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Aluminum element effect for electron beam welding of
similar and dissimilar magnesium–aluminum–zinc alloys
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Defects causing stress concentration from electron beam welding are related to the Al content of the Mg–Al–Zn weldment and its
effect will be most conspicuous for the welding of dissimilar metals. Precipitates which are c phase (Mg17(Al,Zn)12) also influence the
formative mechanism of pores, the heat-affected zone and the fracture mode of the weld. More noteworthy is that the Al content of
6.0 wt.% is a very important delimitation for these mechanisms.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Given environmental protection concerns, magne-
sium alloy has recently becoming one of the most impor-
tant lightweight materials because of its low density, high
specific strength and superior properties for absorbing
vibration and insulating electromagnetic interference.
Traditional welding of magnesium alloys, however, re-
quires high power under flux, a shielding gas or a vacuum
environment due to the high level of chemical activity
and thermal conduction. Not only are the grains coars-
ened (gas tungsten arc-welding has a grain size about
50–70 lm in the fusion zone and a joint efficiency of
70–90% [1]), but many cavities and cracks form in the fu-
sion zone or heat-affected zone (HAZ) [2,3]. The weld
structure will easily recrystallize if strain hardening is per-
formed before conventional welding [4]. Hence, the weld
strength is much lower than that of the base material.

High energy beam welding can eliminate the afore-
mentioned shortcomings with its low input energy,
narrow HAZ, high welding precision and high depth-
to-width ratio [5]. A fine crystal weld structure can be
formed by fast cooling resulting from high thermal con-
duction [6], and its high Al content can produce brittle
precipitates for increased weldment strength [7]. Studies
on precise magnesium alloy welding to date have concen-
trated on laser welding [8–10] because of its convenience.
However, the complete join depth of laser welding is
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limited [11] by optical device tolerance for beam power.
On the other hand, electron beam welding (EBW) with
joint efficiency above 90% [4] is advantageous for a larger
penetration depth. With matched control parameters,
EBW can generate energy with symmetrical Gaussian
distribution to form a sound weld [12,13]. Therefore,
systematic research for parameter optimization of similar
metals welding (SMW) is necessary for improving the
weldment quality [14]. Meanwhile, the estimated joint
efficiency (how close the strength of the optimum weld-
ment is to that of the base material) and process window
(how easy it is to fabricate a high strength weldment
under unknown welding conditions) [15] can be used
as a reference for dissimilar metals welding (DMW).

Providing a flexible design [16] for both technical and
economic considerations is possible with wide DMW
use. DMW can be divided into two categories: (i) differ-
ent major and minor compositions between butting
materials; and (ii) the same major composition but differ-
ent minor composition. Compared with SMW, DMW
possesses a more complex structure, resulting from a
concentration gradient in the chemical composition.
Therefore, this subject deserves more than passing
notice. Four recent articles have reported on the use of
DMW for butting Mg and Al alloys [17–20]. In this
work, DMW for butting AZ-series alloys will be studied
with experiments and analysis.

Home-made AZ31B, AZ61A and AZ91D extruded
plates of dimensions 105 · 60 · 12 mm3 were used. A
0.5-mm-thick layer was removed from the surface to avoid
sevier Ltd. All rights reserved.
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Figure 1. Comparison of cross-sections of welds with SMW: (a)
AZ31B, (b) AZ61A, (c) AZ91D, and DMW: (d) AZ31B–AZ61A, (e)
AZ31B–AZ91D, (f) AZ61A–AZ91D. Plate thickness is 11 mm.

Figure 2. Pictograph of strength and strain of weldment with SMW
and DMW for AZ-series alloys.
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any native oxide effect. These work pieces were cleaned by
acetone, reserved in a vacuum desiccator (1 · 10�3 Torr)
and then welded together by a butting process but without
filler in a work chamber under high vacuum (3 ·
10�5 Torr). The EBW control parameters were optimized
in previous research [21], with a 30 mA beam current, a
120 kV accelerating voltage and a 30 mm s�1 welding
speed, with the focus position at the bottom. The resulting
weldment dimensions were 105 · 119 · 11 mm3.

