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Introduction

Significant efforts have been made in
automobile weight reduction through the
use of lightweight metals such as Al and
Mg alloys. Magnesium alloys are attrac-
tive materials for auto components due to
their low density, high specific strength,
and excellent recyclability, as well as many
other advantages over other structural
metals/alloys. As stated in Magnesium Vi-
sion 2020 (Ref. 1), a vehicle’s average
magnesium content is expected to in-
crease to as much as 350 lb by the year
2020, replacing heavier components, sub-
stantially reducing its weight and ulti-
mately improving its fuel efficiency. How-
ever, it is impossible to accomplish this
goal with limited knowledge of processing
magnesium alloys. A crucial issue in this
regard is an industrial joining means of Mg
components, such as resistance spot weld-
ing (RSW) for joining sheet materials. Re-
sistance spot welding has many advan-
tages over other joining means, and a
significant amount of knowledge has been
accumulated by the industry and academia
on welding conventional sheet materials.
However, such knowledge on resistance
welding materials such as steels and even
Al alloys cannot be directly applied to
welding Mg. 

The difficulties in welding Mg alloys
arise from their intrinsic physical proper-

ties. Extensive research work has been
carried out and a number of important ob-
servations have been made in fusion weld-
ing such as electric arc welding of Mg al-
loys. Some of them may be helpful for
understanding the behavior of Mg alloys
during resistance welding, and they are
summarized in the following (Refs. 2, 3): 

1. Coarse grains in the fusion zone. Be-
cause of their high thermal conductivity, a
high heat input rate is necessary in weld-
ing Mg alloys. This and the fairly low melt-
ing temperatures of the alloys (and, there-
fore, their low recrystallization
temperatures) promote grain growth, ac-
companied by large segregation of alloy-
ing elements. These severely affect the
strength of a welded joint;

2. Large thermal stresses and distor-
tion. Because of their large coefficient of
thermal expansion (CTE), welding Mg al-
loys produces significant deformation, dis-
tortion, and thermal stress in the weld-
ment during the heating-cooling cycle;

3. Cracking. Magnesium may form a
number of eutectics with other alloying el-
ements. Such eutectics have much lower
melting temperatures than Mg. For in-
stance, the melting point of Mg-Cu eutec-
tics is 480°C, that of Mg-Al is 437°C, and
Mg-Ni is 508°C. Therefore, there is a wide

temperature range in which the melting of
eutectics weakens the material and makes
it prone to cracking, with the aid of ther-
mal stresses; 

4. Void formation. As the solubility of
hydrogen in Mg drops drastically during
cooling, the dissolved hydrogen in the liq-
uid metal forms gas bubbles during solidi-
fication. The amount of gas bubbles can be
significant when there is a supply of 
hydrogen.

There is limited information available
on resistance spot welding Mg alloys in the
public domain. In a study on welding
AZ31B alloys (Refs. 4, 5) it was found that
the center of a weld nugget consists of fine
equiaxed grains, decorated with β-
Mg17Al12 precipitated from α-Mg. Crack-
ing was speculated to initiate in the welds
during solidification, and electrode deteri-
oration and expulsion were found to be
the most common defects in welding Mg
alloys. In another work on welding
AZ91D and AM50, low melting phases at
the grain boundaries in the base metal,
possibly formed by segregation, melted
during heating (below the melting tem-
perature of the alloy), and solidified dur-
ing cooling (Ref. 6). It was found that the
low melting eutectics play an important
role in the behavior of Mg and Al alloys.
For instance, wetting of grain boundaries
by low melting eutectics was considered
responsible for the superplastic deforma-
tion of these alloys (Ref. 7). 

The present investigation was intended
to study the characteristics of resistance
welding Mg alloys, with a focus on under-
standing the mechanisms of cracking and
expulsion, the most crucial issues influ-
encing the integrity of a weldment. Such
an understanding is beneficial in develop-
ing welding practice guidelines for large-
scale applications of Mg alloys in sheet
metal manufacturing.

Experiment

Materials

Two types of commercially available
Mg alloys were selected for this study: 
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a. AZ31B sheets: 2.0 and 2.6 mm in
thickness, hot-rolled;

b. AZ91D sheets: 2.0 and 2.4 mm in
thickness, machined from continuous
casting rods.

The chemical compositions of these
materials are listed in Table 1. Because
they were machined from casting directly,
the AZ91D sheets showed a large varia-
tion in both structure and properties. In
most of the experiments the sheets were
cleaned using 60-grit sandpapers, de-
greased, washed, and then dried before
welding. They were welded within three
hours after cleaning.

Welding Parameters

The welding parameters used for weld-
ing Mg are governed by the physical char-
acteristics of Mg alloys. Large electrode
force, high electric current, and short
welding time are generally needed. 

