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Abstract

Recent years have seen a renewal of interest in magnesium alloys because of the extensive applications in the industry of 3C, aerospace and traffic.
However, applications of magnesium alloys are still restricted by their poor formability. This can be improved by dividing the shape-complicated
work piece into several easily-made parts and then combining into one. There are various kinds of defects in the weld under the interaction of
AZ31B properties and welding conditions. These defects will produce obvious stress concentration and serious material damage. In this study,
a home-made 11 mm-thick AZ31B extrusive plate was used. By operating and comparing the changeable parameters of electron beam welding
(EBW), the condition was optimized as 100 mA, 50kV, 60.6 mm/s and focus position at bottom. Seventy-eight percent and 91% of the base
material strength were obtained by stress and non-stress concentration weldments, respectively. Meanwhile, the harmful influence of SC and grain
coarsening reached at least 13% and 9%, respectively. With other worse parameters, the strength of AZ31B weldments were reduced by undercut,

root concavity, cavities and heat-affected zone (HAZ).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Before the end of the Second World War, mass production
of magnesium alloys were in demand for the fast developed
aerospace and national defense industry. In 1942, the first man-
ufactory to extract pure magnesium from sea water was built
by American. It was a milestone for the application of magne-
sium alloys and the pursuance of lightweight metal. Thereafter,
magnesium alloys were replaced by aluminum alloys and tita-
nium alloys due to their low cost and strength, respectively. The
major applications of magnesium alloys were then switched to
civil purposes, such as vehicle and sporting goods. Currently,
the use of magnesium alloys has been still increased in America
and Europe in order to reduce the use of polymer materials.

Recent years have seen a renewal of interest in magnesium
alloys because of the extensive applications in the industry of 3C,
aerospace and traffic. This situation swells the demand of mag-
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nesium alloys, which are getting to be the important lightweight
materials again. However, applications of magnesium alloys
are restricted by their poor formability. Even though adopted
die casting, their product reliability will be decreased due to
the complicated gating system. Moreover, more expensive dies
and fractional manufacture result in ballooning product price. If
the shape-complicated work piece can be divided into several
easily-made parts and then combined into one, this method will
effectively improve these problems.

In the industry of aerospace and national defense, parts and
assemblies are always joined cautiously. In particular, inter-
face junctions are the major issues since many accidents result
from them. Comparing with general mechanical fixing, welding
usually provides better performance. Magnesium alloys can be
jointed by usual welding methods [1,2], but their high reactivity
requires a flux or vacuum environment for protection. In gen-
eral, gas tungsten arc welding (GTAW or TIG welding) is the
most prevalent among conventional welding methods. Neverthe-
less, the coarser grain, higher O content, and greater macropores
(>0.1 pm [3]) can be induced in the weld [4] and degrade the
mechanical properties of the weldment. Friction welding, a solid
state welding method, can easily join in argon gas to prevent
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Table 1

Chemical compositions of AZ31B alloy is measured by ICP-AES and ICP-MS (wt%)

Element Mg Al Zn Mn Cu Fe P Pb Be
Material

AZ31B 96.2467 2.8150 0.6395 0.2835 0.0094 0.0004 0.0025 0.0013 0.0008 0.0009

oxidation and combustion with 90% joint efficiency [5]. It is,
however, difficult to get a precise measurement. Diffusion weld-
ing requires long heating time for bonding, while the coarsened
grains and the oxidized joint interface decrease the weld strength
[6]. Laser welding has much higher energy density and depth-
to-width ratio [7,8] as compared with aforementioned methods.
It can melt and solidify metal in a very short time to form finer
grain, lower O content, and fewer micropores (<0.1 wm [3])
in the weld [4]. However, the energy limitations of laser weld-
ing restrict the fusion penetration depth in thicker work pieces
[1], though with excellent focusing ability [7,8]. Based on these
reasons, EBW will be the best choice among the welding tech-
nologies of magnesium alloys.

EBW was created in 1950’s and used in nuclear industry.
Because it could be achieved the highest precision in position
and formed the highest depth-to-width ratio of weld, it could
also be applied, undoubtedly, in the industry of aerospace and
national defense [9]. In the early stage of EBW development,
its equipments which required high vacuum level were not used
extensively because of the high cost and low productivity. Subse-
quently, low and non-vacuum systems were developed to greatly
reduce the working time, these equipments were finally accepted
widely [10]. In 2001, Florian Banhart first successfully soldered
15 nm-diametral carbon nanotubes with EBW [11] and created
the new era of welding history. This demonstration would be
good for the research and development of ultra precision inte-
grated circuit in the future.

For reasons mentioned above, EBW of magnesium alloys
are very possible to become the most important technology
for the welding of lightweight alloy. The authors choose this
topic, not only because it is interesting, but also because it
is an important current issue. So far, only few articles have
been published on EBW of magnesium alloys [2,12-14]. The
high cost of EBW equipments and magnesium alloys are the
major causes. Therefore, it is worth examining the subject more
closely.

