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Laser welding of magnesium alloys is not restricted 
by major problems according to metallurgy 
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ABSTRACT. Magnesium has gained in- 
creased attention in recent years as a 
structural metal - -  especially in the au- 
tomotive i nd ustry-- necessitati ng the de- 
velopment of welding techniques 
qualified for this new application. Lasers 
are known to be an excellent tool for 
joining metals. This paper presents re- 
sults of recent investigations on the weld- 
ability of several cast and wrought 
magnesium-based alloys. Plates with a 
thickness of 2.5-8 mm were butt joint 
welded with and without filler metal 
using a 2.5-kW CO 2 laser. The investiga- 
tions showed that magnesium alloys can 
be easily laser welded in similar and dis- 
similar joints. The beam characteristics of 
the laser leads to small welds and a deep 
penetration depth. Crackfree welds ex- 
hibiting low porosity and good surface 
finish can be achieved with appropriate 
process parameters. Generally, the laser 
welding leads to either no change or a 
small increase in hardness in the fusion 
zone (FZ) and in the heat-affected zone 
(HAZ) relative to the base metal. Less 
promising results were obtained for the 
cast alloy QE 22, in which cracking in the 
age-hardened condition and a significant 
decrease in hardness occurred. Laser 
welded die cast alloys showed an ex- 
tremely high level of porosity in the weld. 

Introduction 

In recent years, magnesium and its 
alloys have gained increasing interest in 
industry, mainly due to their low density 
(Refs. 1, 2). Especially in the automotive 
industry, the weight saving effect of 
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replacing steel and aluminum parts is an 
important factor in reducing fuel con- 
sumption. Besides the development of 
new alloy types, manufacturing tech- 
niques such as welding play an important 
role in exploiting the new fields of appli- 
cations. Presently only gas tungsten arc 
welding (GTAW) is employed, mainly for 
the repair of cast magnesium parts. In 
special applications, electron beam 
welding (EBW) is also used. Considering 
that a number of magnesium alloys are 
used in the age-hardened or extruded 
condition, the GTAW process has some 
disadvantages. Due to the high energy 
input, a broad heat-affected zone is 
formed, necessitating a postweld heat 
treatment. From this point of view, laser 
welding - -  with its excellent focusing 
ability - -  is superior to the GTAW pro- 
cess. The beam area is reduced to a small 
spot with a high energy density. The low 
net heat input results in narrow welds 
(high aspect ratio), decreased dimensions 
of the HAZ and a reduction in distortion. 
Laser welding may easily be integrated 
into an automated production process 
and the reliability of industrial lasers is 
improving. 
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Research in the field of laser welding 
of magnesium is minimal; only three pa- 
pers are known to the authors. Baeslack, 
et al. (Ref. 3), reported about crack for- 
mation during CO 2 laser welding of the 
high temperature strength alloy WE 54. 
The authors observed a liquation of the 
original intermetallic phase and addi- 
tional melting into the surrounding ma- 
trix near the weld interface. On cooling, 
this neodymium and yttrium-rich liquid 
solidified to a lamellar eutectic structure 
at the grain boundaries. Fine cracks were 
observed along some of these grain 
boundaries, supporting the existence of 
liquation cracking. Chen, et al. (Refs. 4, 
5), welded 4.5-25-mm-thick plates of 
cast AZ 91 with 1-10 kW CO 2 laser 
power. Using He as the inert shielding 
gas, welds free of pores and cracks with 
high aspect ratios were achieved. 

The present paper will give an 
overview of the results of investigations 
on the similar and dissimilar alloy weld- 
ability of various commercial magne- 
sium alloys using a CO 2 laser. Six cast 
and four wrought alloys were laser 
welded with and without filler metal. The 
influence of different heat treatment con- 
ditions on the weldability is also evalu- 
ated. The investigations focused on 
macro- and microstructure analysis and 
hardness. 