In the experiments, welding schedules
were determined for specific material
stack-ups. Although large welds are pre-
ferred for strength, the high electric current
and/or long welding time needed to pro-
duce such welds can significantly reduce
electrode life. Therefore, a welding sched-
ule that could produce welds of diameter

between 3.5 and 5 times √t (mm) was con-
sidered acceptable, to avoid excessive elec-
trode deterioration. In welding 2.0-mm
AZ31B sheets, the electric current value
was adjusted in a range of 18.5 to 32.0 kA
when electrode force was altered between
3 and 9 kN, depending on the surface con-
dition, in order to produce reasonable
welds. Welding 2.0-mm AZ91D sheets re-
quired a narrower range of electric current
between 20 and 24.5 kA when electrode
force was in the same range. Electric cur-
rent values needed to be adjusted slightly
when welding 2.6-mm AZ31B and 2.4-mm
AZ91D sheets from welding 2.0-mm sheets
of these materials. A welding time of six cy-
cles, or 120 ms, was found adequate for
both materials of all thicknesses in the
study. Particular welding parameters are
listed with the results when needed.

Dome-shaped, Cu-Cr-Zr electrodes (Cr

0.25~0.65 wt-%，Zr 0.08~0.20 wt-%) 20
mm in diameter and with face radii of 100
and 200 mm for thin and thick sheets, re-
spectively, were used as the upper (positive)
electrodes for welding. Flat-faced elec-
trodes were used as the lower (negative)
electrodes. A 300-kVA, three-phase DC
pedestal resistance welding machine was
chosen for the experiments. 

Metallographic Examination

Some of the welds were sectioned and
ground/polished. AZ91D sheets with a
casting structure were etched using nital,
and AZ31B was etched using picric acid.
The weldments were then examined under
an optical microscope for size and struc-
ture of the nugget, heat-affected zone
(HAZ), and base metal. 

A B

Fig. 1 — Microstructures of the following: A — 2-mm AZ91D; B — 2-mm AZ31B sheets.

Fig. 2 — CTE of various metals. Fig. 3 — Thermal conductivity of various metals.

Table 1 — Chemical Composition (wt-%) of Commercial AZ31B and AZ91D Magnesium Alloys

Alloy Al Zn Mn Si Cu Ni Fe Mg

AZ31B 2.5–3.5 0.6–1.4 0.2–1.0 <0.1 <0.05 <0.005 <0.004 Bal.
AZ91D 8.5–9.5 0.45–0.90 0.17–0.40 0.05 0.025 0.001 0.004 Bal.
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Experimental Procedure

The metallographic specimens of the
raw materials were examined first. A typi-
cal microstructure of AZ91D is shown in
Fig. 1A. A large amount of β phase
(Mg17Al12), in addition to some small
voids possibly formed during casting, ex-
ists at the grain boundaries. Testing
showed that structures and properties var-
ied drastically across different phases. For
instance, the microhardness value meas-
ured near the voids was below 30 HV,
while that on the β phase was more than
100 HV. Such a large variation existed
even after the material was heat treated
for a long period of time for tempering
and homogenization. Finer grain bound-
aries containing β phase, and some inclu-
sions in the matrix are observed in AZ31B,
possibly due to the smaller amount of al-
loying elements and different fabrication
process — Fig. 1B. 

Preliminary experiments were con-
ducted and AZ31B and AZ91D behaved
quite differently in welding. Therefore, dif-
ferent emphases were placed on these two
materials in this study. Expulsion in welding
AZ31B, at both surface and interface, was

discussed first. Cracking in the HAZ was
also extensively studied for this alloy. The
effect of electrode force was explored on
controlling expulsion and cracking. On
AZ91D, however, the focus was placed on
understanding the mechanism of interfacial
expulsion and its difference from other the-
ories of expulsion. Welds were also made
with a constraint from two large washers
clamped on the top and bottom sheet sur-
faces, similar to a mechanism of constrain-
ing used to reduce cracking in Al welding
(Ref. 15), to understand the influence of the
compressive zone at the faying interface.

Results and Discussion

In general, resistance welding Mg al-
loys is similar to welding Al alloys, while
significantly different from welding steels
because of the differences in RSW-related
physical properties. The important prop-
erties of pure Fe, Al, Mg, and Cu were col-
lected and compared in Figs. 2–4 (Refs.
8–11). Although the alloys of these metals
may behave significantly different from
those of their pure forms, these figures
provide a baseline to understanding their
behavior in welding. As shown in Fig. 2,

Fig. 4 — Electrical resistivity of various metals.

Fig. 7 — AZ31B welds with the following: A — A single crack; B — multiple
cracks. 2.6-mm sheets, electrode force = 9 kN, welding time = 120 ms, and
welding current = 35.4 and 41.4 respectively, for welds in A and B.

Fig. 5 — Cross-section of a weld on 2.0-mm AZ31B sheets. Electrode force
= 6 kN, current = 26 kA, and time = 120 ms.

Fig. 6 — An AZ31B weld on 2.6-mm sheets with liquation cracks. Electrode
force = 9 kN, current = 33.8 kA, and time = 120 ms.

A

B

WELDING JOURNAL

Fig. 8 — Microstructure of liquation cracking in AZ31B welds with the following: A — A narrow crack;
B — wide cracks corresponding to the ones in Fig. 7.

