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Introduction

     Magnesium (Mg) alloys have been
increasingly used for vehicle weight re-
duction (Refs. 1–3), the density of Mg
(1.7 g/cm3) being about one-third less
than that of Al (2.7 g/cm3), and the
weldability of Mg alloys has become an
important issue in welding (Refs. 4–7).
Gas metal arc welding (GMAW) has
been widely used for welding sheet
metals, such as Al alloys, steels, and
stainless steels. But its use for welding
Mg sheets has long been delayed by se-
vere spatter. Wagner et al. (Ref. 8)
showed recently that, due to the low
Mg density, the Mg filler metal melts
easily to form a globule and the glob-

ule is too light to detach by gravity.
When the globule finally touches the
weld pool and causes short circuiting,
the current rises sharply, causing the
reinitiating arc to heat up suddenly,
expand (explode), and expel the glob-
ule as spatter. In conventional GMAW,
it is not unusual for short circuiting to
cause spatter. However, it is the huge
Mg globule providing extra liquid Mg
for the arc to expel that makes the
spatter so severe. Although the surface
tension of Mg is relatively low (lower
than that of Al), the very large but
light globule can be pushed by the arc
to become nearly horizontal and con-
tinue to grow bigger before short cir-
cuiting. With a process controller,
called controlled short circuiting (CSC)

(Ref. 9), Wagner et al. (Ref. 8) kept the
current from rising sharply and effec-
tively eliminated spatter. 
     Wagner et al. (Ref. 8) and Chai et al.
(Ref. 10) discovered that more defects
can occur persistently in GMAW of Mg
alloys (even with CSC), including hy-
drogen porosity, oxide-film entrap-
ment inside butt-joint welds, high
crowns on butt-joint welds. and fin-
gers from lap-joint welds. They estab-
lished mechanisms to explain how the
unusual physical and chemical proper-
ties of Mg cause these defects and how
to eliminate them effectively. These
Mg properties include the high reac-
tivity with moisture in air to form
Mg(OH)2 (hydrogen porosity), low
formability (sheets chipping along
edges during shearing before welding),
and high reactivity with oxygen in air
to form MgO (oxide-film entrapment
inside butt-joint welds), low density
and hence low fluidity (high crowns),
and low density (fingers). 
     With these five defects eliminated
effectively, the potential of GMAW as
a versatile process for welding Mg al-
loys has greatly increased. Gas metal
arc welding is simple, inexpensive, and
capable of mass producing high-
quality welds. Unlike friction stir weld-
ing, it requires no rigid clamping or
backing and it makes fillet welds easi-
ly. It can help accelerate the use of Mg
alloys as the lightest structural metal.
The present study focuses on a sixth
defect in welding Mg alloys — liqua-
tion cracking. 
     Since Mg alloys are similar to Al al-
loys in several physical and metallurgi-
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cal properties, the studies of Kou and
coworkers on liquation and liquation
cracking of Al alloys (Refs. 11–14) can
help explain liquation and liquation
cracking in Mg alloys. Like Al alloys,
Mg alloys tend to have low tempera-
ture gradients normal to the fusion
boundary and hence a wide partially
melted zone because of their relatively

high thermal dif-
fusivity, wide
melting tempera-
ture range with
respect to their
relatively low liq-
uidus tempera-
ture, and low eu-
tectic tempera-
ture (Refs. 15,
16). Thus, like Al
alloys, Mg alloys
are likely to be
susceptible to li-
quation and liqua-
tion cracking.

Liquation
cracking in Mg al-
loys has been re-
ported (Refs.
17–20) even in
friction stir weld-

ing (Refs. 21, 22). Recently, Yuan et al.
(Ref. 23) studied liquation cracking in
butt-joint welds between dissimilar
Mg alloys by circular-patch welding. A
circular patch of one Mg alloy was
placed inside a round hole in the work-
piece of a different Mg alloy and weld-
ed in a butt-joint configuration. The

present study involved no dissimilar
Mg welding. Instead, a workpiece
without a hole was welded by bead-on-
plate welding to study both liquation
and the effect of the filler metal on li-
quation cracking. 

