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Abstract
7xxx series aluminum alloys are susceptible to solidification cracking during fusion welding. This study systematically inves-
tigates the solidification cracking susceptibility of T-Mg32(AlZn)49-strengthened Cu-free Al-Mg-Zn alloy with a Zn/Mg ratio
below 1.0. The alloy is different from η-MgZn2-strengthened 7xxx series alloys whose Zn/Mg ratios are above 1.0. The crack
length of the studied Al-Mg-Zn series alloys is shorter than traditional Cu-free 7xxx series alloys, which corresponds to lower
solidification cracking tendency. Welding cracks tend to grow along the continuous eutectic phases during the end of welding
solidification, and thus, cracks occur when liquid can no longer hold the constraining stress. According to the results, Al-Mg-Zn
series alloys have the narrower eutectic temperature range and narrower mushy zone than 7xxx series alloys. Thus, the
constraining stress during solidification is lower than 7xxx series alloys. The liquid fractions of the Al-Mg-Zn series alloys are
relatively high than 7xxx series alloys, making it possible to heal micro-cracks during the end of solidification process.
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1 Introduction

7xxx series aluminum alloys are extensively used in aero-
space, shipbuilding, and vehicle industry mainly because of
their high strength to weight ratio, fracture toughness, and
larger damage tolerance [1, 2]. However, Liptak [3] showed
that the Al alloy was susceptible to solidification cracking
when the alloy contains 1 to 4% Mg, 0 to 5% Cu, or 4 to
9% Zn. These high strength alloys were proven to be suscep-
tible to solidification cracking during direct chill casting or

fusion welding. On the other hand, 5xxx series aluminum
alloys has medium strength, good corrosion resistance, and
good weldability [4, 5]. Thus, one of the urgent problems is
how to suppress the weld solidification cracking while simul-
taneously maintaining the strength of the Al alloy. Generally,
solidification cracks usually take place at the ending period of
the welding solidification process, during which time solid
phases occur as temperature cooling down, and grains begin
to contact with their neighboring ones. When this happens, a
rigid network of dendritic grains is formed, and the unsolid
liquid could not move freely. These thin liquid layers between
grains are neither able to bear nor to transfer constraining
stress during solidification, leading to cracks on alloys with
lower weldability when welds cannot hold the constraining
stress anymore.

An effective method to improve the weldability of the Al-
Mg-Si alloy was by regulating prior thermal temper of the
alloy. The hot cracking susceptibility during welding was high
in the T6 temper as compared with T4 temper, which is related
to the width of the partially melted zone [6]. It was presented
that solidification cracking during welding could be eliminat-
ed in deep and narrow welds produced by laser welding [7].
However, the cost of laser welding was much higher than
traditional tungsten-inert gas welding or metal inert gas
welding. Kou studied the effect of magnetic arc oscillation
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on the grain structure and solidification cracking of aluminum
alloy welds [8]. Transverse arc oscillation at low frequencies
could produce alternating grain orientation and this type of
grain structure was effective in reducing solidification crack-
ing. Research showed that pulsed electric current could refine
the grain structure of aluminum alloys [9] and suppress the hot
cracking of Al alloys. Similarly, the crack in the 1045 steel
could be healed by electro-pulsing treatment [10]. Although
arc oscillation and pulsed electric current were effective on
suppressing the weld hot cracking, they were expensive and
still difficult to apply in the real industry.

During the last decade, microalloying elements, such as Sc
[11, 12], Er [13], and Ag [14, 15], in the base metal or filler
metals were usually used to improve the weldability of high
strength Al alloy. It showed that the reduction of hot cracking
susceptibility was due to the reduction of solute segregation, rise
of solidification temperature, and refined grains. Moreover, by
adding such alloying elements, the strength of the alloy can be
improved by dispersion strengthening, precipitation strengthen-
ing, and grain refinement [16–18]. However, compared with
traditional 7xxx series aluminum alloys, the cost of Sc, Er, and
Ag limits the development of such alloys and is not infeasible for
industrial applications. In addition, Janaki [19] investigated the
use of inoculants on the grain refinement and weldability of
AA2090 Al alloys. It proved that Zr was the most useful

inoculants than Ti and Ti-B to improve the weldability of the
Al alloys. The strength of the alloy was only about 20 MPa
higher than the alloys without inoculants.