A B
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the large coefficient of thermal expansion
(CTE) of Mg indicates that large distor-
tion can be expected during welding, and
a large electrode force is needed to sup-
press shrinkage void formation and expul-
sion. In addition, because of their low elec-
trical resistivity and high thermal

conductivity (Figs. 3, 4), Mg alloys have to
be welded with a high heat input rate, i.e.,
high electric current and short welding
time. Because of their low bulk electrical
resistivity, the surface condition and,
therefore, the contact resistance plays an
important role in welding Mg alloys.

Figure 5 shows a weld made on 2-mm
AZ31B sheets under extremely carefully
controlled conditions (i.e., new electrodes,
constrained sheets, etc.). Still visible are
some small voids at the center of the weld.
As a matter of fact, a significant proportion
of Mg welds in this investigation contained
one or more types of discontinuities: voids,
cracks, and expulsion (at either the faying
interface or surface). Similar phenomena
have been observed in welding Al (Refs.
12–15), but there are certain features
unique to Mg welding. In addition, welding
AZ31B appeared to be quite different from
welding AZ91D. For instance, the faying in-
terface expulsion was prevailing in both ma-
terials, but clearly they were governed by
different mechanisms. Therefore, the re-
sults of these two alloys are presented sep-
arately in the following.

AZ31B – Cracking

Liquation cracking was frequently ob-
served during welding of AZ31B sheets.
Such cracks, in the form of fine whiskers,
may not affect the static strength of a weld-
ment, yet their possible influence on dy-
namic strength such as fatigue strength is
not documented. Even if a weld’s strength
is not directly affected, its integrity may be
compromised as such cracking is always as-
sociated with other undesirable features
such as the creation of weakened partial
melting zones, internal voids and cracks,

Fig. 9 — Surface expulsion on 2.6-mm AZ31B sheets of original surfaces, and structural details near the surfaces. 

Fig. 10 — A weld on 2.6-mm AZ31B sheets with traces of expulsion at the faying interface. Electrode
force = 6.6 kN, electric current = 31.8 kA, and time = 120 ms.

Fig. 11 — Effects of electrode force and welding
current on weld size and expulsion (2.6-mm
AZ31B sheets, welding current = 120 ms).

Fig. 12— Welds made using different electrode forces on 2.0-mm AZ31B sheets: A — 3 kN (welding current
= 18.7 kA); B — 6 kN (welding current = 25.9 kA); C — 9 kN (welding current = 31.7 kA). Welding time
= 120 ms.

A B C
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and expulsion. For instance, liquation
cracks and internal cracks/voids coexisted in
the weld shown in Fig. 6. Therefore, liqua-
tion cracking should be avoided if possible. 

Figure 6 shows a typical AZ31B weld
with whisker cracks. Originated in the
HAZ close to the weld interface, they are
located at the upper-right corner of the
weld nugget, possibly due to misaligned
electrodes. Such cracks are very similar to
those observed in welding AA6111 sheets
(Ref. 18). In the experiments it was found
that, depending on the weld nugget size
and electrode force level, an AZ31B weld
may not have cracks at all (when the
nugget is small), very few cracks (often
small and narrow, as in Fig. 7A), or large
amount of cracks (when the nugget is
large, Fig. 7B). Liquation cracking always
starts in the HAZ near the nugget, and it
is intergranular in nature — Fig. 8A, B.

Through a large number of experi-
ments in this investigation, the following
general characteristics of liquation crack-
ing were observed when welding 2.0- and
2.6-mm AZ31B sheets:

1. Liquation cracking was almost un-
avoidable when the nugget size reached a
certain value. For instance, in welding 2-
mm sheets, virtually no cracks were ob-
served in welds with a diameter smaller
than 5.0 mm, cracking started when a weld
was larger than 5.0 mm, and almost all
welds had cracks when they were beyond
6.0 mm;

2. The severity of liquation cracking
was a strong function of heat input. When
welding using moderate levels of electric
current few cracks appeared, and they
were small and narrow. High electric cur-
rent and long welding time resulted in
many wide cracks;

3. The location of liquation cracking
was affected by the constraining condition
of the welding setup and electrodes. In
general, cracks prefer locations where
there is little constraint, as analyzed in
Ref. 18;

4. Liquation cracking and expulsion
were closely related, and cracking ap-
peared to be enhanced by expulsion.

AZ31B – Surface Expulsion

Most of the Mg welds made in this
study contain one or more types of dis-
continuities. In fact, liquation cracking
and surface expulsion were almost impos-
sible to avoid in the present investigation
once the welds reached a certain size when
welding AZ31B. 