Experimental Procedure
     Both wrought and cast Mg alloys
were investigated, including the most
widely used Mg wrought alloy AZ31
and the most widely used Mg casting
alloy AZ91. Magnesium alloys are
known to have low formability because
of their hexagonal closed packed (hcp)
structure (Ref. 24). Thus, the availabil-
ity of Mg wrought alloys is limited,
and Mg casting alloys often have to be
used. This is why it is desirable, in
studying the weldability of Mg alloys,
to include Mg casting alloys. The com-
positions of the materials used for
welding are listed in Table 1 (Refs. 25,
26). Plates of AZ31 Mg were cut from
a 3.2-mm-thick AZ31 Mg sheet while
plates of AZ91 Mg were cut from an
as-cast ingot. They were machined to
desired dimensions. 
     A Jetline Engineering weld process
controller called CSC-MIG (Ref. 9) was
connected to a Miller Electric Invision
456P, a power source for conventional
GMAW. The parameters used in CSC-
GMAW are shown in Table 2. The wave-
forms of the welding current and arc
voltage were recorded using a computer-
based data acquisition system and the
software LabView. The data-sampling
rate for each signal was 15,000 Hz.
     It was found that a workpiece of
102  102  1.6 mm tended to distort

Fig. 1 — Top view of workpiece before welding. 

Table 1 — Nominal Compositions of Materials Used for Welding (Refs. 25, 26)

                                           Al (wt%)                  Zn (wt%)                    Mn (wt%)                     Mg (wt%)

     Workpiece                                                                                                                                          
          AZ31                             3.0                             1.0                                0.6                              balance
          AZ91                             9.0                             0.7                                0.2                              balance

  Welding wires                                                                                                                                        
          AZ31                             3.0                             1.0                                0.6                              balance
          AZ61                             6.5                             1.0                                0.3                              balance
          AZ92                             9.0                             2.0                                0.3                              balance

Table 2 — Parameters Selected for CSC Welding

                                                                                                                     CSC Welding Parameters

                 Arc Phase                     Short Circuit Phase                                   Wire Feeding                               Preheating                        P Delay                       Arc 
                                                                                                                                                                                                                                   (ms)                      Length
                                                                                                                                                                                                                                                                  (mm)
                                                                                                                                   Feed 
             Current     Delay                        Current        Delay                                   Rate          Delay                     Current (A)                              0                             0.2
                   (A)         (ms)                             (A)             (ms)                                (m/min)        (ms)

start            44            4            start            96               2.5              down               8                 0                                58                             CT Opening                 Argon
                                                                                                                                                                                                                                  (mm)                       Flow
                                                                                                                                                                                                                                                                 (L/min)
mid              54            6             mid           106              3.0               up 1                8                 6                          Delay (ms)                                                                
end              46                           end            85                                    up 2                8                                                     90                                   16                            16.5

P Delay: penetration delay 
CT Opening: distance between contact tube and workpiece 
ms: millisecond
m/min: meter per minute
L/min: liter per minute
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after welding. So, beyond the thinner
inner square of 70  70  1.6 mm, the
workpiece was 3.2 mm thick to pre-
vent distortion, as shown in Fig. 1. 
     Figure 2 shows schematically the
circular welding test. To keep the
workpiece from contracting during
welding, it was bolted down tightly
with a torque wrench to a thick copper
plate and the thick stainless steel base
plate below it. This allowed severe ten-
sion to be induced along the outer

weld edge to cause cracking. No
cracking occurred along the inner
edge of the weld because it was in
compression.
     Table 3 shows the conditions used
for circular welding experiments. The
apparatus was laid flat on a positioner
to rotate at the predetermined speed
during welding. The welding position
was flat and the welding gun was verti-
cal with a distance of 16 mm between
its contact tube and the workpiece. The

welding gun was stationary with its tip
positioned 25.4 mm away from the cen-
ter of the workpiece, so, while the
turntable rotated, a circular weld was
made with the radius of 25.4 mm. 
     The diameters of the wires are also
shown in Table 3. The diameter of the
AZ31 welding wire was 1.2 mm. How-
ever, welding wires AZ61 and AZ92
were older and had to be cleaned with
sandpaper and washed with acetone
before welding in order to avoid gas
porosity. This reduced the wire diame-
ters slightly. The AZ61 wire diameter
was 1.16 mm, and the AZ92 wire 1.19
mm. 
     The linear travel speed in mm/min
was 2  25.4 mm  (rotation speed in
rpm). Since the rotation speed was 1.6
rpm, the linear travel speed was 255
mm/min in all experiments. The val-
ues of the average power P in Table 3
were calculated using the following
equation: 

where I is the current, E is the voltage,
and t is the welding time. The differ-
ences in the wire physical properties
and diameter contributed to the dif-
ferences in the power. 
     Figure 3 shows the volume of the
workpiece in the weld Vworkpiece and that
of the filler metal in the weld Vfiller. The
total volume of the weld Vweld = Vworkpiece