Materials and Laser Processing 

Six cast magnesium alloys (AZ 91, AM 
60, ZC 63, ZE 41, QE 22 and WE 54) and 
four wrought alloys (AZ 31, AZ 61, ZW 3 
and ZC 71) were chosen for the welding 
experiments. The alloy compositions and 
initial conditions are listed in Table 1. 
Welding was conducted with a Trumpf 
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Table I - -  Condition and Chemical Composition of the Investigated Alloys (Ref. 6) 

Alloy Type 

AZ 91 Cast 9 AI 
ZC 63 Cast 6 Zn 
ZE 41 Cast 4.3 Zn 
QE 22 Cast 2.5 Ag 
WE 54 Cast 5.25 Y 
AM 60 HPDC 6 AI 
AZ 91 HPDC see above 
AZ 31 Wrought 3 AI 
AZ 61 Wrought 6 AI 
ZW 3 Wrought 3.3 Zn 
ZC 71 Wrought 6.5 Zn 

H 

Chemical Composition [wt-%] 

0.7 Zn 
2.7 Cu 
1.3 RE (Rare Earth) 
2.0 Nd-rich RE 
3.5 Nd-rich RE 
0.3 Mn 

1 Zn 
1 Zn 
0.6 Zr 
1.2 Cu 

0.3 Mn 
0.5 Mn 
0.7 Zr 
0.6 Zr 
0.5 Zr 

0.3 Mn 
0.3 Mn 

0.7 Mn 

Table 2 - -  Condition, Processing Parameters and Weld Quality of Similar Joints 

Thickness Laser Power Velocity 
Alloy [mini Condition [W] [mm/min] 

AZ 91 5 C 2000 1750 
AZ 91 5 T6 2000 1750 
AZ 91, W 5 T6 2000 1000 
AZ 91 3 HPDC 1500 2500 
AM 60 2.5 HPDC 1000 1500 
ZC 63 5 C 2000 1750 
ZC 63 5 T6 2000 1750 
QE 22 5 C 2000 1750 
QE 22 5 T6 2000 1750 
QE 22, W 5 C 2000 1000 
ZE 41 5 C 2000 1750 
WE 54 5 T6 2000 2000 
WE 54, W 5 T6 2000 1250 
WE 54 8 T6 2500 1000 
AZ 31 2.5 F 1500 2500 
AZ 61 2.5 F 1500 3000 
AZ 61 5 F 2000 1750 
ZW 3 5 F 2000 1750 
ZC 71 3 F 1500 2500 

C = as-cast, HPDC = High Pressure Die Casting, T6 = age hardened, F = 
(defects marked), - -  = extremely bad. 

Weld 
Undercut Surface Porosity Cracks 

- -  O O + 

- -  0 0 + 

+ + -- + 

+ -- _ _  + 

+ -- - -  + 

0 0 -- + 

0 0 0 + 

0 -- 0 + 

0 -- 0 - -  

+ + -- + 

0 0 + + 

0 0 + + 

+ + + + 

- -  0 0 + 

+ + + + 

0 0 0 + 

- -  0 0 + 

0 0 + + 

+ 0 0 + 

extruded, W = with welding wire, + = good (no defects), o = average (some defects), - = bad 

Table 3 - -  Condition, Processing Parameters and Weld Quality of Dissimilar Joints 

Laser Power Velocity 
Alloy Combination [W] [ram/mini 

AM 60 H + AZ 31 F 1500 2500 
AZ 61 F + AZ 91 T6 2000 2000 
AZ 61 F + QE 22 C 2000 1750 
AZ 61 F + ZE 41 C 2000 1750 
AZ 61 F + ZC 63 T6 2000 1750 
AZ 91 T6 + QE 22 C 2000 1750 
AZ 91 T6 + WE 54 T6 2000 2000 
AZ 91 T6 + ZC 63 T6 2000 2000 
QE 22 C + WE 54 T6 2000 1750 
QE 22 C + ZC 63 T6 2000 1750 
QE 22 C + ZE 41 C 2000 1750 
WE 54 T6 + ZC 63 T6 2000 1750 
WE 54 T6 + ZE 41 C 2000 1750 
ZC 63 T6 + ZE 41 C 2000 1750 

C = as-cast, H = HPDC, T6 = age hardened, F = extruded. 
Thickness of all samples is 5 mm, except combination AM 60 + AZ 31, thickness 2.5 mm 