Surface expulsion, when it occurred, was
always on the surface of the upper sheet in
contact with the positive electrode. There
was also a tendency of weld nuggets grow-
ing into the upper sheet more than into the
lower one, possibly because of the electrical
polarity. In general, surface expulsion is

strongly affected by the smoothness, hard-
ness, and cleanliness of the surfaces of the
sheets and electrodes, as they dictate the
contact resistance and, therefore, heat gen-
eration at the interfaces. A well-known fact
is that the actual contact between two
smooth, slightly pressed metal surfaces is
only a small fraction of the apparent contact
area. The contact is established in the form
of a number of clusters of microcontacts,
with the locations of the clusters being de-
termined by the large-scale waviness of the
surface and the microcontacts by the small-
scale surface roughness (Ref. 16). When an
electric current is applied, the sheet surface
becomes softened due to heating, and its ac-
tual contact area increases. The contact is
also a strong function of the plasticity of the
sheet material. Because Mg alloys have a
low plasticity compared to Al alloys or
steels, Mg sheets generally have smaller ac-
tual contact areas than Al alloys, and the
electric contact is further reduced by con-
taminants such as oxides on the surfaces
even after cleaning. Therefore, most of the
electric current passes through a small num-
ber of microscopic clusters initially in con-
tact, resulting in a large amount of heat gen-
erated near the surface, localized near the
contact points. Surface expulsion occurs

when the pressure in the molten metal at
the surface is sufficiently high, resulting
from thermal expansion and electrode con-
finement. Examples of surface expulsion
are shown in Fig. 9A–D when welding using
sheets of original surfaces, i.e., without
cleaning. From Fig. 9A and B it can be seen
that the weld nuggets are displaced from the
faying interface, shifting to the upper sur-
face. Welds in Fig. 9C and D have an asym-
metric shape because of uneven heating. In
all of the weldments surface expulsion oc-
curred, and the locations of surface melting
correspond to the sites of electrode deteri-
oration from alloying and material deple-
tion. In this investigation, the rate of elec-
trode deterioration was very high: the upper
electrode had to be replaced or dressed
after fewer than 10 welds when welding
AZ31B. The surface expulsion exacerbates
the alloying reaction at the electrode-sheet
interface, similar to that observed in weld-
ing Al alloys (Ref. 17). 

Cracking was also observed in parts of
the weldments near the surface, as in Fig.
9B, D. Those in Fig. 9B are intergranular
and located between the partial melting
zone and the base metal where the structure
was weakened by molten Al-Mg and possi-
bly other low melting eutectics, concen-

Fig. 13 — A weld with expulsion made on 2.0-mm AZ91D sheets. Electrode force = 4.2 kN, welding
current = 20.8 kA, and welding time = 110 ms.

Fig. 14 — A — An AZ31B weld; B — an AZ91D weld, both show different amounts of plastic defor-
mation at the faying interface near the nugget.

A B
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trated at grain boundaries. Thermal stresses
due to shrinkage when welding current is
shut off, aided by a deficit in volume in the
molten nugget because of expulsion, can
generate stresses sufficiently high to tear off
the weakened structure and create cracks
(Refs. 12, 13, 18). The whisker cracks in Fig.
9D were created in this manner, with a ther-
mal stress in different directions from those
in Fig. 9B. For all the cases in Fig. 9, expul-
sion was evidenced by the visible voids in the
nuggets and traces of metal remnants at ei-
ther the electrode-sheet interfaces and/or
faying interfaces. 

AZ31B – Faying Interface Expulsion

Expulsion at the faying interface was
also frequently observed in welding AZ31B.
As seen in Fig. 10, expulsion occurred on
both sides of the weld at the faying inter-
faces. A significant amount of voids are also
visible in the weld nugget, resulting from the
volume deficit created by the expulsion.

Expulsion on the surface and at the fay-

ing interface in welding AZ31B appeared
to be independent from each other, except
in large-sized welds where they occurred
simultaneously because of excessive heat-
ing. Same as in welding other types of ma-
terials, the mechanisms of these two types
of expulsion are different. Surface expul-
sion is mainly caused by localized surface
heating, as a result of nonuniformly dis-
tributed contact resistance between an
electrode and a sheet; and interfacial ex-
pulsion is a strong function of nugget liq-
uid pressure which is strongly related to
the nugget size. Interfacial expulsion is
controlled by the balance between the
electrode force and that from a liquid
nugget (Ref. 18). Figure 11 summarizes
the experimental measurements illustrat-
ing the effects of electrode force and weld-
ing current on nugget growth and expul-
sion in AZ31B. 

The figure shows the limits of expulsion
and electric currents for creating 8-mm
welds in welding 2.6-mm AZ31B sheets.
The welding time was fixed at six 20-ms cy-

cles, or 0.12 s. In the experiment the electric
current was gradually raised to determine
the 8-mm nugget and expulsion limits, for
an electrode force varied in a range of 3 to
9 kN. It can be seen that the limits depend
strongly on electrode force, similar to what
was observed in Al welding (Refs. 12, 13).
The welding current needed to make the
same-sized welds increases with electrode
force, because a large electrode force gen-
erally results in a low electric resistance and,
therefore, a high heat input (or electric cur-
rent) is needed. The difference between the
electric currents needed to make 8-mm
welds, with electrode forces of 3 and 9 kN,
respectively, is about 10 kA. The expulsion
limit in the figure has a similar dependence
on electrode force as does that of the weld
size, with higher electric current values. The
difference between these two limits is an in-
dication of operation window size in prac-
tice. A large difference between the two lim-
its corresponds to a large range of welding
current in which a sizeable weld can be
achieved without the risk of expulsion. In
Fig. 11 the difference ranges from 3 kA
(with an electrode force of 3 kN) to 6 kA
(with an electrode force of 9 kN). There-
fore, a large electrode force is preferred as
it produces a wide operation window, in ad-
dition to suppressing liquation cracking and
void formation (Refs. 14, 15, 18). 

