrogen
can react with magnesium at such a high
temperature (700°C) and form nitride.
Therefore, the IGFA results presented
here should not be considered as inconsis-
tent with those obtained by a quadrupole
mass analyzer (Refs. 10, 11), but are com-
plementary to each other.

The hydrogen content in the collected
gas, 45.7 mL/100 g, should originate from
two sources: hydrogen gas entrapped in
micropores (molecular hydrogen H2) and
solute hydrogen dissolved in base metal
(atomic hydrogen). To measure the frac-
tion of hydrogen that originates from each
source, the sample was heated to 350°C in
argon gas current for ~1 h in a quartz
tube. This temperature only allowed
solute hydrogen (atomic form) to diffuse
from the base metal and form hydrogen
gas H2, since it is very difficult for hydro-
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Fig. 6 — Cross-sectional micrographs of welds produced on the following: A — Undegassed; B — vac-
uum-degassed die-cast AM50 sheets.

Table 3 — Porosity, Surface Quality, and Penetration of Welds under Different Welding
Conditions

● Complete joint penetration;○ Partial penetration；▲ good surface quality;
△ bad surface quality; ★ Low porosity (≤5%); ☆ High porosity (>5%)

Welding speed
(m/min) Power (W)

500 800 900 1000 1500 1800 2000

1.0 ●△☆ — — ●△☆ — — —
1.5 ●△☆ — ●△☆ ●△☆ — — —
1.6 — ●△☆ ●▲★ — — — —
1.8 — — ●▲★ ●△☆ — — —
2.0 ○△☆ ●△☆ ●▲★ ●▲★ — — —
2.2 — ●△☆ ●▲★ ●▲★ — — —
2.4 — ○△☆ ●▲★ ●▲★ — — —
2.6 — — ●△☆ ●▲★ — — —
2.8 — — ●△☆ — — —
3.0 ○▲☆ — ●△☆ ●△☆ ●△☆ —
3.4 ○ — — — — —
4.0 ○▲★ — — ●△☆ ●△☆ ●△☆ —
4.4 — — — — ●△☆ — —
4.6 — — — — ●▲★ — —
4.8 — — — — ●▲★ — —
5.0 ○▲★ — — ●△☆ ●▲★ ●△☆ —
5.2 — — — — ●▲★ — —
5.4 — — — — ●△☆ — —
6.0 — — — ○△☆ — ●▲★ —
6.2 — — — — — ●▲★ —
7.0 — — — — ●△☆ ●△☆ ●△☆
8.0 — — — — ●△☆ — ●△☆
9.0 — — — — — ○△★ —

10.0 — — — ○△★ ○△★ — ●△★

A B
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gen gas (molecular hydrogen H2) en-
trapped in micropores of the base metal to
release at such temperature. The compo-
sition of the collected gas was analyzed by
gas chromatography and was found to be
hydrogen, 17.4 mL/100 g. It is notable that
this value is about 38% of the total hydro-
gen contained in the base metal and
should be considered as a lower limit,
since it is impossible for all solute hydro-
gen to diffuse into the vacuum due to both
the limited diffusion time period and the
high magnesium vapor pressure. The real
amount of solute hydrogen could be
higher than 17.4 mL/100 g.

The abundant hydrogen in the base
metal of die-cast AM50, 45.7 mL/100 g,
should result from the interaction of water
vapor (H2O) with magnesium during the
die-casting process. It is well known that
the hydrogen solubility in magnesium is
higher (average solid solubility ~30
mL/100 g from Ref. 1) than that in alu-
minum alloys (Ref. 6), and can be in-
creased (Ref. 24) by the high casting pres-
sure (22~70 MPa) (Ref. 25). During die
casting, a large fraction of hydrogen
should be dissolved in the liquid metal due
to the higher liquid solubility (Ref. 6).
During solidification, part of the dissolved
hydrogen will be rejected from solid phase
to liquid phase (Ref. 13) due to the de-
crease in hydrogen solubility at the liq-
uidus (Refs. 6, 26). The rejected hydrogen
will eventually form high-pressure hydro-
gen pores inside the base metal (Refs. 12,
13), since escape from the liquid at such a
high casting pressure (22~70 MPa) is ex-
tremely difficult. The remaining solute hy-
drogen in solid magnesium could still be
supersaturated, and is speculated to play
an important role in pore formation dur-
ing subsequent treatments, such as laser
welding. The role of hydrogen in pore for-
mation during laser welding could be sim-
ilar to that during die casting, since the two
solidification processes have some simi-
larities. However, hydrogen rejection dur-
ing laser welding could be more intense,
considering the fact that the pressure on
the weld pool is much lower than that dur-
ing die casting, and the hydrogen solid sol-
ubility is reduced. This will be addressed in
the following section.