Weld 
Undercut Surface Porosity Cracks 

+ - __  + 

0 -- 0 + 

0 0 0 + 

+ 0 0 + 

+ --  0 + 

0 0 0 + 

0 -- 0 + 

+ --  - -  + 

0 0 0 + 

0 0 0 + 

+ 0 0 + 

0 0 0 + 

0 0 0 + 

+ 0 0 + 

+, o, -: explanation see Table 2. 
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continuous w a v e  C O  2 laser with a maxi- 
mum output power of 2.5 kW. This laser 
has a ring-shaped beam mode (TEM01) 
with a focus diameter of 0.2 mm. Sam- 
ples with a thickness of 2.5, 3, 5 and 
8 mm and a length of 50-60 mm were 
machined from cast bars or plates and 
extruded sheets by milling. Due to the 
fact that no lubricants were used for 
machining, no further cleaning of the 
base material was necessary. Butt joint 
welds of similar and dissimilar alloys 
with and without filler metal were pro- 
duced (Tables 2 and 3). The samples were 
clamped parallel to the weld direction to 
avoid a gap opening ahead of the laser 
beam during the weld process. 

The microstructure, aspect ratio, 
porosity and crack formation were inves- 
tigated by light and scanning electron 
microscopy. Further, the microhardness 
was measured to identify softening or 
hardening effects within the weld FZ and 
the HAZ. In dissimilar joints the distri- 
bution of the alloying elements was 
measured using energy dispersive X-ray 
spectroscopy (EDS). 

Results and Discussion 

Investigations on a Suitable Shielding Gas 

The laser welds were produced using 
a focusing head specially designed for 
welding, in which the shielding gas is fed 
through a ring nozzle surrounding the 
laser beam. Bead-on-plate laser beam 
welds in AZ 91 were produced using he- 
lium, argon and nitrogen to evaluate the 

suitable shielding gas. Considering the 
results in surface quality, weld depth and 
aspect ratio, helium proved to be the best 
choice. All further experiments were 
therefore conducted with a helium gas 
flow of 12 L/min. 

Laser Processing Parameters 

Initially, a set of experiments was car- 
ried out to evaluate the optimum position 
of the focal point. For the thin plates (2.5 
and 3 mm), the best welds - -  based on 
penetration depth, aspect ratio and weld 
undercut - -  were achieved when the 
focal point was located on the surface. 
The 5-and 8-mm plates were welded 
with a focus position located 2 mm 
below the surface. 

To join the thin plates, a welding speed 
of 2.5-3 m/min and a laser power of 1.5 
kW was found be suitable (for details on 
power and speed, see Table 2). To achieve 
full penetration in the 5-mm-thick plates, 
speed had to be reduced to 1.75-2 m/min 
and laser power was increased to 2 kW, 
respectively. A laser power of 2.5 kW and 
a further reduction in speed (1 m/min) 
was necessary to weld the 8-mm plate. 
For the welding of 5-mm samples with 
welding wire, a power of 2 kW and a 
speed of 1-1.25 m/min was used. At 
higher speeds complete melting of the 
wire was not assured. However, one must 
note that most commercially available 
welding wires have a thickness above 
2.3 mm. Due to the small laser weld fu- 
sion zone, smaller wire diameters are suf- 
ficient to avoid undercutting, whereby 
higher welding speeds are possible. 

Laser Beam Welding of Similar Joints 

Investigation of the Weld Macrostructure 

Figure 1 shows a typical butt joint 
weld of extruded ZC 71. For all investi- 
gated cast and wrought alloys, the joints 
are crack free except for QE 22 welded in 
the age hardened condition (T6), in which 
cracking occurred within the fusion zone 
parallel to the direction of travel. 

Full penetration welding without filler 
metal always led to undercutting of the 
weld (concave weld surface), which is 
small for the thin plates but marked for the 
thick plates. Additionally, it was found that 
the surface concavity depends on the alloy 
composition. It is least in alloys contain- 
ing high amounts of Zn (ZC 63, ZW 3, ZE 
41 ), and it is most marked in the AZ alloys. 

The porosity of the welds in the sand 
cast and extruded alloys is very low, 
whereas a few large pores were found in 
those alloys containing Zn and/or AI. 
Laser welding of the pressure die-cast al- 
loys AZ 91 and AM 60 resulted in an ex- 
treme porosity. Due to the high pressure 
(up to 40 MPa) used in the die casting 
process, gaseous elements are trapped 
inside the lattice or inside micro pores. 
During the welding process the gas 
evolves, forming a high number of pores 
that are entrapped in the weld due to 
rapid solidification. 