+ Vfiller. Thus, the ratios Vworkpiece/Vweld

and Vfiller/Vweld represent the volume
fractions of the workpiece and the
filler metal in the weld, respectively.
The ratio Vworkpiece/Vweld is called the di-
lution of the filler metal by the work-
piece (Ref. 15). The higher it is, the
more the filler metal is diluted by the
base metal. Based on these volume
fractions and the compositions of the
workpiece and filler metal (shown in
Table 1), the composition of the weld
can be calculated as follows:

     (wt-% E)weld = (Vworkpiece/Vweld)
     (wt-% E)workpiece + (Vfiller/Vweld)
     (wt-% E)filler                                      (2)

where (wt-% E)weld, (wt-% E)workpiece, and
(wt-% E)filler are the wt-% of element E
in the weld, workpiece, and filler met-
al, respectively.
     It should be pointed out that Equa-
tion 2 is based on the assumption of

P= I �E( )
0

t

� dt / t 1( )

Fig. 2 — Beadonplate circular welding experiment: A — Workpiece; B — vertical cross
section of the apparatus. 

Fig. 3 — Volume of the workpiece Vworkpiece and volume of the filler metal Vfiller in the
weld. The broken lines indicate the boundaries of the workpiece before welding. 

Table 3 — Conditions for Circular Welding Experiments

  Workpiece                   Filler Metal                       Wire Size                  Travel Speed                Power
                                                                                                 (mm)                        (mm/min)                     (W)

       AZ91                                        AZ31                                 1.20                               255                           686
       AZ91                                        AZ92                                 1.19                               255                           710
       AZ31                                        AZ61                                 1.16                               255                           935
       AZ31                                        AZ92                                 1.19                               255                           819

A B
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complete mixing in the weld pool,
which has been verified by Houldcroft
(Ref. 27) in single-pass welds made by
GMAW, and which is used routinely in
the calculation of the weld composi-
tion. The very fast Lorentz force-
driven flow (~ 10 cm/s) and Marango-
ni flow (~ 1 m/s) (Refs. 28–31) suggest
mixing across the weld pool tens or
hundreds of times before solidifica-
tion. In the previous studies of Kou
and coworkers (Refs. 16, 32–34) on
liquation cracking of Al alloys, this
assumption was found to work

satisfactorily. 
The welds

were cut in the
transverse direc-
tion, polished,
and etched in or-
der to determine
volumes Vworkpiece,
Vweld, and Vfiller.
For AZ91 Mg,
they were then
first etched for 3
s in a solution of
3 mL HCl (con-
centrated) + 100
mL ethanol and
then etched for
another 3 s in a
solution of 5 mL
acetic acid + 5 g
picric acid + 10
mL distilled wa-
ter + 100 mL
ethanol. As for
AZ31B, they
were etched for
15 s in a solu-
tion of 5 mL
acetic acid + 6 g
picric acid + 10
mL distilled wa-
ter + 100 mL
ethanol. After
etching, trans-
verse macro-
graphs of the
welds were tak-
en using a digital
camera with a

close-up lens and bellows. With the
help of computer software, the macro-
graph was used to determine Vworkpiece

and Vweld. The thickness of the work-
piece Hworkpiece was measured and used
respectively in the calculations of 
Vworkpiece, that is, Vworkpiece = Hworkpiece

((Rb)2 – (Ra)2). In view of the fact the
vertical thickness of the weld varied in
the radial direction R, the weld was di-
vided into about a dozen rings of equal
DR. The volume of each ring was calcu-
lated. The summation of the volumes
of these rings was used to calculate the

volume of the weld Vweld. The volume
of the filler metal in the weld can be
calculated by Vfiller = Vweld – Vworkpiece. The
cross sections were also examined by
optical microscopy and scanning elec-
tron microscopy (SEM) to show liqua-
tion inside the partially melted zone.