Weld Porosity Tendency and Effect of
Solute Hydrogen

Bead-on-plate welds were produced on
both a 2.54-mm wrought AZ31 and a 2.54-
mm die-cast AM50 sheet using the same
welding parameters (fiber laser, power 1
kW, welding speed 4 m/min), to compare
their different weld porosity tendencies.
The weld bead surfaces of wrought AZ31
and die-cast AM50 sheets are shown in
Fig. 3A and B, respectively. It is seen from
Fig. 3 that the wrought AZ31 sheet has a

flat, smooth weld surface, whereas the
weld surface of die-cast AM50 sheet has
obvious swells and open holes. Cross-
sectional micrographs of these two welds
are shown in Fig. 4. Apparently, die-cast
magnesium alloy AM50 has higher weld
porosity due to its high gas content (63.4
mL/100 g) in the base metal, in accordance
with the results of Haferkamp et al. (Ref.
8). The difference in weld porosity is also
reflected by their different gas release be-
havior during laser welding. As shown in
Fig. 5 (side view), the ejection of plasma
plume from the AM50 weld pool surface
during laser welding is more intense and
unstable than that from the AZ31 weld
pool surface. Such an unstable and erupt-
ible plasma plume ejection from the
AM50 weld pool surface indicates active
behavior of bubbles (bubble formation,
floating, and escape) inside the weld pool
during laser welding, resulting in high
weld porosity and bad surface quality. The
flames observed, namely the color rim of
the plasma spot as seen only in Fig. 5B, in-
dicates that there are also inflammable
gases released from the weld pool.

It was found in our previous work (Refs.
16, 19) that vacuum-degassing of the base

metal of 2-mm-thick AM50 sheet before
laser welding can reduce the weld porosity
significantly. This indicates that solute hy-
drogen in the base metal plays a more im-
portant role than preexisting micropores in
pore formation during laser welding. Simi-
lar to high-pressure pore formation by hy-
drogen rejection during solidification of the
die-casting process as discussed in the pre-
vious section, melting and then solidifica-
tion of the weld pool during laser welding
will also lead to hydrogen rejection and
form hydrogen pores in the weld. The pore
formation process during laser welding may
be even more violent due to the low pres-
sure (~1 atmosphere) and rapid solidifica-
tion. The low weld pool pressure reduces
the solid solubility of hydrogen (Ref. 24)
(more hydrogen has to be rejected) and also
favors the growth of formed hydrogen pores
to larger sizes (low internal pressure); while
the rapid solidification of the weld pool sup-
presses escape of formed pores. As shown
in Fig. 6A, cross-sectional micrograph of a
weld produced on an undegassed 2.54-mm-
thick AM50 sheet shows high weld porosity,
whereas the vacuum-degassed weld pro-
duced at the same welding condition (CO2
laser, 0.8 kW, 1.5 m/min) has much lower
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Fig. 7 — Cross-sectional micrographs of CO2 laser welds produced at 800 W with the following welding
speeds: A — 7 m/min; B — 5 m/min; C — 3 m/min; D — 1.5 m/min; and at 2000 W with the following
welding speeds: E — 7 m/min; F — 6 m/min; G — 5 mm/min; H — 4 m/min.