Various studies have demonstrated that solidification
cracking susceptibility has been influenced by several metal-
lurgical factors. DuPont [20] concluded that the wider the
solidification temperature range and eutectic region in the
weld metal, and thus the larger the susceptible to solidification
cracking during fusion welding. The amount of liquid during
terminal solidification was another important factor for the
occurrence of solidification cracking. The abundant enough
eutectic liquid between grains can suppress and heal the initial
cracks. Beneficial eutectic reactions can also impede the crack
propagation throughout the mushy zone by changing the liq-
uid distribution along the grain boundary [21]. Kou S [22] has
proposed a simple test for assessing solidification cracking
susceptibility and checked its validity on solidification suscep-
tibility. Such metallurgical factors were proven to be effective
on the cracking susceptibility of superalloy or steel.

The chemical composition of the aluminum alloy has a
great influence on the eutectic reaction, amount and distribu-
tion of liquid during terminal stage of solidification, and thus
dramatically alters the solidification cracking tendency of the
Al alloy. In our previous study, Zn-modified 5xxx series alu-
minum alloys with Zn/Mg ratio below 1.0 have been devel-
oped with higher mechanical strength to meet the requirement
of marine and vehicle users and to provide theoretical and
experimental basis for engineering design and application of
novel alloys [23]. The age hardening precipitates in the novel
Al-Mg-Zn alloy is T-Mg32(AlZn)49 phase [24, 25], which is
different from the commonly known η-MgZn2 phase in 7xxx
series aluminum alloys (Zn/Mg > 1.0). However, the solidifi-
cation cracking behavior during fusion welding of the novel
alloy has not been investigated. Thus, in this study, Houldcroft
fishbone test is applied to determine the solidification cracking
susceptibility during fusion welding of the novel Al-Mg-Zn

Table 1 Experimental alloy composition in wt.% (balance: Al)

Mg Zn Cu Cr Ti Zr Fe Si Zn/
Mg

Alloy0 5.0 0 0.15 0.03 0.07 0.15 0.20 0.15 0

Alloy1 5.0 1.0 0.15 0.03 0.07 0.15 0.20 0.15 0.2

Alloy2 5.0 2.0 0.15 0.03 0.07 0.15 0.20 0.15 0.4

Alloy3 5.0 3.0 0.15 0.03 0.07 0.15 0.20 0.15 0.6

AlloyC 3.0 4.0 0.05 0.2 0.07 0.15 0.15 0.15 1.3

Fig. 1 Top view of the fishbone
specimen [3]

692 Weld World (2021) 65:691–698



series alloys. The microstructures are observed by optical mi-
croscopy and scanning electron microscopy (SEM). Non-
equilibrium solidification behavior of all alloys is calculated
to find out the solidification features and the liquid distribution
patterns during welding processes. Both these simulations are
used to make explanations and even predictions for solidifica-
tion cracking tendency during welding.

2 Materials and methods

2.1 Materials and tensile testing

In this study, four Al-Mg-Zn alloys with different Zn
contents were investigated, with a Cu-free 7xxx series

alloy (AA7039) as a contrast alloy (AlloyC). The compo-
sition of all alloys is listed in Table 1. The Zn/Mg ratio of
the novel alloy is below 1.0 compared with traditional
7xxx series alloy where Zn/Mg ratio usually above 1.0.
All alloys were melted, homogenized, hot and cold rolled
to a final thickness of 2.5 mm. Then, the alloys were
solution treated and artificially aged at 90 °C for 24 h
and subsequently aged at 140 °C for another 24 h.

The tensile test specimens were taken in the rolling
direction with a gauge length of 25 mm and width of
6 mm followed by ASTM E8 standards. The tensile
properties of aged specimens were tested at room tem-
perature with an initial strain rate of 4.8 × 10−4 s−1. Each
reported tensile testing value was the average of three
individual tests.

Fig. 2 a Engineering stress-strain
curves and b mechanical proper-
ties of the alloys

Alloy0 Alloy1 Alloy2 Alloy3 AlloyC 

Uncracked specimen Cracked specimen

Fig. 3 Representative pictures of cracked and uncracked welds
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2.2 Weldability evaluations

Houldcroft fishbone test is used for evaluating the solidifica-
tion cracking tendency during welding process [3]. All
fishbone test specimens with a thickness of 2.5 mm are ma-
chined from the alloys as depicted in Fig. 1. A specimen with
slots of varying depth is free from outside constraints during
welding process. As welding starts from the starting edge of
the specimen, initial crack occurs during solidification and
propagates along its centerline. The welding solidification
cracking index is defined as the crack length divided by the
total length of the specimen and is used to estimate the solid-
ification cracking susceptibility of different specimens.

Four parallel specimens were used to test the solidification
cracking tendency of each alloy for the accuracy purpose.
Tungsten-inert gas welding without filler metal was applied,
since the solidification cracking susceptibility of base metal
was the only consideration in this test. The welding processes
were conducted by YASKA VA-HP20D PLC-controlled ma-
nipulator equipped with INVERTIG PRO digital 240 AC/DC
welding system. The electrode type was tungsten and the an-
gle was 90°. The welding current and welding speed were
130 A and 4 mm/s, respectively, with an Ar shielding flow
rate of 15 L/min. The arc length and arc voltage were 4 mm
and 12 V, respectively.