Increasing electrode force has been con-
sidered an effective way to suppress crack-
ing and expulsion (Refs. 12–15). Therefore,
in this work welds were created using three
levels of electrode force — 3, 6, and 9 kN —
with appropriate values of welding current
and time for making reasonable-sized
welds. The weldments were sectioned in
order to examine the microstructures, as
shown in Fig. 12. Significant amount of
large voids are visible in the weld made
using a low electrode force of 3 kN — Fig.
12A. Increasing electrode force to 6 kN
(Fig. 12B) and then to 9 kN (Fig. 12C) ef-
fectively suppressed the void formation. As
the electrode force increases, larger electric
current is also needed to compensate the
loss in electrical resistance. The nuggets be-
come shorter and wider as a result. 
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Fig. 15 — Views of the following sectioning: A— Per-
pendicular to; B — parallel to the sheet surfaces of
a small AZ91D weld. Electrode force = 9 kN, weld-
ing current = 23.2 kA, and welding time = 110 ms.

AZ31 AZ91

A B

Fig. 16 — Microstructures of AZ31 and AZ91 magnesium alloys (Ref. 19).

Fig. 17 — Microstructure of the heat-affected zone
near the fusion zone of an AZ91D arc weld (Ref. 20).

Fig. 18 — Microstructure of the heat-affected zone of an AZ91D weld.
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AZ91D — Interfacial Expulsion

Similar to AZ31B and Al alloys,
AZ91D is prone to interfacial expulsion.
Figure 13 shows a weld on 2-mm AZ91D
sheets, with a large void and some cracks
in the nugget. Traces of expulsion are visi-
ble on both sides of the nugget at the fay-
ing interfaces. This is a typical case in
welding casting AZ91D sheets in the pres-
ent study, and it was found that expulsion
in AZ91D is unique in several aspects
compared with AZ31B or Al welding,
which may lead to a different explanation
on the causes of expulsion in this material.

Expulsion Characteristics

It is common to observe significant
plastic deformation at the faying interface
in the HAZ near the nugget in resistance
spot welds of Al and other materials. One
such an example is an AZ31B weld shown
in Fig. 14A, in which the sheets are bound
together at the faying interface next to the
nugget. The workpieces near the weld
nugget in the HAZ were heated to an ele-
vated temperature below the melting
point, and plastic deformation could eas-
ily occur when they were squeezed by the
electrodes. Such a plastic deformation at
elevated temperature promotes solid
bonding, and a solid bonding ring formed
through this process may effectively seal
the liquid nugget from expulsion. How-
ever, an examination of the weld struc-
tures revealed that little plastic deforma-

tion of the sheets occurred at the inter-
faces in welding AZ91D. The weld in Fig.
14B exhibits no plastic deformation and
the original surfaces are virtually intact at
the faying interface. 

Another unique feature of AZ91D
welds with expulsion is the existence of a
dense network of grain boundaries in the
HAZ surrounding the nugget, which possi-
bly melts and then solidifies during welding.
Figure 15 shows different views of a fairly
small weld nugget surrounded by a massive
network of dark grain boundaries in the
HAZ, and some of them are cracks either
open or filled with (solidified) liquid metal
— Fig. 15A. Although low-melting eutectics
can be found at the grain boundaries in
many material systems, those in AZ91 are
different from most others in their amount
or volume fraction and the morphology. A
comparison between AZ91 and AZ31 by
Salman et al. (Ref. 19) in their study on the
corrosion properties of these two Mg alloys
shows that the microstructure of AZ91 has
a nearly continuous network of Mg17Al12 at
its grain boundaries, while AZ31 contains
merely discrete particles of the phase (Fig.
16), similar to what was observed in Fig. 1.
A continuous network of the eutectics may
form along the grain boundaries only when
the volume fraction is sufficiently large. The
Mg17Al12 at the grain boundaries of these
two alloys has a melting temperature of
437°C, more than 100°C lower than that of
the alloys and, therefore, may melt during
welding in the HAZ. Melting of such eutec-
tics at grain boundaries was also observed in

a study on electric arc welding of AZ91D
(Ref. 20). A close look of the microstructure
near the weld interface of an arc weld, in
Fig. 17, confirms grain boundary melting, as
well as cracking at the grain boundaries re-
sulted from melting of the β-phase
(Mg17Al12).

Grain boundary melting was observed
in all AZ91D welds with expulsion in the
current study. One example is shown in
Fig. 18 in which the HAZ has a high pro-
portion of molten grain boundaries in the
region next to the weld interface. As the
result of melting and solidification, the
grain boundaries in the HAZ are filled
with fine equiaxed grains resulting from
rapid cooling, similar to the observations
of Munitz et al. (Ref. 6). 