The weldment’s tensile properties was analyzed pre-
cisely as follows. Welds at the halfway point along the
gage length in standard tensile specimens were perpen-
dicular to the longitudinal direction. These weldments
were then cut into one metallographic (15 · 10 ·
11 mm3) and six tensile specimens (according to the sub-
size specimen in ASTM B557-02 standard inspection
[22]) along the extruded direction. Three tensile speci-
mens were milled on the surface and bottom to be used
as non-stress-concentration specimens, while the other
three were used without milling as specimens to study
the stress-concentration influence.

Microstructure changes were analyzed using a scan-
ning electron microscope, an energy dispersive spectrom-
eter, a transmission electron microscope, an electron
probe X-ray micro-analyzer, and a Vickers hardness test-
ing machine. Finally, the metallographic specimens were
grinded step-by-step to identify the preferred orientation
and phase composition by X-ray diffraction.

The chemical compositions of the AZ31B, AZ61A
and AZ91D magnesium alloys were analyzed using
inductively coupled plasma-atom emission spectrometer
and mass spectrometer. In Table 1, all of the chemical
element contents meet ASTM standard specifications.

Figure 1(a)–(c) indicates metallographic photographs
of weld cross-sections with SMW for AZ31B, AZ61A
and AZ91D, respectively. They were observed to have
an increasing number of pores in the fusion zone with
increasing Al content. This is because the base material
was exposed to 350 �C for more than 6 h in atmosphere
during the extrusion processes and the preheating. Also,
c phase (Mg17Al12) and oxygen molecules were combined
into MgO, Al2O3 or MgAl2O4 because of their high affin-
ity [23–25]. Once these c phase precipitates containing
oxygen were melted by the high energy density of the
electron beam, the oxygen emerged into micropores [21].

Figure 2 shows that the ultimate tensile strength ratio
(weldment/matrix) increases with increasing Al content,
regardless of which base material or stress-concentration
weldment with SMW (78.9%, 82.7% and 83.7%) or
DMW (49.4%, 70.2% and 74.6%) is used. The main rea-
Table 1. Chemical composition for AZ-series alloys (wt.%)

Materials Element

Mg Al Zn Mn Si
(Cu) (Fe) (P) (Pb) (Be)

AZ31B 96.2467 2.8150 0.6395 0.2835 0.0094
(0.0004) (0.0025) (0.0013) (0.0008) (0.0009)

AZ61A 93.0585 5.8800 0.7985 0.2205 0.0240
(0.0007) (0.0030) (0.0012) (0.0062) (–)

AZ91D 90.3148 8.8550 0.5474 0.2600 0.0143
(0.0012) (0.0041) (0.0012) (0.0017) (0.0003)
son is that d phase (solid solution phase) grains contain
more Al atoms by means of solid solution, and then the
remnant Al will precipitate the brittle c phase from the
grain boundary. The homogeneity of the base material
is damaged by these precipitates, which results in the
ductility tending to decrease with increasing aluminum
content. The problem increases when one turns from
SMW to DMW. The DMW shows lower strength and
elongation than the SMW when tested in the as-welded
condition. This is due to root concavity, which is possi-
bly the result of turbulence in the weld pool caused by
regions of differing fluidity. Meanwhile, the melting
alloy with higher Al content (or lower liquidus tempera-
ture) has better fluidity to fill defects with constant
energy and a fast cooling weld pool. As shown in Figure
1(d)–(f), the depth of weld root concavity decreases with
increasing average Al content in the weld.

The strength of non-stress-concentration weldment in-
creases slightly with Al content if the surface stress raiser
is removed by milling, and is much stronger than stress-con-
centration weldment. This implies that the best quality of
weldment with DMW can be obtained as with SMW. Fur-
thermore, the strength ratio for non-stress-concentration
weldment is higher than 100% for an Al content less than
the average 7.5 wt.%, but is only 97.8% for 9.0 wt.% Al.
This results from work hardening by milling and the larger
number of pores in the weld, respectively. On the other
hand, the ductility of non-stress-concentration weldment
can improve with original tendency for that of base mate-
rial. The weld has a cast structure, so its elongation is much
lower than that of extruded material. However, the average
Al content for non-stress-concentration weldments can be
ranked in order of decreasing ductility as follows: 4.5, 6.0,
7.5, 3.0 and 9.0 wt.%. This is further discussed later on.

