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ABSTRACT. Recently there has been a
renewed interest in magnesium alloys be-
cause of their extensive applications in in-
dustries, such as computing, communica-
tions, consumer electronics, aerospace,
and traffic. However, the plastic deforma-
tion of these alloys is restricted because
HCP magnesium has fewer dislocation
slip systems. This limitation can be cir-
cumvented by dividing shape-complicated
workpieces into several more easily made
parts, which are then combined into one.
Due to the interaction between material
properties and welding conditions, there
are various kinds of defects in the welds of
magnesium alloys, and these defects cause
obvious stress concentrations and serious
material damage. This study used a cus-
tom-made 11-mm-thick AZ61A extruded
plate. By operating and comparing the
variable parameters of electron beam
welding (EBW), the condition was opti-
mized for ultimate tensile strength (UTS)
at 100 mA, 50 kV, 60.6 mm/s, and a focal
position at the bottom of the workpiece.
Under these conditions, ultimate tensile
strengths of 83% and 96%, respectively,
were obtained for the base metal in weld-
ments with and without stress concentra-
tors on their surface. For worse conditions
such as 100 mA, 45 kV, 86.0 mm/s, and a
focal position at the bottom, the UTS of
electron beam weldments for AZ61A-F
plates was reduced by the three factors of
root concavity, heat-affected zone (HAZ),
and cavities.

Introduction

Of the lightweight metals, magnesium
alloys are important structural materials
due to their properties of low density and
high specific strength. Magnesium alloys
are readily available since pure magne-
sium can be extracted from sea water or
reduced from magnesite and dolomite. In
addition, the surface treatment of magne-
sium alloys has been extensively re-
searched and developed using both physi-
cal and chemical methods. Therefore, the
use of different magnesium alloys has
steadily increased, and at this point AZ se-
ries magnesium alloys (Al content is below
11.5 wt-%) are the most commonly used.
In this series, AZ61 plays a very significant
role due to its optimal combination of
strength and ductility, which results from
being heat treatable as Al content is above
6 wt-% (Ref. 1).

The plastic deformation of AZ61 alloys
is restricted because hexagonal close-
packed (HCP) magnesium has fewer dis-
location slip systems. It cannot be exten-
sively formed, and if fabricated into shape-
complicated parts or assemblies, it will fail
relatively easily. Although this problem
can be solved by using die casting, the av-
erage price of each facture will be in-
creased significantly for fractional pro-
duction because of lower product
reliability and more expensive dies. More-

over, die casting is a mass product process
with poor mechanical properties in com-
parison with the extrusion process. In
order to reduce the extent of plastic de-
formation and to raise the mechanical
properties, a shape-complicated work-
piece can be divided into several simple
structural forging parts that are then com-
bined into one. This method will effec-
tively improve problems with forming.

Particularly in the aerospace and na-
tional defense industries, it is important to
select a suitable way to join various parts
and assemblies. Welding and mechanical
fastening are mostly used in these situa-
tions. Compared to mechanical fastening,
welding usually provides better perfor-
mance. However, interface junctions are
still the major issues since many weld fail-
ures result from them. Because high-
energy-density beam welding (HBW) has
much higher precision, greater depth-to-
width ratio of the weld, lower net heat
input, narrower HAZ, and finer mi-
crostructure as compared with conven-
tional welding (such as GTAW) (Ref. 2), it
can be adopted in order to reduce the fail-
ure probability of parts and assemblies.

Generally speaking, HBW is very suit-
able for the welding of magnesium alloys,
although it requires the use of a flux or a
vacuum environment to protect the
molten metal due to the high reactivity of
magnesium alloys. Overall, most studies
of HBW of magnesium alloys have con-
centrated on laser welding (Refs. 3–5).
Though laser welding is a very convenient
process, its maximum depth of complete
join penetration (limited by the tolerance
of optical device for beam power) is
smaller than that of electron beam weld-
ing (EBW), and this consideration gener-
ally makes EBW the most effective tech-
nique for attaching pieces.

Electron beam welding, which achieves
the highest precision in position and forms
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the highest depth-to-width ratio of a weld,
was developed in 1950s and used in the nu-
clear industry (Ref. 6). In the early stages
of EBW development, since its equipment
required high vacuum levels, it was not
used extensively because of the high cost
and low productivity. From research over
the last several decades, low vacuum and
nonvacuum systems were developed to
greatly reduce the working time (Ref. 7).
So far, EBW has been applied to the au-
tomobile, aerospace, and national defense
industries. Maybe it is possible that EBW
of magnesium alloys will become the pri-
mary technology of lightweight alloys.