A continuous network of Mg17Al12 at
grain boundaries in AZ91, when it melts, al-
lows for the ejection of liquid metal from
the nugget through the HAZ. Both the
cross section of a small weld (Fig. 15A) and
a section along the faying interface of a weld
(Fig. 15B), made using the same welding pa-
rameters, show the existence of such a liq-
uid network during welding. Expulsion may
occur through the liquid network if the pres-
sure in the nugget is high enough, and the
network has a sufficient number of inter-
sections at the faying interface as outlets.
There are many junctions of the Mg17Al12
network with the faying interface near the
nugget, and the number decreases along the
interface away from the nugget, as seen in
Figs. 13 and 15. When there is such a liquid
network, expulsion may occur even when
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Fig. 20 — Liquid pressure in a weld nugget as a function of temperature beyond melting.

Fig. 21 — A schematic of a quarter of an AZ91D weldment.
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the nugget is sealed at the faying interface
by electrode squeezing, as the liquid metal
could flow from the nugget through the web
of molten grain boundaries, and reach the
faying interfaces by circumventing the seal.
An examination of the weld cross sections
proves that this is what actually happened.
Traces of ejected metals are observed in all
directions around a weld shown in Fig. 19A,
and the debris of the ejected metal are
clearly visible in the lower half of the figure
covering the annular pressure ring, which is
an evidence of expulsion through the faying
interface. The upper half of the weld, how-
ever, appears to be sealed by electrode
squeezing and the annular pressure ring is
clear of residual metals. A large amount of
ejected metal is found outside the ring, pos-
sibly resulting from an expulsion through
the web of molten grain boundaries, by-
passing the portion of the faying interface
sealed by the compressive ring. The large
voids, distributed in the radial directions in
the nugget shown in Fig. 19B could be the
result of such an expulsion.

Effect of Electrode Force

An effective way to deter expulsion is
raising the electrode force level, as has
been recognized by many practitioners
and explained in the force balance model
of expulsion (Ref. 18). However, it was
found that increasing electrode force was
not effective in controlling expulsion in
welding AZ91D, as it occurred as soon as
the nugget grew to a certain size when the
electrode force was set below 9 kN. When
it was raised to 9 kN the severity of expul-

sion was only moder-
ately reduced.

The force balance
model as described in
Ref. 18 works well in
predicting expulsion
by comparing the elec-
trode force with that
from the liquid nugget.
According to the
model, the expulsion is
contained if the elec-
trode force is higher
than that from the
nugget. While the
electrode force can be

measured directly, the force from a liquid
nugget can only be approximated based on
the pressure in the nugget. Depending on
the chemistry different metals have differ-
ent liquid pressures and, therefore, weld-
ing these metals requires different elec-
trode forces. The liquid pressure in a weld
nugget can be estimated based on the vol-
ume change due to melting and liquid ex-
pansion, and those for Al, Mg, and Fe are
plotted in Fig. 20. If the force balance
model is applicable to welding Mg, the
electrode force needed would be lower
than for welding Al, as the liquid pressure
is at least 20 MPa lower than in a compa-
rable Al weld with the same amount of
overheating. However, when welding
AZ91D, expulsion was basically unavoid-
able when the electrode force was lower
than 9 kN, even when the electrode force
would be sufficient to suppress expulsion
in similar-sized Al welds. For instance, the
weld shown in Fig. 15B has a diameter of
approximately 5 mm. If a 200°C overheat-
ing (beyond the melting point) is assumed
for this weld, the liquid pressure in the
nugget will be about 75 MPa estimated
from Fig. 20. The force from the liquid
nugget, which is the same as the electrode
force needed to contain the faying inter-
face expulsion according to the force bal-
ance model, for this weld is 6 kN. How-
ever, the electrode force used for making
this weld was 9 kN, yet expulsion still oc-
curred. Therefore, there must be mecha-
nisms of expulsion that are not accounted
for in the force balance model.

An implicit condition for applying the
force balance model is the existence of a

seal formed around the nugget at the fay-
ing interface in the HAZ. Making such a
sealing requires both a reasonable plastic-
ity of the sheets at the interface and a suf-
ficiently high electrode force. Without a
noticeable plastic deformation at the
sheet surfaces in welding AZ91D, as dis-
cussed in the previous sections, it is diffi-
cult to create an effective seal even when
the electrode force is high. The electrode
force alone can only close a fraction of the
apparent contact area and leave the rest
open for the liquid metal to penetrate
through and, therefore, the effect of elec-
trode force is limited in controlling expul-
sion in welding this alloy. 

A New Expulsion Mechanism

The fact that expulsion was almost in-
evitable in welding AZ91D even under
large electrode force in the course of this
investigation indicates that existing expul-
sion mechanisms are not effective in ex-
plaining the expulsion process in welding
materials such as AZ91D.