2.3 Microstructure observation and simulation

The microstructure of the welds was examined by SEM.
Energy-dispersive spectrum (EDS) was applied to analyze
the chemical composition of the eutectic phases in the welds.
For those uncracked specimens, direction paralleled to
welding direction (direction A) was chosen to observe the
microstructure of welds. For those cracked specimens, apart
from the previous direction, surface perpendicular direction
(direction B) was also selected to examine the microstructure
of welds. The number and size of the micro-cracks on all
welds were measured by an image processing software.
Non-equilibrium solidification behavior of all alloys during
welding process was calculated by FactSage software.

3 Results

3.1 Mechanical properties

The engineering stress-strain curves and mechanical proper-
ties of the studied alloys are shown in Fig. 2. The results show
that both the tensile and yield strengths increase gradually
with an increase of Zn/Mg ratio (Zn/Mg ≤ 1), while the elon-
gation decreases. With further increase of Zn/Mg ratio, the
strength of the alloy begins to decrease. The tensile strength
of novel Alloy3 can be up to 490 MPa, which is higher than
that of AlloyC. It means that the novel alloy has the same
strength level compared with the Cu-free 7000 series alloys.

3.2 Solidification cracking tendency during welding

The solidification cracking susceptibility of all tested speci-
mens is shown in Fig. 3. Continuous cracks are observed in all
AlloyC specimens and one out of four Alloy3 specimens. All
12 Alloy0, Alloy1, Alloy2 specimens show no visible cracks
and similar levels of weldability. Figure 4 shows the welding
solidification cracking index of all the alloys. AlloyC speci-
mens have the highest solidification cracking susceptibility
among all tested alloys. The solidification cracking index of
Alloy3 is lower than AlloyC, indicating its lower solidifica-
tion cracking tendency compared with AlloyC. The

Fig. 4 Welding solidification cracking index of all alloys

Fig. 5 SEM images from transverse sections: aAlloy0; bAlloy1; cAlloy2; d uncracked Alloy3; emorphology of micro-cracks from uncracked Alloy3
weld
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solidification cracking index of Alloy0, Alloy1, Alloy2 spec-
imens is 0. It implies that cracking susceptibility of all these
specimens is lower than that of Alloy3 and AlloyC.

3.3 Microstructure observation

Figure 5 shows the SEM images of all welds of Alloy0,
Alloy1, Alloy2, and uncracked Alloy3 welds. The micro-
cracks always coincided with second phases. Figure 6 lists
the percentages of pixels of micro-cracks and eutectic phase
in the SEM image. It is found that the number of these micro-
cracks increases with an increase of Zn content, which means
solidification cracking susceptibility increases with increasing
Zn content. The amount of eutectic phase also increases with
an increase of Zn content. The percentage of pixel of eutectic
phase shows a similar tendency with the number of micro-
cracks. It means that the distribution density of micro-cracks
increases as larger eutectic phases occur.

Figure 7 shows the SEM images of the cracked weld. The
cracks grow along long and continuous eutectic phases at
grain boundary in all welds. It proves that the existence of
eutectic phases provides the opportunity for welds to crack.
The distribution pattern of eutectic phases in different welds is
also worth noticing. Eutectic phase tends to occur dispersedly
in welds with lower cracking susceptibility, while long and
continuous eutectic phases are always found in welds with
higher cracking susceptibility. From the microstructure obser-
vation, the rank of solidification cracking susceptibility from

largest to smallest among all tested alloys is as follows:
AlloyC >Alloy3 > Alloy2 > Alloy1 > Alloy0.

4 Simulation and discussion

4.1 Effect of non-equilibrium solidification behavior
on the weldability

In this part, non-equilibrium solidification behavior of all alloys
is calculated to find out the solidification features during welding
processes. It is assumed that Mg and Zn losses due to high
welding temperature are not significant enough to change the
composition of alloys. The relationship between fraction solid
changes and temperature decrease are studied to find out the
solidification features of all tested alloys during non-
equilibrium welding solidification processes. Simulations are
based on the “no solid diffusion and complete liquid diffusion”
model. The solidification paths and simulation result are shown
in Fig. 8. Two stages of eutectic reactions take place during
solidification process. Mg32(AlZn)49 is the eutectic product dur-
ing stage 1 that happened between 463 and 479 °C and Al3Mg2
is the eutectic product during stage 2 that happened at 450 °C. It
should be noted that the eutectic product of stage 1 for Alloy0 is
Mg32Al49. Moreover, AlloyC has no eutectic reaction of stage 2
according to this simulation.