The melted magnesium alloys have
higher vapor pressure and better fluidity
than the melted aluminum or iron alloys.
This reduces the stability of the weld pool
surface and its process window (Ref. 9).
Furthermore, imperfect parameter condi-
tion with asymmetrical Gaussian distribu-
tion of input energy (Ref. 10) and addi-
tions of unsuitable elements such as

excessive Zn (above 1
wt-%) (Ref. 1) caused
defects in the fusion
zone (FZ) of weld-
ments, which could se-
riously influence the
weld mechanical prop-
erties. Presently, there
have been only a few
studies on EBW of
magnesium alloys
(Refs. 8, 10–12), which
is generally due to the
high cost of EBW
equipment and mag-
nesium alloys for acad-
emic research. There-
fore, it is worth
examining this subject
more closely.

The authors ad-
justed the variable parameters of EBW in-
cluding beam current, acceleration volt-
age, welding speed, and focal position.
Accordingly, 77 sets of  custom-made
specimens of 11-mm-thick AZ61A ex-
truded plate were fabricated and exam-
ined in a comparative study.

Experimental Procedure

In this study, the research material
used was custom-made AZ61A extruded
plate, which had a dimension of 105 × 60
× 12 mm (Ref. 3). The surface, bottom,
and side of the AZ61A-F plate were re-
moved to a thickness of 0.5 mm to avoid
influence of the oxide layer. After being
stored in a vacuum desiccator (10–3 torr)
for three days, the AZ61A-F plates were
welded together with a low-voltage EBW
machine for a final dimension of 105 ×
120 × 11 mm (Ref. 3) — Fig. 1A. The vari-
able parameters of EBW were arranged
and combined in turn according to five

fixed power values (3000, 3500, 4000,
4500, and 5000 W) under high vacuum (3
× 10–5 torr). The two parameters have
three major repeated values (beam current
of 100, 125, 150 mA and accelerating volt-
age of 30, 40, 50 kV) and some minor non-
repeated values in their specific regions
(beam current of 60–167 mA and acceler-
ating voltage of 20–50 kV). The conditions
of welding speed (60.6, 73.3, and 86.0
mm/s) and the focal position (bottom [0
mm] of the plate) remained the same. Only
one parameter was changed at a time in
order to study the individual characteristic
of these parameters. A weldment with max-
imum UTS can be selected from them, and
then compared with focusing at the surface
(+11.0 mm) and middle (+5.5 mm) of the
plate. All parameter combinations are in-
dicated in Table 1. Accordingly, 77 sets of
specimens (i.e., 3 × 25 + 2 = 77) were fab-
ricated and examined for comparison.

The direction of all welds was perpen-
dicular to that of the extrusion. These
weldments were cut into one metallo-
graphic sample (Fig. 1B) and six tensile
specimens (Fig. 1C). Three of the speci-
mens had a milled finish on the top and
bottom surfaces as nonstress concentra-
tion (NSC) specimens, while the other
three retained the original weld feature as
stress concentration (SC) specimens.
These specimens, whose detailed dimen-
sions were according to ASTM B557-02
standard specification (Ref. 13), were
used for comparing the influence of stress
concentration. In particular, the weld
should be perpendicular to the longitudi-
nal direction of the standard tensile spec-
imens and located at the center of gauge
length to achieve precise measurement of
the weld strength. Additionally, after mi-
crostructure inspection, the metallo-
graphic specimen was divided into two
pieces along the central line of the weld

Fig. 1 — Sketch of EB-welded magnesium alloy specimen for different test-
ing purposes.

Fig. 2 — Effects of beam current and welding speed on the UTS of AZ61A
weldments. Curves are linked by parameters A, E, J, O, and U with indi-
vidual welding speed. Base metal UTS is 297.4 MPa.

Fig. 3 — Effects of accelerated voltage and welding speed on the UTS of
AZ61A weldments. Curves are linked by parameters A, F, K, Q, and W with
individual welding speed. Base metal UTS is 297.4 MPa.
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cross section. Thus the phase of the trans-
verse plane of the extruded plate could be
identified by x-ray diffraction (XRD).

Except for the foregoing inspections,
the assessment of postwelding characteri-
zation of the workpiece also included
chemical composition analysis of the ma-
terial and distribution of micro-indenta-
tion hardness (Vickers, HV) on the trans-
verse plane. The optimum parameters for
maximum value of UTS were obtained in
accordance with these experimental 
results.

Results and Discussions

Chemical Composition Analysis

The chemical compositions of 
AZ61A-F plate were analyzed using in-
ductively coupled plasma-atom emission
spectrometer and mass spectrometer
(ICP-AES and ICP-MS). As shown in
Table 2, all chemical element contents co-
incide with the ASTM B275-02 standard
specification (Ref. 14).