In this study, the authors adjusted the variable parameters
of EBW including beam current, accelerated voltage, welding
speed, and focus position. Seventy-seven sets of specimens for
home-made 11 mm-thick AZ31B extruded plate have been fab-
ricated, and a comparison study has also been finished.

2. Experimental methods

In this study the research material used was a home-made AZ31B extru-
sive plate, which had a dimension of 105 mm x 60 mm x 12 mm. The outside of
AZ31B-F plate about the welding area was removed 0.5 mm to avoid the influ-
ence of oxide layer. After two plates welded together by a butt joint process,
their dimension became 105 mm x 119 mm x 11 mm. The variable parameters
of EBW were arranged and combined in turn according to five fixed power values
(3000, 3500, 4000, 4500 and 5000 W) under vacuum (3 x 1073 torr) environ-

ment. At two parameters, there were three major repeated values and some minor
unrepeated values in their specific regions — the former were beam current of
100, 125, 150 mA and accelerated voltage of 30, 40, S0kV, while the latter
were beam current of 60—167 mA and accelerating voltage of 20-50kV. The
conditions of welding speed (60.6, 73.3 and 86.0 mm/s) and the focus position
(surface, middle and bottom of the plate) were the same among them. Only one
parameter was changed at a time, so as to understand individual characteristic
of these parameters.

The AZ31B-F weldments were cut into one metallographic and six ten-
sile specimens along the extrusive direction. Their EBW paths which located
at the center of gage length of the standard tensile specimens were perpendic-
ular to longitudinal direction. Three of the specimens were milled finish on
surface and bottom as non-stress concentration (NSC) specimens, while the
other three remained the original weld appearance as stress concentration (SC)
specimens. These specimens whose detailed dimensions according to ASTM
B557-02 standard specification [15] were used for comparing the influence of
stress concentration and measuring the strength of weld.

Since the phenomena of EBW of AZ31B-F were not easy to explain, this
study would provide more evidence for them. The characteristic assessment of
these weldments included chemical composition analysis of the material, tensile
test of weldment, microstructure of weld cross section, X-ray diffraction (XRD)
of crystalline, and distribution of micro-indentation hardness (Vickers, Hv) on
the transverse plane. The parameters would be optimized in accordance with
experimental results and examined later again.

3. Results and discussion
3.1. Chemical composition analysis

The chemical compositions of AZ31B-F plate analyzed using
inductively coupled plasma-atom emission spectrometer and
mass spectrometer (ICP-AES and ICP-MS): all content of chem-
ical elements coincide with ASTM B275-02 standard specifica-
tion (Table 1) [16].

3.2. Tensile test

In this study, the testing is the most convenient way from the
viewpoint of measuring weldment strength so as to understand
the influences of beam current, accelerated voltage, welding
speed and focus position. Figs. 1 and 2 indicates that the ultimate
tensile strength (UTS) of SC samples of AZ31B alloy clearly
increases with increasing beam current and accelerated voltage,
whereas it decreases with increasing welding speed. When the
power is below 4000 W, this will cause incomplete joint penetra-
tion and result in occurrence of SC. But if the power is between
4000 and 5000 W, the strength of samples remained constant
over nearly the entire period studied. While the fixed acceler-
ated voltage or beam current is individually changed to another
condition (30,40kV or 125, 150 mA), they will show the similar
trend. However, there is no any apparent difference among the
UTS of NSC samples. These curves remain horizontal when the
condition changed. For reasons stated above, there should be no
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Fig. 1. Effect of beam current on the UTS of AZ31B weldments.
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Fig. 2. Effect of accelerated voltage on the UTS of AZ31B weldments.

other special phase transformation in the weld when different
energy was input by EBW.

Because of the lower boiling point (1090 °C) and melting
point (650 °C) of pure magnesium and the higher energy den-
sity of EBW, AZ31B alloy in the weld will induce easily better
fluidity during melting. Fig. 3 shows the appearance differences
of weld channel at different focus positions. While the focus
position of the electron beam is close to the surface of the work
piece, the weld will produce worse spatter on the surface and lead

to more apparent incomplete fusion penetration at the root. Since
these areas will incur severe stress concentration, UTS values of
the samples from top to bottom are, respectively, 153.9 MPa
(Fig. 3(a)), 185.4MPa (Fig. 3(b)) and 234.1 MPa (Fig. 3(c))
which exhibit an accurate reflection of the reality.