Results and Discussion

Liquation

     Two examples of the circular welds
made in the present study are shown
in Fig. 4. Figure 4A shows the weld
made by welding AZ91 Mg alloy with
an AZ31 Mg filler metal. Cracking is
clear along the outer edge of the weld.
However, no cracking is visible along
the inner edge. This is because, as the
weld shrank during welding, the outer
edge was in tension and the inner edge
in compression. Figure 4B, on the oth-
er hand, shows the weld made by weld-
ing AZ31 Mg alloy with an AZ92 filler
metal. No cracking is visible either
along the outer or inner edge. The
weld is narrower as compared to that
in Fig. 4A mainly because the AZ31
Mg workpiece has a higher liquidus
temperature than the AZ91 Mg
workpiece.
     The microstructure of the partially
melted zone in AZ91 Mg alloy is
shown in Fig. 5. The weld was made by
welding AZ91 Mg with an AZ31 Mg
filler metal. In Fig. 5A, the boundary
between the fusion zone and the par-
tially melted zone is indicated by the
broken line. Near the fusion boundary,
cracking along grain boundaries is visi-
ble. A SEM image of the base metal
taken far away from the fusion bound-
ary, beyond the right-hand side of the
area covered by Fig. 5A, is shown in
Fig. 5B. Figure 5C shows a SEM image
of the partially melted zone. An opti-
cal micrograph at the borderline be-
tween the partially melted zone and
the base metal is shown in Fig. 5D
(where the peak temperature during
welding was the eutectic temperature).

Fig. 4 — Top views of example welds: A — Weld showing liquation
cracking along the outer weld edge; B — weld showing no cracking.

Table 4 — Fractions of Phases in AsCast AZ31 Mg Alloy

   Phase                           Al12Mg17                    AlMgZn_phi                    Al8Mn5                     AlMgZn_tau                MgZn                       Al11Mn4                         Al4Mn
                                                                                                                                                                                                                                                                         

 Fraction                       2.10  10–2                    5.5  10–3                  3.87  10–3                  3.20  10–4             9.66  10–4                1.19  10–5                  5.65  10–6

A

B
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Figure 5D was taken from an area be-
yond the right-hand side of Fig. 5A.  
     In order to explain the microstruc-
ture in Fig. 5, the Mg-rich side of the

binary Mg-Al phase diagram (Ref. 35)
in Fig. 6 will be used as an approxima-
tion. According to the phase diagram,
the eutectic temperature is 437°C.

Based on the phase diagram, the mi-
crostructure of an as-cast binary Mg-
9Al alloy should be a matrix of the Mg-
rich phase  embedded with an eutec-
tic consisting of  and  (Mg17Al12).
The SEM image of the base metal in
Fig. 5B shows a divorced eutectic in
the form of coarse  (Mg17Al12) parti-
cles instead of an ordinary composite-
like structure of the / (Mg17Al12) eu-
tectic. In other words, the  phase of
the eutectic is connected to and thus
indistinguishable from the surround-
ing  matrix. The fine needle-like pre-
cipitates are the  (Mg17Al12) phase
that forms from the  phase, not from
the liquid, along some specific orienta-
tions as temperature falls below the
solvus line. The composition analysis
by EDS indicates that point 1 is close
to the Mg-rich  phase in composition
and point 2 close to  (Mg17Al12). Ac-
cording to the Mg-Al phase diagram,
the  phase consists of about 58 wt-%
Mg and 42 wt-% Al. 
     The SEM image of the partially
melted zone in Fig. 5C shows the ma-
trix of the Mg-rich phase  is embed-
ded with an ordinary composite-like
structure of the / (Mg17Al12) eutec-
tic. The composition analysis by EDS
indicates that point 3 is close to the
Mg-rich  phase in composition and
point 4 close to eutectic / (Mg17Al12)
in composition, which consists of
about 67 wt-% Mg and 33 wt-% Al.
The eutectic formed here by the con-
stitutional liquation mechanism was
originally proposed by Pepe and Sav-
age (Refs. 36, 37). Essentially, due to
rapid heating during arc welding, the
coarse  (Mg17Al12) particles did not
have time to dissolve completely when
the local temperature rose above the
solvus. The fine  (Mg17Al12) precipi-
tates most likely dissolved completely
before reaching the eutectic tempera-
ture. Upon reaching the eutectic tem-
perature TE, the remaining coarse 
(Mg17Al12) particles reacted with the
surrounding  matrix to form liquid,
that is, to cause liquation. This is indi-
cated by the eutectic reaction in the
phase diagram as  +   LE, where LE

is the eutectic liquid. Thus, the coarse
 (Mg17Al12) particles can be consid-
ered as the low melting point segre-
gates along grain boundaries (and
within grains). Upon further heating
to above TE, more  dissolves into the
eutectic liquid to make it hypoeutectic