Table 4 — Welding Conditions and Porosities of the Tensile Specimens

Welding Fiber Laser Welding Speed Power Density Heat Input Porosity
Conditions Power (W) (m/min) (W/cm2) (J/mm) (%)

1 500 1.5 1.0 × 106W/cm2 20 15.4
2 1000 1.5 2.0 × 106W/cm2 40 12.0
3 1000 2 2.0 × 106W/cm2 30 1.8
4 1500 5 3.1 × 106W/cm2 18 0.4

A

E F G H

B C D
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porosity, as shown in Fig. 6B. This result
clearly demonstrates that solute hydrogen
in the base metal dominates weld porosity
during laser welding, and also implies that
the entrapped gases (molecular hydrogen
H2, as well as other gases) in the preexisting
micropores in the base metal only have lim-
ited effects, probably because the amount of
gases entrapped in the micropores is much
smaller compared to the amount of solute
hydrogen, or because escape of these pre-
existing gas bubbles from the weld pool is
much easier.

Although removal or partial removal of
solute hydrogen from the base metal can re-
duce weld porosity significantly, vacuum de-
gassing is hardly a valuable or economically
effective porosity-reducing remedy due to
its complexity and efficiency. The next ses-
sion seeks to reduce weld porosity effec-
tively and expediently using a conventional
laser welding technique.

Effects of Welding Parameters on Weld
Porosity and Discussion

Welding parameters, i.e., laser power
and welding speed, were varied in a wide
range in this study, to systematically inves-

tigate their effects on weld porosity, as
well as penetration and weld surface qual-
ity. In total, there were seven different
laser powers ranging from 0.5 to 2 kW, and
24 different welding speeds ranging from
1 to 10 m/min used for both CO2 and fiber
lasers. Typical cross-sectional micrographs
of welds produced by CO2 laser using dif-
ferent welding parameters are shown in
Fig. 7. For both laser powers of 0.8 and 2
kW, weld porosity as well as penetration
depth increase with decreasing welding
speed, as shown in Fig. 7A–H. This is con-
sistent with previous results by Zhao and
DebRoy (Refs. 5, 6) and by Wahba et al.
(Ref. 10). Low weld porosity can be ob-
tained only when using low laser power
and high welding speed (low heat input),
accompanied with shallow penetration, as
seen in Fig. 7A. Considering that weld
porosity is dominated mainly by solute hy-
drogen in the base metal, therefore, a
smaller weld pool, which contains less
extra hydrogen diffused from the heat-
affected zone during melting (hydrogen
gathering, a reverse process of hydrogen re-
jection as during solidification), is specu-
lated to have low weld porosity. To get a
smaller weld pool without losing penetra-

tion depth, a fiber laser with smaller beam
diameter (0.25 mm in diameter) was used
instead of a CO2 laser (0.6 mm in diameter).

Typical cross-sectional micrographs of
welds produced by fiber laser using differ-
ent welding parameters are shown in Fig.
8. For low laser power of 0.5 kW, similar to
CO2 laser welds, both weld porosity and
penetration depth increase with decreas-
ing welding speed, as shown in the first
row of Fig. 8. Low weld porosity was ob-
tained only when using high welding
speed, accompanied with shallow penetra-
tion, as seen in Fig. 8A. For higher laser
powers of 1 and 1.5 kW, weld porosity in-
creases with decreasing welding speed
first, reaching a maximum (rows 2 and 3,
second column in Fig. 8), and then de-
creases, encouragingly, reaching a mini-
mum (rows 2 and 3, third column in Fig.
8). A further increase in welding speed will
increase weld porosity again (rows 2 and 3,
fourth column in Fig. 8). Differing from
welds with low porosity but also shallow
penetration (Fig. 7A, first column of Fig.
8A), these welds with minimum porosity,
as seen in rows 2 and 3, third column of
Fig. 8, also have complete joint penetra-
tion, and therefore could be considered as
sound welds. This was achieved only by se-
lecting fiber laser power and appropriate
welding speed, and could be easily applied
in practical applications.