As discussed in the previous sections, the
force balance model of expulsion did not
work well for welding AZ91D because of
the existence of a liquid network made of
molten eutectics at the grain boundaries,
and a lack of an effective sealing ring cre-
ated by plastic deformation under electrode
squeezing. The influence of such a network
on the expulsion process in this alloy can be
understood by approximating the evolution
of various zones in a weldment during weld-
ing. For this purpose, one quarter of an
AZ91D weldment was constructed (Fig. 21)
using actual corresponding sections from
several welds. A liquid network of molten
eutectics at grain boundaries around the
nugget forms as soon as melting starts, as
the temperature in the HAZ next to the
nugget is just below the melting tempera-
ture for the alloy, but above that of the eu-
tectics. The size of this liquid network,
measured from the center of the weld is rmelt
(Fig. 21), and it grows along with the nugget
(measured by rnugget). The compressive zone
generated by the applied electrode force at
the faying interface surrounding the liquid
nugget can be considered a circular shape
with radius rforce for simplicity. It is the re-
gion in which the compressive stresses are
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Fig. 22 — Welds on 2-mm AZ91D sheets made using different electrode forces: A —
3 kN; B — 5.4 kN; C — 9 kN. Electric current = 23 kA and welding time = 120 ms.

Fig. 23 — An AZ91D weld made with constraints. 2.0-mm sheets, electrode
force = 7.8 kN, current = 25 kA, and time = 120 ms.
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sufficiently high to seal either the liquid
nugget or the intersections of the liquid eu-
tectics network with the faying interface, if
they fall within the range of this zone.
Therefore, if an electrode force is too small
to provide effective sealing, the compres-
sive zone may not exist and rforce = 0, even
when there are compressive stresses at the
faying interface. As rmelt ≥ rnugget is always
true, expulsion through the liquid network
will occur before that directly through the
faying interface and, therefore, expulsion
happens when the liquid network outgrows
the compressive zone, or rmelt > rforce. 

Therefore, expulsion in AZ91D de-
pends on both the electrode force level
and the welding stage that determines the
value of rmelt. Consider a growing weld
nugget under a moderate electrode force.
At the beginning, the partial melting zone
is narrow, and it is enclosed by the com-
pressive zone (rmelt < rforce). Expulsion is
contained because the liquid cannot pen-
etrate through the faying interface di-
rectly, nor through the molten liquid net-
work. As welding proceeds both the
nugget and liquid network grow in size,
and the liquid pressure and the resultant
force from the nugget rise as well. Expul-
sion in AZ91D may occur if one of the fol-
lowing two conditions is met: when the
force from the nugget reaches a level com-
parable to that of the electrode force, and
when the liquid network grows beyond the
compressive zone (rmelt > rforce). There-
fore, expulsion in RSW AZ91D may occur
either directly through the faying inter-
face, or through the web of liquid grain
boundaries. While the former is common
for all the materials, the latter is unique to
materials such as AZ91D. The volume
fraction of the low melting phase
(Mg17Al12 in this case) at the grain bound-
aries has to be large enough to make a con-
nected liquid network that allows the liq-
uid to go through.

Experiments were performed to verify
the proposed mechanism of expulsion.
When the electrode force was altered at 3,
5.4, and 9 kN, but the electric current and
welding time were kept unchanged, the
nugget size decreased in both width and
height, as shown in Fig. 22. Electrode
force is apparently beneficial to reducing
the severity of expulsion, but not sufficient
to prevent it from occurring, as expulsion
was detected in all three welds including
the one made using an electrode force of
9 kN. Another experiment was conducted
to test the effect of the compressive zone
by using sheets clamped by two large wash-
ers; a weld made under this confinement
is shown in Fig. 23. A significant reduction
in expulsion was observed using such a
confinement, which can largely be attrib-
uted to the extended range of the effective
compression zone that is responsible for
preventing expulsion through the liquid

network. No expulsion was detected when
an electrode force of 9 kN was used when
welding with constraining washers. 

Although electrode force alone is not
sufficient for suppressing expulsion in
AZ91D, a large electrode force helps re-
duce the gap between the faying surfaces
and enlarge the compressive zone. There-
fore, a large electrode force is still benefi-
cial in deterring expulsion as observed in
this study. When the electrode force was
raised to 9 kN, the proportion of welds
with expulsion dropped to below 50%. 

Summary

This study characterizes the welding of
two types of Mg alloys, AZ31B and
AZ91D. It was found that because of the
metallurgical differences between these
two alloys, they behave quite differently in
welding. Liquation cracking and surface
expulsion were prevalent in welding
AZ31B. Whisker cracks appeared in all
welds with a nugget exceeding 6.5 mm in
diameter, and high heat input helped
cracking in severity and amount. Surface
expulsion in AZ31B severely affected the
electrode life, and generally fewer than
ten welds could be made before electrode
dressing was needed. Interfacial expulsion
was also frequently observed in welding
AZ31B. A significant amount of voids
usually resulted from expulsion. 