Fig. 5 — Transverse micrographs of ascast AZ91 Mg weld made with AZ31 Mg welding
wire: A — Optical micrograph (broken line indicating fusion boundary); B, C — SEM im
ages and results of EDS analysis; D — optical micrograph at border line between partially
melted zone and base metal, which is beyond the righthand side of A.

A

B

C

D
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(less solute than the eutectic composi-
tion). Upon subsequent cooling,
the hypoeutectic liquid solidified
first as the  phase and last as the
/ (Mg17Al12) eutectic. 
     The microstructure of the partially
melted zone in AZ31 Mg alloy is
shown in Fig. 7. The weld was made
with an AZ92 Mg filler metal. Figure
7A is a transverse macrograph of part
of the weld, again with a broken line
indicating the fusion boundary. No
cracking is visible. The fractions of in-
termetallic phases that form during
the solidification of AZ31 Mg, calcu-
lated using Pandat (Ref. 38) and Pan-
Magnesium (Ref. 39), are summarized
in Table 4. As shown, about 2% of 
 (Mg17Al12) can be present in an as-
cast AZ31 Mg. However, no 
(Mg17Al12) could be found in the base
metal by optical or scanning electron
microscopy. This is because the AZ31
Mg is a wrought alloy, and it is nor-
mally heat treated after casting to 
dissolve  (Mg17Al12). The phase dia-
gram in Fig. 6 shows that AZ31 Mg,
which is essentially Mg-3Al alloy, can
be solutionized in the Mg-rich phase 
to dissolve  (Mg17Al12). Some particles
are visible in the partially melted zone
in Fig. 7A and the inset enlarges the
boxed area in the same figure to show
the particles more clearly. In the inset
the region to the right of the broken
line that contains scattered particles
represents the partially melted zone
and the particles were liquid during
welding. Figure 7B shows the SEM im-
age of the AZ31 Mg base metal. No
 (Mg17Al12) is visible. The composition
analysis by EDS indicates that point 1
is close to the Mg-rich  phase in com-
position and point 2 an intermetallic
compound consisting of essentially Al
and Mn alone. According to Table 4,
the Al-Mn intermetallic compound at
point 2 is most likely Al8Mn5. Al11Mn4

and Al4Mn are two and three orders of
magnitude lower in quantity, respec-
tively. Based on the atomic weights of
Al (26.98 g/mole) and Mn (54.94
g/mole), Al8Mn5 consists of 44 wt-% Al
and 56 wt-% Mn, which are close to
the values of 44.52 wt-% Al and 52.9
wt-% Mn measured by EDS.
     Figure 7C is a SEM image taken
close to the fusion boundary. Both
particles are composite-like, suggest-
ing liquation by eutectic reactions be-
tween the Mg-rich  matrix and some

Fig. 6 — Binary MgAl phase diagram (Ref. 35).

Fig. 7 — Transverse micrographs of a circular weld of AZ31 made with AZ92 welding wire: 
A — Transverse cross section (the inset enlarging the boxed area and broken lines indicating
fusion boundary); B — SEM image of base metal; C — SEM image near fusion boundary. 