Figure 3(a)–(c) shows metallographic photographs of
weld crest boundaries with DMW for sides of AZ31B,
AZ61A and AZ91D, respectively. Precipitate growth



igure 5. TEM photographs and electron diffraction pattern in HAZ
or AZ61A: (a) bright field image, (b) electron diffraction pattern with

11� zone axis for c phase and (c) electron diffraction pattern with
001] zone axis for d phase.

Figure 3. Metallographic photographs of weld boundary for (a)
AZ31B, (b) AZ61A, (c) AZ91D, and (d) SEM photograph with EDS
analysis for HAZ enlargement of AZ61A.
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modes are similar to those of SMW. These precipitates
concentrate in the fusion zone, in forms ranging from
scattered particles to dense dendrites as the Al content in-
creases. Compared with the weld boundary with SMW
for the same base material, more particles and fewer den-
drites are distributed on either side of the weld with
DMW. This results from balancing the Al element, as
shown in Figure 4. At low content levels, the Zn element
moves simultaneously with the Al element, thus contri-
buting to the decrease in the Gibbs free energy of preci-
pitates [26]. Therefore, according to recent research [23],
part of the Al can be replaced with Zn for Mg17Al12, indi-
cated by Mg17(Al,Zn)12. Additionally, the high oxygen
content of the precipitate also proves the possibility of
pore formation, as revealed in Figure 3(d).

Figure 3(a)–(c) shows that the width of the HAZ and
the precipitating state of the submicron-sized crystals (c
phase) depend on the Al content. When the Al content
is 3.0 wt.%, the width of the HAZ is about 80–100 lm
and its average grain size (10 lm) is greater than that of
the base material (5 lm). When the Al content is increased
to 6.0 wt.%, the width decreases to about 30–40 lm and
its average grain size (20 lm) is still greater than that in
the base material (15 lm). At this time, submicron-sized
crystals are present and distributed over the inside of
grains (d phase) in the HAZ. When the aluminum content
reaches 9.0 wt.%, the HAZ can be divided into two parts.
One part, HAZ-I, is the partially melted zone beside the
fusion zone [1], just as it was with 6.0 wt.% Al. The other
part, HAZ-II, is 50–60 lm in width beside the base mate-
rial without grain growth (15 lm), which only precipi-
tates submicron-sized crystals around the grain
boundary phase. If a 1.5-lm-diameter precipitate in
HAZ is selected and centered on the pre-cutting area, as
Figure 4. EPMA analysis of weld crest with DMW (AZ31B–AZ91D)
for (a) Mg, (b) Al and (c) Zn.
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shown in Figure 3(d), the specimen can be fabricated
by focusing a Ga ion beam to observe the relationship
between the c and d phases. Figure 5 shows that the pre-
cipitate of the c phase is in a polycrystalline state (average
grain size is about 0.2 lm) whose unit cell (base-centered
cubic structure, a = 10.5600 Å, a = b = c = 90�) is much
larger than that of the d phase (hexagonal close-packed
structure, a = b = 3.2095 Å, c = 5.2104 Å, a = b = 90�,
c = 120�) in terms of its electron diffraction pattern.

When Al and Zn contents reach only 3.0 and 1.0 wt.%,
respectively, the submicron-sized crystals cannot be pre-
cipitated in the grain according to the Mg–Al–Zn ternary
phase diagram [27]. Therefore, the remnant energy in
HAZ can only coarsen grains during EBW. Increasing
the Al content often causes the c phase to precipitate con-
tinuously along the grain boundary under slow cooling
[15]. As the HAZ temperature is raised to between
610 �C (liquidus temperature) and 437 �C (eutectic tem-
perature) again, many Al atoms diffuse quickly from
the liquid-state c phase to the solid-state d phase via solid
solution. Once the alloy is quickly cooled from the eutec-
tic temperature to room temperature, the maximum solid
solubility of Al in the precipitate vicinity decreases imme-
diately from 11.5 to about 2.0 wt.%. Most Al atoms can-
not return to the grain boundary in time, so the c phase
will nucleate and grow directly into the submicron-sized
crystals by partial HAZ energy at their present positions,
as shown in Figure 3(d). Therefore, the width of the nar-
rowed grain coarsening zone of AZ61A alloy is slightly
wider than the coarsening grain diameter. With regard
to AZ91D weldment, its continuous c phase, which ex-
tends further across the HAZ than the AZ61A weldment,
can be melted to reform the wider distribution of sub-
micron-sized precipitates during fast solidifying at
437 �C. The EBW for AZ61A alloy according to the fore-
going viewpoints possesses optimal weldability because
of the narrowest HAZ.