Expulsion in welding AZ91D possesses
unique features compared to that in weld-
ing AZ31B or Al alloys. The liquid metal
was ejected in all the (radial) directions at
the faying interface, and a large amount of
voids and cracks were created in the nugget
because of the significant loss of liquid
metal. Interfacial expulsion could occur
even when the weld was very small in diam-
eter. Increasing electrode force is not as ef-
fective in controlling expulsion as in welding
other metals, as the liquid metal may pene-
trate through the faying interface because
of a lack of a strong solid bonding ring, or
eject through a pathway formed by a liquid
network of molten grain boundaries in the
partial melting zone. A new expulsion
mechanism, i.e., expulsion through a liquid
network formed by molten grain bound-
aries, is proposed based on observations in
the present investigation.

In general, electrode life is the most crit-
ical issue in welding AZ31B, and expulsion
is in welding AZ91D. Innovation is needed
in order to extend the electrode life in weld-
ing AZ31B. For welding materials such as
AZ91D increasing electrode force alone is
not sufficient to suppress expulsion.

References

1. Magnesium Vision 2020, A North Ameri-
can Automotive Strategic Vision for Magne-
sium, USAMP, United States Automotive Ma-
terials Partnership, 2006.

2. Munitz, A., Cotler, C., Shaham, H., and
Kohn, G. 2000. Electron beam welding of mag-
nesium AZ91D plates. Welding Journal 79(7):
202-s to 208-s. 

3. Munitz, A., Cotler, C., Stern, A., and
Kohn, G. 2001. Mechanical properties and mi-
crostructure of gas tungsten arc welded magne-
sium AZ91D plates. Materials Science and En-
gineering A302: 68–73.

4. Wang, Y., Feng, J., and Zhang, Z. 2005.
Influence of surface condition on expulsion in
spot welding AZ31B magnesium alloy. J. Mater.
Sci. Technol. Vol. 21, No. 5, pp. 749–752.

5. Wang, Y., Zhang, Z., and Feng, J., 2007.
Effect of welding current on strength and mi-
crostructure in resistance spot welding of AZ31
Mg alloy, Chinese Welding Journal 16(4): 37–41.

6. Munitz, A., Kohn, G., and Cotler, C., 2002.
Resistance spot welding of Mg-AM50 and Mg-
AZ91D alloys. Magnesium Technology 2002. TMS
(The Minerals, Metals & Materials Society).

7. Straumal, B., Lopez, G. A., Mittemeijer,
E. J., Gust, W., and Zhiyaev, A. P. 2003. Grain
boundary phase transitions in the Al-Mg system
and their influence on high-strain rate super-
plasticity. Defect and Diffusion Forum, Vols.
216-217, pp. 307–321.

8. Zinov’yev, V. E. 1990. Metals at High Tem-
peratures: Standard Handbook of Properties,
translated and edited by V. P. Itkin, Hemisphere
Publishing Corp.

9. Aluminum: Properties and Physical Metal-
lurgy. 1984. Edited by J. E. Hatch, ASM Inter-
national, Metals Park, Ohio, 

10. Baker, H. 1967. Physical Properties of
Magnesium and Magnesium Alloys. The Dow
Chemical Co., Midland, Mich.

11. Magnesium and Magnesium Alloys, ASM
Specialty Handbook. 1999. Edited by M. M.
Avedesian and H. Baker, ASM International,
Materials Park, Ohio.

12. Zhang, H. 1999. Expulsion and its influ-
ence on weld quality. Welding Journal 78(11):
373-s to 380-s.

13. Senkara, J., Zhang, H., and Hu, S. J.
2004. Expulsion prediction in resistance spot
welding. Welding Journal 83(4): 123-s to 132-s.

14. Senkara, J., and Zhang, H. 2000. Crack-
ing in multi-spot welding aluminum alloy
AA5754. Welding Journal 79(7): 194-s to 201-s.

15. Zhang, H., Senkara, J., and Wu, X. 2002.
Suppressing cracking in RSW AA5754 alu-
minum alloys by mechanical means. ASME
Journal of Manufacturing Science and Engineer-
ing Vol. 124, pp. 79–85.

16. Greenwood, J. A. 1966. Constriction re-
sistance and the real area of contact. Brit. J.
Appl. Phys. Vol. 17, pp. 1621–1632.

17. Li, Z., Hao, C., Zhang, J., and Zhang, H.
2007. Effects of sheet surface conditions on
electrode life in aluminum welding. Welding
Journal 86(4): 34-s to 39-s.

18. Zhang, H., and Senkara, J. 2006. Re-
sistance Welding: Fundamentals and Applica-
tions, CRC Press/Taylor & Francis Group,
Boca Raton, London, New York. ISBN 0-
8493-2346-0.

19. Salman, S. A., Ichino, R., and Okido, M.
2010. A comparative electrochemical study of
AZ31 and AZ91 magnesium alloy. International
Journal of Corrosion, Volume 2010, Article ID
412129.

20. Luo, H. 2008. New joining techniques
for magnesium alloy sheets. MS thesis, Institute
of Metal Research, Chinese Academy of Sci-
ences, June.

257-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Luo Supplement Dec 2011new_Layout 1  11/9/11  10:20 AM  Page 257