A

C B
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very small intermetallic particles. The
composition analysis by EDS indicates
that point 3 is rich in Mg, Zn, and Al.
It is likely to be the eutectic reaction
product between the  matrix and an
AlMgZn-phi or AlMgZn-tau particle
that still existed in the workpiece be-
fore welding. It is more likely to be the
former because it is about ten times
more abundant according to Table 4.
The particle at point 4 consists of
much Al and Mn and some Mg. It is
perhaps the reaction product between
the  matrix and an Al8Mn5 particle.
In any case, there is much less liqua-
tion in the partially melted zone of
AZ31 Mg than that of AZ91 Mg. There
is no evidence of constitutional liqua-
tion caused by  (Mg17Al12) particles as
in the case of AZ91 Mg.
     As explained above, the differences
between Figs. 5C and 7C are mainly

caused by coarse  (Mg17Al12) particles
reacting with the Mg-rich  matrix to
form much liquid, which is present in
the as-cast AZ91 Mg alloy but not the
wrought AZ31 Mg alloy. The liquid is
enough to form continuous films
along grain boundaries to separate
grains and weaken the partially melted
zone of AZ91 Mg. In the case of AZ31
Mg, if any liquid forms in the partially
melted zone, it is very small in quanti-
ty and discontinuous, thus still allow-
ing firm bonding between grains. 
     Thus, the as-cast AZ91 Mg alloy
can be expected to be more susceptible
to liquation cracking. 

Liquation Cracking

     The extents of cracking in the circu-
lar welds are shown in Table 5, along
with the levels of dilution and the com-

positions of the welds. In the case of
welding AZ91 Mg with filler metal AZ31
Mg, the outer edge cracked along 66.7%
of its circumference. In order to explain
the results, Fig. 8 illustrates the interac-
tion between weld (S+L), i.e., the mushy
zone, and workpiece (S+L), i.e., the par-
tially melted zone. Kou and Le (Refs. 16,
40) established the semisolid mi-
crostructure around the weld pool illus-
trated in Fig. 8B by quenching the weld
pool and its surrounding area with wa-
ter during welding and by using the
phase diagram. 
     The mechanism of liquation crack-
ing in the partially melted zone can be
explained based on the semisolid 
microstructure around the weld pool.
With the bonding between grains
weakened by significant liquid forma-
tion along grain boundaries, such as
that illustrated in Fig. 8C, cracking can
occur in the partially melted zone if
significant tension exists. This crack-
ing is called liquation cracking. It oc-
curs along the edge of the weld and
hence can also be called weld-edge
cracking. The tension in the partially
melted zone is induced by the solidify-
ing and contracting weld pool that is
much larger than and immediately
next to the partially melted zone. Con-
traction of the weld pool, in turn, is in-
duced by solidification shrinkage and
thermal contraction. When the weld
pool solidifies, it shrinks because the
solid has a higher density than the liq-
uid, about 6.6% for Al and 4.2% for
Mg (Ref. 41). The solidified weld metal
contracts during cooling because of
contraction due to its thermal expan-
sion coefficient.
     Based on the liquation cracking
mechanism, Kou and coworkers (Refs.
32–34) proposed the following criteri-
on for the susceptibility of Al alloys to
liquation cracking:

Susceptible if weld fS > workpiece fS (3)

     This criterion is illustrated in Fig.

Fig. 8 — Criterion for susceptibility to cracking along weld edge: A — Phase diagram
showing alloy Co (workpiece); B — microstructure around weld pool in welding of alloy
Co; C — cracking likely in welding of an alloy; D — cracking unlikely in welding another
alloy with another filler metal. Rectangular box in B is enlarged in C, D. 

Table 5 — Cracking Extent, Dilution Levels, and Compositions of Welds

Workpiece              Filler                         Cracking                        Dilution by                       Al in                        Zn in Weld                     Mn in Weld               Mg in Weld
                                Metal                along Outer Edge             Workpiece (%)             Weld (wt%)                     (wt%)                             (wt%)                        (wt%)

    AZ91                    AZ31                   66.7% cracked                       36.9                               5.21                             0.89                                 0.45                        balance
    AZ91                    AZ92                     no cracking                          44.2                                 9.0                              1.43                                 0.26                        balance
    AZ31                    AZ92                     no cracking                          36.5                               6.81                             1.64                                 0.41                        balance
    AZ31                    AZ61                     no cracking                          45.5                               4.91                              1.0                                  0.44                        balance