To obtain the laser-welding variables
(combinations of welding parameters) that
control pore-formation phenomenon in
welds, variations in weld porosity with heat
input at different laser powers are shown in
Fig. 9. The independent variable being heat
input (laser power over welding speed) was
indicated by the fact that weld porosity in-
creases monotonously with increasing heat
input in some cases (Fig. 7, first row in Fig.
8, also see Refs. 5, 6, 10, 11). To allow quan-
titative comparison of weld porosity in both
CO2 and fiber laser welds in spite of their
different beam diameters, the beam diam-
eter and laser power were grouped into a
single variable, laser power density (laser
power over spot area), accounting for both
laser spot size and laser power. This single
variable then was used to divide the varia-
tions of weld porosity into two categories,
instead of using both laser type and power.
For laser power densities less than 1.8 × 106

W/cm2, weld porosity always increases mo-
notonously with increasing heat input, as
shown in Fig. 9A. This includes all CO2
laser welds and fiber laser welds produced
at low power. Sound welds were neither ob-
tained by using the CO2 laser nor by using
the fiber laser at low laser power in this
study. Moreover, the variations of weld
porosity with heat input for both lasers have
the same trend, as shown in Fig. 9A. It is in-
dicated that, at low power density, the two
lasers have common dependence of weld
porosity (regularity) on welding variables,
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Fig. 8 — Cross-sectional micrographs of fiber laser welds produced at 500 W with the following  welding
speeds: A — 5 m/min; B — 4 m/min, C — 2 m/min; D — 1.5 m/min; and at 1000 W with the following
welding speeds: E — 10 m/min; F — 3 m/min; G — 2 m/min; H — 1.5 m/min; and at 1500 W with the
following welding speeds: I — 10 m/min; J — 7 m/min; K — 5 m/min; L — 4 m/min.
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although they have different spot sizes and
wavelengths that could result in totally dif-
ferent energy absorptivity. 

For laser power densities greater than
1.8 × 106 W/cm2, as shown in Fig. 9B, weld
porosity increases with increasing heat
input but there exists a minimum at a spe-
cific moderate heat input. This only in-
cludes fiber laser welds produced at rela-
tive high power, since the threshold laser
power density 1.8 × 106 W/cm2 is already
beyond the capability of our CO2 laser
(<7.1×105 W/cm2). It should be noted
that, to determine whether or not at high
power density the dependence weld
porosity on welding variables for a CO2
laser is the same as that for a fiber laser,
further investigation with assistance of a
more powerful CO2 laser with a smaller
spot size is needed. 

For the fiber laser, it is concluded that
the controlling laser-welding variables of
weld porosity are laser power density a
and heat input. To obtain sound welds with
low porosity and complete penetration (as
shown in Fig. 8G, K), the laser power den-
sity must exceed a threshold of 1.8 × 106

W/cm2. Meanwhile, the heat input should
be within a specific range to minimize
weld porosity.

It is well known that weld porosity is
governed by two processes: nucleation/
growth of gas bubbles and their escape
from the weld pool. If the former process
overwhelms the latter, then the weld will
have high porosity and vice versa. For
wrought and sand-cast magnesium alloys
that have low gas content, low weld poros-
ity can be obtained at low welding speed,
since the small amount of dissolved gas
can only result in limited amount of gas
bubbles (i.e., the bubble source is limited),
yet the long interaction time favors the es-
cape process (Ref. 27). For die-cast mag-
nesium alloys that have high gas content,
during laser welding the nucleation/
growth process could be sustaining until
all gas content exhausts, and whether it
can be overwhelmed by the escape process
is a key to obtain low-porosity welds. How-
ever, the competition between the two

processes depends on many factors, such
as heating and cooling rates, weld pool
size, interaction time, etc., and could be
very intricate. Taking welding speed as an
example, at the same power density a
lower welding speed will introduce more
energy to the weld pool and generate a
larger pool size, since energy loss through
heat conduction from the pool to the base
metal stays the same. Thus, it will take
longer for the pool to cool down, favoring
diffusion of solute hydrogen from the
heat-affected zone to the weld pool (hy-
drogen gathering). As a result, more gas
bubbles will be formed due to hydrogen
rejection during solidification. On the
other hand, longer cooling time also fa-
vors escape of formed gas bubbles, making
the dependence of weld porosity on weld-
ing speed unpredictable. Actually, from
Fig. 9B, it is clearly seen that the domi-
nance of the latter process over the former
depends not only on the welding speed but
also on the laser power density used.