Despite the high affinity between oxy- 
gen and molten Mg, oxidation was not 
severe. A thin oxide layer formed on the 
top and root of the weld, which were eas- 
ily removed. Oxide inclusions inside the 
weld were only detected in the cast alloy 

Fig. 1 - -  Cross section o f  laser welded ZC 71, 
thickness 3 mm, 1.5 kW, 3 m/min (17X). 

Fig. 2 - -  Cross section o f  laser welded WE 54 T6, thickness 5 mm (I  IX); A - -  wi thout  welding 
wire, 2 kW, 2 m/min;  B - -  with 2.3-turn weld ing wire, 2 kW, 1.25 re~rain. 
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Fig. 3 - -  Fusion boundary region of weld in QE 22, thickness 5 mm, 
laser power 2 kW, travel speed 1.75 m/min (100X). Note fine solidi- 
fication subgrain structure in fusion zone, arrows indicate fusion 
boundary. 

WE 54. These small inclusions are rich in 
yttrium (> 18 wt-%), indicating that this 
alloying element was mainly involved in 
oxide formation. 

Additionally, the cast alloys AZ 91, 
QE 22 and WE 54 were welded with 
welding wire of base compositions. The 
welds show very low porosity, similar to 
those welded without filler metal, but the 
formation of a concave weld surface 
could be completely avoided. A major 
disadvantage of the commercially avail- 
able welding wires is that their thickness 
is adapted to the repair welding of Mg 
using GTAW; laser welding necessitated a 
higher power for complete melting of the 
welding wire, resulting in a broad weld 
with reduced aspect ratio. The thinnest 
wire was available for WE 54 (2.3 mm). 
This diameter is more suitable for laser 
welding, as can be seen in Fig. 2. Weld- 
ing with filler metal leads only to a slight 
broadening of the fusion zone (Fig. 2A) 
compared to welding without filler metal 
- -  Fig. 2B. 

fusion boundary or in 
the middle of the fu- 
sion zone. 

Compared to all 
other alloys, only AZ 
61 and AZ 91 showed a more dendritic 
but also very fine grained structure in the 
fusion zone. The greatest exception in the 
formation of the microstructure in the fu- 
sion zone was shown by the wrought 
alloy AZ 31. It showed a directed growth 
of coarse single phase grains through the 
fusion boundary into the HAZ (Fig. 4), 
whereas the direction of grain growth in 
the middle of the fusion zone was per- 
pendicular. So this microstructure has to 
be seen as a result of melt solidification in 
combination with grain growth effects in 
the HAZ (see the discussion in the next 
section). This type of solidification is also 
observed in pure Mg and can be at- 
tributed to the low alloy content, which 
favors the single-phase solidification. 

Fig. 4 - -  Coarse grains in fusion zone and HAZ of AZ 31 F, thickness 
2.5 ram, laser power 1.5 kW, travel speed 2.5 m/min (I 00X). Right ar- 
rows indicate fusion boundary, left arrows indicate perpendicular grain 
growth direction in the center of the fusion zone. 

Investigation of Microstructure in the HAZ 
v 

Investigation of Microstructure 
v 

in the Fusion Zone 

In all laser welded alloys, a cellular so- 
lidification structure was observed in the 
fusion zone, except in WE 54, which 
showed a more globular grain shape, and 
the alloys of the AZ type. This cellular 
structure is a typical cast structure, result- 
ing from increased segregation effects 
during the rapid chill of the melt. The 
rapid cooling during laser welding also 
leads to a significant grain refinement 
compared to the initial structure-- Fig. 3. 
For all alloys welded in different temper- 
ing conditions, no influence of the initial 
microstructure on the structure in the fu- 
sion zone was found. There was no di- 
rected solidification, whether at the 

For all laser welded cast alloys, no 
grain coarsening within the HAZ was 
found. In all cast alloys except WE 54, the 
only microstructural change in the HAZ 
observed was a liquation of the grain 
boundaries adjacent to the fusion bound- 
ary - -  Fig. 5. This was caused by grain 
boundary eutectics and intermetallics 
with low melting points. No cracking 
caused by this liquation was found, as 
reported by Baeslack, et al. (Ref. 3), for 
the alloy WE 54. 