A

B

D

C
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8C, D. The assumption was that the
strength and hence the crack resist-
ance of a semisolid increases with in-
creasing fraction solid, which has been
verified experimentally (Ref. 42). For
simplicity, it was also assumed that
the morphology of the semisolid, e.g.,
dendritic or granular, is not as impor-
tant as the fraction solid. The same as-
sumption also implies that the grain
size of the semisolid is not as impor-
tant as the fraction solid. With a larger
grain size and hence a smaller grain
boundary area, the grain boundary liq-
uid and tensile strains are concentrat-
ed in a smaller area to make cracks
open wider. A larger grain size can also
reduce the number of changes in direc-
tion per unit distance along the crack
path, thus making it easier for crack
propagation. However, the effect of
fraction solid is still expected to domi-
nate. The prerequisites for liquation
cracking are significant liquation and

tension in the partially melted zone.
Without them a larger grain size alone
cannot cause cracking. In circular
welding, the prerequisites can be met
by welding with a sufficient heat input
to cause significant liquation in the
partially melted zone and tightly
clamping the workpiece to keep it
from contracting so that significant
strain can be induced normal to the
weld. Surprisingly, this criterion,
though very simple, works very well
for Al alloys as verified against numer-
ous welding experiments reported in
the literature, including those con-
ducted by The Welding Institute and
in the authors’ laboratory (Ref. 33).
     Naturally, the susceptibility to li-
quation cracking is more significant
when the weld fS is significantly higher
than the workpiece fS. In general, a dif-
ference of 0.05 in fS is considered sig-
nificant enough. According to Flem-
ings (Ref. 41), significant strength de-

velops during solidification after fS
reaches about 0.3. Thus, Equation 3
applies after some strength has devel-
oped in the semisolid, say after fS
reaches 0.3. 
     The criterion is easy to use as the
curve of temperature T vs. fraction
solid fS of the weld and that of the
workpiece can be calculated based on
their compositions using commercial
software and databases. The composi-
tion of the weld depends not only on
the compositions of the workpiece and
the filler metal but also on the dilu-
tion, as shown in Fig. 3 previously.
Therefore, when a proper filler metal
is selected, a proper dilution level may
still be needed to obtain the desired
weld composition.
     The T-fS curves of the weld and the
workpiece (which has the same compo-
sition as the partially melted zone) can
be calculated based on their composi-
tions. The simple Scheil solidification
model is valid because cracking occurs
shortly after solidification starts (no
time for solid diffusion), e.g., 5 to 7 s as
measured in permanent-mold casting of
Mg alloys (Refs. 43–45) and even short-
er in arc welding. According to Flemings
(Ref. 41), solid-state diffusion can be
neglected when 4kDStf/(d2) < 0.1, where
k is the equilibrium segregation ratio, DS

the coefficient of diffusion in solid, tf
the solidification time, and d the sec-
ondary dendrite arm spacing (DAS).
Based on the data of DAS of Al alloys vs.
the cooling rate (Ref. 41), with a second-
ary DAS of 1  10–5 m, the cooling rate
is about 100°C/s. With a typical freezing
temperature range of about 125°C for Al
alloys (such as the average of 2014,
2024, 2219, 6061, 7075 Al), the local
freezing time tf is about 1.25 s. DS is typ-
ically 1  10–12 m2/s and k around 0.15
(0.125 for Al-Si and 0.170 for Al-Cu).
Thus, 4kDStf/(d2) is around 0.0075 < 0.1,
which suggests negligible solid-state dif-
fusion. Thus, the cooling rate is fast
enough to make diffusion negligible and
the fS calculation is not affected by dif-
fusion, which is significant only at rela-
tively slow cooling rates. The T-fS curves
were calculated using the thermody-
namic software Pandat (Ref. 38) and the
Mg database PanMagnesium (Ref. 39)
of CompuTherm, LLC, in Madison, Wis.
The compositions of the welds calculat-
ed according to Fig. 3 are shown in Table
5, along with the dilution of the welding
wire by the workpiece measured based
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Fig. 9 — AZ91 Mg welded with AZ31 Mg welding wire: A — TfS curves predicting crack
susceptibility; B — verification of predicted crack susceptibility. TfS curves calculated
using Pandat (Ref. 38) and PanMagnesium (Ref. 39) of CompuTherm, LLC. 
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on the weld transverse cross section. 
     Since weld (S+L) and workpiece
(S+L) are in intimate contact with each
other along the weld edge, at any given
point along the weld edge the thermal
cycles (temperature T vs. time t) they
experience are identical. Thus, when a
different heat input or travel speed is
used, the thermal cycles both change
but are still identical to each other. In
fact, the thermal cycles of the two
semisolids are still identical even if the
cooling rate becomes slow enough to
cause significant solid-state diffusion,
which can be considered by using a so-
lidification model that includes solid-
state diffusion. Consequently, compar-
ing the T-fS curves of the two semi-
solids is equivalent to comparing their
t-fS curves.
     Figure 9 shows the weld made with
AZ91 Mg as the workpiece and the
AZ31 Mg as welding wire. The T-fS
curves in Fig. 9A show that the weld fS