To better understand the dependence
of the two processes on weld-pool ther-
mal history (heating and cooling rates)
and welding parameters, dynamic behav-
ior of both atomic and molecular hydro-
gen during laser welding were systemati-
cally investigated (Ref. 28). A detailed
presentation of the pore-formation
mechanisms will be given in a separate re-
port, since the present work mainly fo-
cuses on the prevention technique. 

Control Strategy of the Prevention
Technique

Besides low porosity and complete
joint penetration, good surface quality is
also a requirement for a sound weld. In
general, a low-porosity weld corresponds
to a flat, smooth surface, as shown in Figs.
8G and 10A, and vice versa (see Figs. 8H
and 10B). However, at very high power
density and low heat input, the weld pool
is melted rapidly but also solidifies rap-
idly, resulting in low weld porosity but
with bad surface quality, as shown in Fig.
10C (the porosity is ~5%). This should
be attributed to the reduction of the
molten pool fluidity due to rapid cooling,
as well as eruption of gas bubbles. Quali-
ties of all welds obtained in this study
were assessed according to their weld
porosity, penetration status, and surface
quality; the results are summarized in
Table 3. Only welds with low porosity
(<5%), complete joint penetration, and
good surface quality (flat and smooth) as
marked by triple solid symbols in Table 3,
are considered to be sound, and their cor-
responding cross-sectional micrographs
are shown in Fig. 11. The operating win-
dow for the welding variables (laser
power density and heat input) to obtain
sound welds, as well as the major weld de-
fects for defective welds is also presented,
as shown in Fig. 12. It is seen that, for low
heat input, welds have incomplete pene-
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Fig. 9 — Variation in weld porosity as a function of heat input for laser power densities: A — Less; B — greater than 1.8 × 106 W/cm2. Each data point repre-
sents an average of three cross sections of each weld.

Fig. 10 — Surfaces of welds produced at different power densities and heat inputs: A — 2.0 × 106 W/cm2,
30 J/mm; B — 2.0 × 106 W/cm2, 40 J/mm; C — 4.1×106 W/cm2, 12 J/mm.
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tration; for insufficient power density,
the weld porosity is always high due to the
dominance of the gas bubble nucle-
ation/growth process over escape
process; for low heat input and low power
density, welds have both incomplete pen-
etration and high porosity; and for suffi-
cient power density, a sound weld can be
obtained only when using appropriate
heat input. It is concluded that, in order
to obtain sound laser welds with low
porosity, complete joint penetration, and
good surface quality, the laser power
density should be greater than 1.8 × 106

W/cm2 such that the variation of weld
porosity with heat input minimizes at a
moderate value where complete joint
penetration is ensured, but less than 4.1
× 106 W/cm2 to obtain good surface qual-
ity. For laser power densities of 1.8 × 106,
2.0 × 106, 3.1 × 106, and 3.7 × 106 W/cm2,
the corresponding optimal heat inputs
should be within the range of 23~34,
23~30, 17~20, and 17~18 J/mm, respec-
tively, to obtain sound welds with low
porosity, complete joint penetration, and
good surface quality. It is clear that the
window size for the heat input is larger if
a relatively low power density is adopted.