As for the cast alloys, no grain coars- 
ening in the HAZ occurred in the 
wrought alloys AZ 61, ZW 3 and ZC 71, 
where the content of grain refining ele- 
ments restricted the grain growth. A sig- 
nificant grain coarsening in the HAZ was 

Fig. 5 - -  Liquation of grain boundaries at fu- 
sion boundary in ZC 63 T6, 5 mm, 2 kW, 1.75 
m/min (350 X). Note also the precipitation- 
free zone at fusion boundary and grain 
boundary liquation (marked by arrows). 

only observed in the wrought alloy AZ 
31. Here the grain size increased from an 
equiaxed diameter of approximately 40 
~m to a size of 400 p,m in the direction 
of heat flow (from the fusion boundary to 
the base metal) and 150 ~m perpendic- 
ular to it - -  Fig. 4. It is remarkable that 
the grain growth did not stop at the fusion 
boundary and that the grains within the 
fusion zone also showed the same coarse 
grain size. Table 2 summarizes the results 
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Fig. 7 - -  Hardness prof i le across weld in ZC 63 as-cast, 5 ram, 2 kW, 
1.75 re~rain. 

of the welding of similar joints, giving the 
best laser parameters as well. 

Laser Beam Welding of Dissimilar Joints 

Various combinations, especially of 
the different cast alloys, were welded (for 
laser parameters and weld quality, see 
Table 3). The results according to the 
macro- and microscopic structure are in 
agreement with those of the similar joints 
- -  Fig. 9. No cracking or remarkable 
porosity were observed in the dissimilar 
joints. The results of an EDS analysis re- 
vealed that the mixing of the alloying el- 
ements is not complete. A concentration 
gradient occurred across the entire width 
of the weld. Figure 6 shows the element 
distribution in a dissimilar weld of QE 22 
and ZC 63. 

Evaluation of Microhardness 

Measurements of the microhardness 
were conducted to detect submicro- 
scopic changes in the structure, espe- 
cially in the HAZ. The results were used 
to evaluate the influence of the laser 
welding process on the mechanical prop- 
erties of the joints. 

Microhardness of the As-Cast Alloys 

In the weld of the as-cast alloys, an in- 
crease in hardness occurred. This can be 
attributed to the fine solidification grain 
structure produced by rapid cooling of 
the weld. Whether solid solution super- 
saturation is also of significance has still 
to be investigated. The initial hardness in 
the HAZ was not affected at all, which is 
in agreement with the observation of the 
absence of any microstructural changes. 
A typical hardness distribution across the 
laser weld is shown in Fig. 7 for the cast 
alloy ZC 63. 

Microhardness of the 
Wrought Allovs 120 . 

v 

110 J. WE54 

For the extruded Ioo 1 

alloys, no significant ~ 90 £ 

effect on hardness 
could be observed. ~ 80 J- 
The hardness of the ~ 70 J. 
base metal, HAZ and I 60 4- 
fusion zone re- ~ 50 i 
mained on the same ~ 40 1 
level. An exception 
was found for AZ 61, 30 
where a small hard- -20o0 -1500 
ness peak at the fu- 
sion boundary was 
observed. The ab- 
sence of any change 
in hardness in the fu- 
sion zone can be explained by a com- 
plete compensation of the loss in work 
hardening by grain refinement. Also, the 
hardness in the HAZ of AZ 31, where sig- 
nificant grain growth occurred, remained 
on the same level as in the unaffected 
base metal. 

HAZ Weld HAZ 

I I I I I 
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1500 2000 

Fig. 8 - -  Hardness profi le in the weld of  WE 54 T6 and QE 22 as-cast, 
5 ram, 2 kW, 1.75 re~rain. 

Microhardness of the Age-Hardened AIloy~ 

Considering that the age-hardening 
effect in magnesium alloys is much less 
marked than in aluminum alloys, a dra- 
matic decrease in hardness is not to be 
expected. In the alloys AZ 91, ZC 63 and 
WE 54, the hardness of base metal and 
weld is on the same level. This can be ex- 
plained by the compensation of the de- 
crease in hardness due to the dissolution 
of precipitates by the increase due to the 
grain refinement. However, this assump- 
tion cannot explain the significant hard- 
ness decrease in the weld of the alloy QE 
22, although grain refinement is ob- 
served - -  Fig. 3. Different effects on the 
hardness in the HAZ were also found. 
Whereas no remarkable change oc- 
curred in ZC 63 and WE 54, a decrease 

was measured in AZ 91 and QE 22. For 
the last alloys, the decrease of hardness 
can be explained by a complete dissolu- 
tion or a coarsening of the precipitations 
in the HAZ. This is substantiated by the 
fact that a precipitation-free zone was 
found adjacent to the fusion boundary in 
AZ 91 and QE 22 and was not found in 
WE 54 - -  Fig. 5. But this does not explain 
why a decrease of hardness did not occur 
in ZC 63, where a precipitation-free zone 
was also detected. 