is significantly greater than the work-
piece fS up to about fS = 0.92 as indicat-
ed by the region encircled by the dot-
ted oval. For instance, when the AZ91
Mg workpiece fS reaches 0.70 (at about
525°C), the weld fS is about 0.86, that
is, higher by about 0.16. Thus, the
curves suggest a significant suscepti-
bility to cracking. Beyond 0.92, the
weld fS becomes slightly lower than the
workpiece fS, but this is too late to
keep cracking from occurring. The
crack susceptibility predicted by the
T-fS curves in Fig. 9A is verified by the
cracks visible in the transverse cross-
section of the weld in Fig. 9B. 
     Figure 10 shows the weld made
with AZ91 Mg as the workpiece and
AZ92 Mg as the welding wire. The T-fS
curves in Fig. 10A show the weld fS is
less than the workpiece fS at any time
during solidification. Thus, the curves
suggest no significant susceptibility to
cracking. No crack can be observed on

the transverse cross section, as shown
in Fig. 10B. Thus, the crack suscepti-
bility can be eliminated by selecting a
proper filler metal and dilution level,
and the simple criterion can be used as
a guide for the selection. 
     The weld made with AZ31 Mg as the
workpiece and AZ92 Mg as the welding
wire is shown in Fig. 11. The T-fS curves
in Fig. 11A show the weld fS is signifi-
cantly less than the workpiece fS up to
about fS = 0.96, beyond which they be-
come almost identical to each other.
The absence of crack susceptibility pre-
dicted by the T-fS curves is verified by
the absence of cracking in the trans-
verse cross section in Fig. 11B.
     Figure 12 shows the weld made
with AZ31 Mg as the workpiece and
AZ61 Mg as the welding wire. The T-fS
curves in Fig. 12A show that weld fS is
significantly less than the workpiece
fS, up to about fS = 0.96. So, no crack-
ing is expected up to this point. Be-
yond fS = 0.96, the weld fS becomes
slightly higher than the workpiece fS,
by less than about 0.02. Thus, the
curves suggest no significant suscepti-
bility to cracking. No cracks can be ob-
served on the transverse cross section,
as shown in Fig. 12B.

Conclusions
     1. The crack susceptibility of Mg
welds can be predicted by comparing
the T-fS curves of the weld and the
workpiece, that is, susceptible if weld
fS > workpiece fS. The susceptibility is
significant if the difference is signifi-
cant, e.g., 0.05 and above.
     2. This simple criterion can be used
as a useful guide to selecting a proper
Mg filler metal and dilution level to
avoid liquation cracking.
     3. As-cast AZ91Mg can be highly
susceptible to liquation during welding
due to the presence of numerous
coarse  (Mg17Al12) particles in the Mg-
rich matrix , causing liquation by  +
  LE at a eutectic temperature as low
as 437°C. The large amount of liquid
formed separates grains and causes
cracking under the tension induced by
the solidifying and contracting weld
metal nearby. The use of a proper filler
metal and dilution is essential for
avoiding cracking in AZ91 Mg.
     4. Wrought AZ31 Mg alloy is much
less susceptible to liquation due to its
solution heat treatment during produc-
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Fig. 10 — AZ91 Mg welded with AZ92 Mg welding wire: A — TfS curves predicting no
crack susceptibility; B — verification of predicted no crack susceptibility. TfS curves calcu
lated using Pandat (Ref. 38) and PanMagnesium (Ref. 39) of CompuTherm, LLC. 
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tion, which dissolves  (Mg17Al12) and
raises the liquation temperature from
the eutectic temperature to the much
higher solidus temperature of 600°C. 
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Fig. 12 — AZ31 Mg welded with AZ61 Mg welding wire: A — TfS curves predicting no
crack susceptibility; B — verification of predicted no crack susceptibility. TfS curves calcu
lated using Pandat (Ref. 38) and Pan Mgnesium (Ref. 39) of CompuTherm, LLC.
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