Tensile Test

In this study, the tensile test played the
most important role, which used a direct
measurement of UTS of the weldment in
order to understand the influences of
beam current, accelerating voltage, weld-
ing speed, and focal position. As shown in
Figs. 2 and 3, the UTS of SC samples of
AZ61A alloy clearly increases with in-
creasing beam current and accelerating
voltage, whereas it decreases with increas-
ing welding speed. When the power is
below 4000 W, this will cause incomplete
joint penetration and result in occurrence
of SC. But if the power is between 4000
and 5000 W, the strength of the samples
remained constant over nearly the entire
period studied. While the fixed accelerat-
ing voltage or beam current is individually
changed to another condition (30, 40 kV
or 125, 150 mA), they will have the similar
trend. However, whether for changing the
condition or not, the UTS of NSC samples
have no obvious difference and its curves
almost keep horizontal. For reasons stated
above, there was no other special phase
transformation in the weld when different
energy was input by EBW.

Figure 4 shows
the differences of
weld appearance
at different focal
positions. Because
the boiling point
(1090°C) and
melting point
(650°C) of pure
magnesium are
lower than general
engineering mate-
rials, while the en-
ergy density of
EBW is higher than other arc welding, the
AZ61A alloy in the weld will exhibit bet-
ter fluidity during melting. At this time if
the focal position of the electron beam is
close to the top surface of the workpiece,
the weld will produce worse spatter on the
surface and lead to more apparent incom-
plete joint penetration at the root. Since
these areas will incur severe stress con-
centration, UTS values of the samples
from top to bottom approach 175.5 MPa

(Fig. 4A), 242.8 MPa (Fig. 4B), and 247.5
MPa (Fig. 4C) in that order. This indicates
an accurate reflection of actual condi-
tions.

Judging from the above, the control pa-
rameters of the maximum value of UTS
could be optimized with a beam current of
100 mA, accelerating voltage of 50 kV,
welding speed of 60.6 mm/s, and focal po-
sition at bottom. The maximum value
(247.5 MPa) of UTS for all SC samples

Table 1 — List of 77 sets of Parameters for EBW of AZ61A Extruded Plates

Code Acceleration Voltage (kV) Beam Current (mA) Power (W)

A 50.0 100.0
B 40.0 125.0
C 33.3 150.0 5000
D 30.0 167.0
E 50.0 90.0
F 45.0 100.0
G 40.0 113.0 4500
H 36.0 125.0
I 30.0 150.0
J 50.0 80.0
K 40.0 100.0
L 32.0 125.0 4000
M 30.0 133.0
N 26.7 150.0
O 50.0 70.0
P 40.0 88.0
Q 35.0 100.0
R 30.0 117.0 3500
S 28.0 125.0
T 23.3 150.0
U 50.0 60.0
V 40.0 75.0
W 30.0 100.0 3000
X 24.0 125.0
Y 20.0 150.0

NOTE: A weldment with maximum UTS is selected from these coding parameters with 60.6, 73.3, and 86.0 mm/s
with focus at bottom, and then it is compared with focusing at surface and middle of the plate.

Fig. 4 — Comparison of weld appearance at different focal positions of AZ61A-F
plates. Fixed conditions are 100 mA, 50 kV, and 60.6 mm/s. A — Focus at surface;
B — Focus at middle; C — Focus at bottom. (crest and root respectively)

C

A B
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for base material, and the average value of
UTS (286.0 MPa) for all NSC samples
would reach 96% of UTS for the base
metal. There was evidence showing that
the impingement of SC reached at least
13% of UTS for the base metal. The fol-
low-up experimental results discussed
below further explain the remaining 4%.
On the contrary, the UTS of the worst
weldment reached only 168.1 MPa under
the situation of complete joint penetra-
tion. Its parameters include a beam cur-
rent of 100 mA, an accelerating voltage of
45 kV, a welding speed of 86.0 mm/s, and
the focal position at the bottom.

Microstructure Observation

Figures 5 and 6 show the microstruc-
tures of the optimum and the worst weld
cross section, respectively. The mean
grain size of the FZ, HAZ, and base metal
are 10, 20, and 15 μm, respectively. The
small-sized equalaxial grain forms in the
FZ (without columnar grain) due to the
fast cooling of EBW. On the other hand,
the HAZ has the largest grain and it pre-
cipitates some submicron-sized crystals in
an  annealing effect. Many precipitates are
observed and concentrated in the FZ  —
Fig. 5B. Using energy-dispersive spec-

trometer (EDS) analysis, the chemical
compositions of these precipitates (Fig.
5C) with more Al and Zn content than
that of the base metal (Fig. 5E) were
moved from the vicinity of these precipi-
tates  — Fig. 5D. Their Al content levels
were 9.43, 4.80, and 5.81 wt-%, respec-
tively;  and their Zn content levels were
3.01, 1.57, and 2.37 wt-%, respectively. 