At the current state of the research, no 
satisfying answer can be given for these 
differing results. Grain refinement cannot 
explain all of the effects. It is believed that 
changes in the submicroscopic structure 
are of importance, which must still be in- 
vestigated by transmission electron mi- 
croscopy (TEM). 

Microhardness in Dissimilar loint~ 

The hardness profiles in the dissimilar 
joints showed gradients in the weld in 
agreement with the measured concentra- 
tion gradients for the alloying elements. 
Naturally, the effect on the hardness in 
the HAZ is the same as for similar joints. 
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Fig. 9 - -  Microstructure in the dissimilar joint of  QE 22 and WE 54 (200X). The grains in fusion zone are finer and more globular shaped at the WE 
54 side (A), whereas the grains at the QE 22 side are coarser and more cellular shaped (B). 

Figure 8 shows the hardness distribution 
across a weld of WE 54 and QE 22. Be- 
sides the differences in solid solution 
hardening resulting from the nonuniform 
alloying element distribution, the hard- 
ness values can also be related to the mi- 
crostructural changes caused thereby. 
Figure 9A and B show the microstructure 
of the fusion zone. At the WE 54 side (Fig. 
9A), the grains are finer and have a more 
globular shape, whereas at the QE 22 
side (Fig. 9B) they are coarser and have a 
typical cellular shape. 

Summary and Conclusions 

Plates having 2.5, 3, 5 and 8 mm 
thicknesses of various cast and wrought 
magnesium alloys were welded with and 
without filler metal using a 2.5-kW CO 2 
laser. Investigations on weld quality and 
microstructure have shown that most 
magnesium alloys (see exceptions 
below) can easily be welded, achieving 
small fusion zones and heat-affected 
zones. This statement is valid for similar 
as well as dissimilar welds. 

The best surface quality in combina- 
tion with the biggest penetration depths 
can be achieved with the use of helium 
as inert gas. Crack-free welds with low 
porosity can be achieved with appropri- 
ate laser parameters. The welding of thin 
plates (2.5 and 3 ram) can be carried out 
with a speed of 2.5-3 m/min at 1.5 kW 
laser power. For welding of thicker plates 
and the use of welding wire, a higher 
power (2-2.5 kW) and a lower speed 
(1-2 m/min) are necessary. Also, the focal 

point of the laser has to be shifted from 
the sample surface to values of approxi- 
mately 2 mm inside the workpiece. 
Welding without filler metal always leads 
to an undercutting of the weld, which is 
increased with the thickness of the plates. 
No change in fusion zone hardness was 
detected in the welds of the wrought al- 
loys, whereas an increased hardness was 
found in the as-cast alloys. There was 
also no change of the hardness in the 
HAZ, except for the age-hardened alloy 
AZ 91, where a decrease occurred. 

However, for three alloys laser weld- 
ing revealed less promising results. The 
high pressure die cast alloys AZ 91 and 
AM 60 showed an extremely high poros- 
ity due to escaping gas, which was en- 
trapped in the material during the die 
casting process. QE 22 in the T6 condi- 
tion showed a crack formation parallel to 
the weld direction. Furthermore, the 
hardness in the weld and in the HAZ 
dropped below the initial level of the 
age-hardened base metal. 

The work can be summarized in the 
statement that laser welding of magne- 
sium alloys is not restricted by any major 
problems according to metallurgy, al- 
though the research is still in its infancy. 
Future information about the static and 
dynamic mechanical properties and the 
corrosion resistance of the welds will be 
necessary for a more comprehensive 
evaluation of the weld quality. Develop- 
ment of laser beam welding techniques 
for magnesium alloys to the level re- 
quired for industrial applications seems 
achievable within the next few years. 
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