As shown in Figure 6(a) and (e), the ð10�10Þ plane
lying on the transverse plane of the extruded plate is the
preferred orientation before EBW. The weld structure
changes from forging to casting after EBW, and the
original preferred orientation gradually disappears in
Figure 6(c). The HAZ diffraction pattern is a transitional
state between the base material and the fusion zone, as
shown in Figure 6(b) and (d). The c phase is the sole
intermetallic compound, but its peak is not well marked.
Because peak intensity increases with Al content in Mg
alloys, it is only found in Figure 6(d) and (e) after bal-
ancing the Al element of the weld with DMW.



Figure 6. XRD analysis of weld with DMW for AZ31B–AZ91D: (a)
base material for AZ31B, (b) HAZ beside AZ31B, (c) fusion zone, (d)
HAZ beside AZ91D and (e) base material for AZ91D.

Figure 7. Vickers hardness test on weld cross-section with SMW and
DMW (the left alloy with low Al content) for AZ-series alloys.
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Figure 7 shows test positions and results of Vickers
hardness for the cross-section of welds. No matter whether
by SMW or DMW, the Vickers hardness of the fusion
zone, the HAZ and the base material increases with
increasing Al content. The brittle c phases for SMW con-
centrate mainly in the weld crest center, causing the Vick-
ers hardness to drop from the central line of the fusion
zone to the base material and from top to bottom. The
DMW precipitates concentrate mainly on the high Al
content side of the weld crest, causing the Vickers hard-
ness to reduce from right to left and from top to bottom.
The vertical and horizontal test results all match the ana-
lyzed result presented in Figure 4. Moreover, a sudden de-
crease of Vickers hardness occurs in the HAZ as it is
affected by annealing softening. The situation for DMW
is particularly serious, such as (�0.6,5.0), (�0.5,0) and
(�0.5,�5.0), because these positions become the lowest
values along the continuously descending hardness.
Therefore, the weldment fracture mode for DMW belongs
to the regular HAZ fracture, initiating from the weld root
concavity and propagating along these positions. Two
SMW fracture modes occur for AZ-series weldments:
the irregular fusion zone fracture with an aluminum con-
tent below 6.0 wt.%; and the regular heat-affected zone
fracture with an aluminum content above 6.0 wt.%. This
is caused by many precipitates concentrating in the fusion
zone, which range in form from scattered particles to
dense dendrites as the aluminum content increases [15].

To conclude: first, the melted magnesium alloy with
higher Al content has better fluidity to chink surface
defects during electron beam welding, but the c phase
(Mg17(Al,Zn)12) containing oxygen can be dissolved
and form micropores during high energy electron beam
welding. Therefore, Al content, composition distribu-
tion and parameter condition are three major factors
to form defects for Mg–Al–Zn weldment.

Next, the formation mechanism for the heat-affected
zone of Mg–Al–Zn weldment can occur in two modes:
grain coarsening and submicron-sized crystal precipitat-
ing. AZ31B exhibits the former mode, and AZ91D exhib-
its the latter. AZ61A, on the other hand, exhibits the two
modes and forms the narrowest heat-affected zone.

Finally, the distribution of c phase for similar and
dissimilar metal welding can be formed by symmetrical
distribution and gradient distribution, respectively.
The former can change the fracture mode from an irre-
gular fusion zone fracture to a regular heat-affected zone
fracture with increasing Al content; the latter has only
the regular heat-affected zone fracture mode due to
quirky composition and property in the weld.
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