The root concavity (Fig. 6A) and cavi-
ties (Fig. 6B) became the critical factors
for weld fracture, which would cause ex-
cessive SC and reduce the UTS value of
weldments. Visual inspections reveal that
the fracture surfaces of all weldment tensile
samples can be divided into two modes: the
irregular FZ fracture (48%) and the regu-
lar HAZ fracture (52%). In the former
mode, cracks running randomly across the
middle of the weld are initiated and termi-
nated in an undercut, HAZ, or root con-
cavity. In the latter mode, a break occurs
along the weld boundary.

In the Mg-Al binary phase diagram, the
maximum solid solubility of aluminum is
11.5 wt-% at 437°C. It decreases to about
2 wt-% at room temperature. After solid-
ification, 6% of Al element can be held in
solid solution from 525° to 300°C in
AZ61A alloy. Mg17Al12 does not precipi-
tate near the grain boundary until the tem-
perature is below 300°C. According to the
authors’ previous study (Ref. 15), the Vick-
ers hardness of the weld is mainly affected
by many brittle precipitates, which vary
from scattered particles to dense dendrites
as the Al content increases. With regard to
the fracture modes of AZ61A alloy, it
mainly depends on the distribution (dense-
ness or scattering) of precipitates in FZ.

XRD Analysis

The preferred orientation and specific
phase of these samples can be analyzed by
XRD. As shown in Fig. 7, there is no for-
mation of other phases in the unwelded or
welded samples, and there is very little dif-
ferences between the optimum and the
worst weldments. It is found that the high
fraction of (1 0 1 1) and (1 0 1 0) planes lie
on the transverse plane of AZ61A ex-
truded plate before EBW. However, after
using EBW, the preferred orientation in
FZ will remain only in the (1 0 1 1) plane,
and the (0 0 0 2) orientation will increase
with stepwise diffraction intensity. It fol-
lows that the γ phase (Mg17Al12) is the sole
intermetallic compound whose peak is be-
side (1 0 1 1), and the weldments will not
form any other phase transformation that
affects its UTS. According to the experi-
mental results of 77 sets of specimens,
there were two different kinds of fracture
modes in the tensile tests. Some parts
broke along the HAZ, while others
cracked randomly across the middle of the

Fig. 5 — Microstructure observation and EDS analysis for the cross section of optimum weld. A — Cross
section; B — SEM photograph at the weld boundary; EDS analysis. C — Particle; D — particle 
vicinity; E — base metal.

Table 2 — Chemical Compositions of AZ61A Alloy as Measured by ICP-AES and ICP-MS (wt-%)

Element/ Mg Al Zn Mn Si Cu Fe P Pb
Material

AZ61A 93.0585 5.8800 0.7985 0.2205 0.0240 0.0007 0.0030 0.0012 0.0062

A B

C D E
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weld with initial and terminal positions lo-
cated in the HAZ or root concavity. This
phenomenon clarified that the distribu-
tion of γ phase and cavities in the weld
would influence the strength of the 
weldment.

Micro-Indentation Hardness Test

The positions for micro-indentation
hardness tests are indicated in Fig. 8A,
with the results presented in Fig. 8B. It can
be seen that the hardness is high in the
center of the upper weld, and decreases
toward the bottom of the sample and away
from the FZ axis because of the spatial dis-
tribution of the brittle γ phases. Moreover,
the curve of the optimum sample is more
symmetrical than the worst one. This may
be because of the softening  effect of an-
nealing in the HAZ and the existence of
cavities in the weld together caused the
larger area of indentation and thus influ-
enced the test value of the micro-indenta-
tion hardness. Therefore, there was a sud-
den dip in the random positions of the
HAZ. From this viewpoint, the crack initi-
ation and propagation in AZ61A weld-
ments would also occur in the HAZ. In
other words, the HAZ would be the main
reason that the UTS reduced at least 4% in
the base metal for NSC weldment.

Conclusions

In this study, the parameters were op-
timized with a beam current of 100 mA,
accelerating voltage of 50 kV, welding
speed of 60.6 mm/s, and focal position at
the bottom. The maximum value (247.5
MPa) of the UTS for the SC weldment of
AZ61A-F and the average value (286.0
MPa) of the UTS for the NSC weldment
of AZ61A-F resulted in 83% and 96% of
UTS for the base metal, respectively. The
harmful influence of SC and HAZ
reached at least 13% and 4%, respectively,

of the UTS for the base metal.
The power was suitable between 4000

and 5000 W for welding 11-mm-thick
AZ61A extruded plates. Under worst con-
ditions, the UTS of EBW on AZ61A ex-
truded plates was reduced by the three
factors of root concavity, HAZ, and 
cavities.
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