Judging from the above, the control parameters of the maxi-
mum UTS could be optimized with a beam current of 100 mA,
accelerated voltage of 50kV, welding speed of 60.6 mm/s, and
focus position at bottom. The maximum value (234.1 MPa) of
UTS for all SC samples would achieve 78% of UTS (296.9 MPa)
for base material and the average value of UTS (270.5 MPa)
for all NSC samples would reach 91% of UTS for base mate-
rial. There was evidence showing that the impingement of SC
reached at least 13%, the follow-up experimental results would
have more to explain about the remaining 9% later on.

3.3. Microstructure observation

Fig. 4(a) shows the cross section of the worse weld. The
UTS of the worst weldment only reached 151.3 MPa under the
situation of complete fusion penetration. It is with a beam cur-
rent of 100 mA, accelerated voltage of 45kV, welding speed
of 86.0 mm/s, and focus position at bottom. The undercut, root
concavity and cavities become the fatal factors of weld frac-
ture which will cause excessive SC and reduce the UTS value of
weldments. The cross section and microstructure of the optimum
weld are shown in Fig. 4(b)(c) and some precipitate particles
are observed and concentrated in the fusion zone (FZ). Accord-
ing to the analysis of energy dispersive spectrometer (EDS) in
Fig. 4(d), the chemical compositions of these precipitate parti-
cles with more Al and Zn contents than that of the base material
are moved from the vicinities of these particles — their Al con-
tents are 7.28, 0.55, 2.23 wt%, respectively, and their Zn contents
are 5.78, 1.65, 1.82 wt%, respectively. These fractional scatter-
ing and small size of precipitate particles could only provide
limited strengthen effect in the weld.

3.4. XRD analysis

The preferred orientation and special phase of these sam-
ples could be analyzed by XRD. As shown in Fig. 5, there is
no the formation of other phases on the prewelding or post-
welding samples and there is only few differences between the
optimum and worse weldments. It is found that the high frac-
tion of the (10 10) plane lies on the transverse plane of AZ31B
extrusive plate before operating EBW. However, the preferred
orientation will remain only in the (10 1 1) plane and the (000 2)

Fig. 3. Comparison of weld channel appearance at different focus positions of AZ31B-F plates (fixed condition: 100 mA, 50kV, 60.6 mm/s) 2 mm. (a) Focus at
surface (crest and root), (b) focus at middle (crest and root), (¢) focus at bottom (crest and root).
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Fig. 4. Microstructure observation and EDS analysis for the cross section of worse and optimum weld. (a) Cross section of worse weld. (b) Cross section of optimum
weld. (¢c) SEM photograph at the weld boundary. (d) SEM photograph at the weld boundary.
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Fig. 5. Comparison of XRD spectrum for prewelding and postwelding sample
of AZ31B-F. (a) Prewelding sample, (b) optimum weld sample, (c) worse weld
sample.

orientation will increase with stepwise diffraction intensity after
operating EBW. It follows from what has been said that the vy
phase (Mgj7Aly2) is sole intermetallic compound, and the weld-
ments will not form other phase transformation that affects its
UTS. According to the experimental results of 77 sets of spec-
imens, there was only one kind of fracture mode in practical
tensile test — the crack randomly passed through the middle of
the weld with initial and terminal position located in HAZ or the
root concavity. What the phenomenon made clear at once was
that the distribution of -y phase in the weld could only influence
limitedly the strength of weldment.

3.5. Micro-indentation hardness test

The test positions of micro-indentation hardness test are indi-
cated in Fig. 6(a) and the results are presented in Fig. 6(b). It can
be seen that the curve of the optimum sample is more symmetri-
cal than the worse one. The reason might be that the soften effect
of coarse grain and the existence of cavities in the weld together
caused the larger area of indentation and thus influenced the test
value of the micro-indentation hardness. Therefore, there was a
sudden dip in the random positions of the weld. From this view-
point, the crack initiation and propagation of AZ31B weldments
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hardness distribution of the optimum and worse sample.

would occur in the coarse grain area of HAZ (10 pm) and FZ
(20 pm), or SC position. In other words, the coarse grain area
of FZ and HAZ would be the major cause to reduce 9% of the
UTS for NSC weldmemt at least.

4. Conclusions

In this study the parameters were optimized with a beam
current of 100 mA, accelerated voltage of 50kV, welding speed
of 60.6 mm/s, and focus position at the bottom. The maximum
value (234.1 MPa) of the UTS for the SC weldment of AZ31B-
F and the average value (270.5 MPa) of the UTS for the NSC
weldment of AZ31B-F lead to 78% and 91% of UTS for the
base material, respectively. The harmful influence of SC and
grain coarsening reached at least 13% and 9%, respectively.

The power was suitable between 4000 and 5000 W for weld-
ing 11 mm-thick AZ31B-F plates. Under other worse param-
eters, there were four factors reducing the UTS of EBW on
AZ31B extrusive plates, which were undercut, root concavity,
cavities and grain coarsening.
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