Tensile Test of the Joints and Fracture
Features

Uniaxial tensile tests were performed
to determine the mechanical properties of

joints obtained using different welding pa-
rameters. Welding conditions and porosi-
ties of the tested joints are listed in Table
4, and the corresponding results are shown
in Fig. 13. As seen in Fig. 13, both tensile
strength and elongation increase with the
decrease in porosity. Fractographs of the
joints are shown in Fig. 14. As seen in Fig.
14, the fracture surface of the joint with
high weld porosity has plenty of pores (see
Fig. 14A), whereas fracture surface of the
joint with low weld porosity has fewer
pores (see Fig. 14B). The increase in ten-
sile strength and elongation with decreas-
ing porosity should be attributed to the in-
crease in effective loading area, as shown
in Fig. 13. When the porosity is extremely
low (~0.4%, nearly pore free, as seen in
Fig. 8K), the tensile strength is compara-
ble to that of the base metal and the joint
fractures in the base metal. Thus, it is con-
cluded that the welds with low porosity ob-
tained through the prevention technique
have a joint performance comparable to
the base metal.

Conclusions

Analyses of gas compositions in the
base metal of high-pressure die-cast mag-
nesium Alloy AM50 were performed and
solute hydrogen in the base metal was
found to attribute to weld porosity during
laser welding. Effects of welding parame-
ters on weld porosity were systematically

investigated, and an effective and expedi-
ent prevention technique was realized.

1. Analyses of gas composition in the
base metal showed the base metal con-
tains a high gas content, 63.4 mL/100 g,
most of which is hydrogen (72.1% in vol-
ume). A fraction of the hydrogen, at least
38% in volume, is dissolved in the base
metal in atomic form, and is found to at-
tribute to the weld porosity during laser
welding. 

2. Effects of welding parameters (laser
power and welding speed) on weld poros-
ity were systematically investigated. It is
found that, within the range of welding pa-
rameters investigated here, weld porosity
and penetration depth increase with in-
creasing heat input monotonously when
laser power density is low for both CO2
and fiber lasers; with sufficient fiber laser
power density (>1.8 × 106 W/cm2), varia-
tion of weld porosity with heat input min-
imizes at a moderate value, which enables
obtaining low porosity welds with com-
plete joint penetration.

3. A prevention technique was realized
to obtain sound laser welds with low
porosity, complete joint penetration, and
good surface quality: the laser power den-
sity should be greater than 1.8×106 W/cm2

such that the weld porosity minimizes at a
moderate heat input where complete joint
penetration is ensured, but less than 4.1 ×
106 W/cm2 to obtain good surface quality.
The operating window of laser welding
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Fig. 11 — Cross-sectional micrographs of sound welds produced at various laser power densities and heat in-
puts. Laser power density of 1.8 × 106 W/cm2 with the following heat inputs: A — 33.8 J/mm; B — 30 J/mm;
C — 27 J/mm; D — 24.5 J/mm; E — 22.5 J/mm. Laser power density of 2.0 × 106 W/cm2 with the following
heat inputs: F — 30 J/mm; G — 27.3 J/mm; H — 25 J/mm; I — 23.1 J/mm. Laser power density of 3.1 ×
106 W/cm2 with the following heat inputs: J — 19.6 J/mm; K — 18.8 J/mm; L — 18 J/mm; M — 17.3 J/mm.
Laser power density of 3.7 × 106 W/cm2 with the following heat inputs: N — 18 J/mm; O — 17.4 J/mm.

Fig. 12 — Operating window for the welding vari-
ables of laser power density and heat input. Main de-
fects for defective welds are also indicated.

Fig. 13 — Tensile strengths and elongations for the
base metal and joints obtained under different
process conditions. Each data point represents an
average of three joints.
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variables were presented for the following
laser power densities: 1.8 × 106, 2.0 × 106,
3.1 × 106, and 3.7 × 106 W/cm2; the corre-
sponding optimal heat inputs should be
within the range of 23~34, 23~30, 17~20,
and 17~18 J/mm, respectively.

4. Tensile tests were performed to de-
termine the mechanical properties of the
joints. It is found that both tensile strength
and elongation increase with decreasing
weld porosity. This is attributed to the in-
crease of effective loading area with de-
ceasing porosity. When porosity is ex-
tremely low, the joint performance is
comparable to the base metal.  
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Fig. 14 — Fractographs of the joints obtained under the following welding conditions: A — 1; B — 3; C — 4.
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