Table 2 shows the solidification temperature range, eutectic
temperature range, fraction solid as starting eutectic reaction,

Fig. 6 Percentage of pixels of
microcracks and eutectic phases
in the SEM image

Fig. 7 Cracks growing along eutectic phase of Alloy3 a [direction A] and b [direction B] and AlloyC c [direction A] and d [direction B]
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and fraction solid as starting Al3Mg2 eutectic reaction during
non-equilibrium solidification. The starting temperature of eu-
tectic reaction increases with increasing Zn/Mg ratio, which is
463 °C for Alloy0, 465 °C for Alloy1, 468 °C for Alloy2, and
471 °C for Alloy3, respectively. The eutectic reaction temper-
ature range increases with increasing Zn/Mg ratio, while the
fraction solid as starting eutectic reaction decreases with in-
creasing Zn/Mg ratio. It means that the number of eutectic
phases increase with an increase of Zn/Mg ratio and corre-
sponds to the SEM results. As for AlloyC, higher eutectic
reaction starting temperature of 479 °C and wider eutectic
temperature range of 29 °C are found than other alloys, but
the fraction solid as starting eutectic reaction is only lower
than Alloy0, which is 93.5%.

In the current study, the eutectic reaction completed at a tem-
perature of 450 °C, where the fraction solid is higher than
99.99%. Thus, the terminal stage of solidification can be defined
as the second stage Al3Mg2 eutectic reaction, where the fraction
solid is higher than 96%. The higher amount of eutectic liquid
between grains can be abundant enough to heal the incipient
cracks. Thus, the solidification cracking tendency duringwelding
increases with increasing Zn content. The fraction liquid for

AlloyC is 0. As Fig. 5 shows, the amount of eutectic phase
observed in uncracked welds increases with an increase of Zn/
Mg ratio. Although the weld of AlloyC has less eutectic phases
than the other four welds, large-scaled eutectic phases in contin-
uous shape can still be observed on its grain boundaries.

Wider eutectic temperature range and more eutectic phases
occur with an increase of Zn/Mg ratio, providing more time
for liquid eutectic phases to converge during solidification
process. Simulation results also confirm that AlloyC has the
widest eutectic temperature range. Thus, it can still form siz-
able continuous eutectic phases during solidification process
even with less amount of them. The liquid eutectic phases on
grain boundaries are neither able to bear nor to transfer
constraining stress during solidification, and the existence of
large and continuous liquid zone will bring more severe prob-
lem of stress concentration, thus leading to more serious so-
lidification cracking phenomenon in alloys having higher Zn/
Mg ratio. In the modern solidification cracking theory, not
only the solidification range, the width of the mushy zone,
and the feeding of continuous eutectic liquid are considered,
but also the grain boundary, where cracking occurs. In the
previous Scheil model, the back diffusion of elements was

Fig. 8 The non-equilibrium so-
lidification behavior of all tested
alloys

Table 2 Non-equilibrium solidification behavior of tested specimens

Solidification temperature
range (°C)

Eutectic reaction temperature
range (°C)

Fraction solid as starting eutectic
reaction

Fraction solid as starting Al3Mg2
eutectic reaction

Alloy0 181 13 0.94 0.963

Alloy1 179 15 0.93 0.975

Alloy2 178 18 0.915 0.989

Alloy3 176 21 0.905 0.996

AlloyC 186 29 0.935 1
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not considered. The significant back diffusion ofMg inAl-Mg
alloy plays an important role in the feeding of solidification
cracks [26]. Therefore, we need to consider all these factors
comprehensively. The solidification range of Al-Mg-Zn in our
studies is relatively lower compared with Alloy 7039. Thus,
the continuous eutectic liquid feeding effects are not very
significant. It is more crack susceptible in Alloy 7039, despite
more continuous eutectic liquid, which is not contrary to our
conclusion. The competition between all these factors on so-
lidification cracking should be clarified in the further study.

4.2 Effect of mushy zone on the weldability

Solidification cracking susceptibility during welding not only
depends primarily on the eutectic reaction temperature range
and amount of liquid during terminal solidification, but also on
the distribution of liquid in the solid/liquidmushy zone. Here, the
authors simulate the liquid distribution pattern in the melted zone
and mushy zone during solidification, as this is a more intuitive
way to illustrate the fraction liquid at different places near the
weld metal. A model has been developed to estimate the size of
mushy zone in steels and variation of fraction liquidwith distance
within the mushy zone [21]. According to solidification solute
redistribute laws, the temperature of liquid at any point on the
liquidus line can be described as Eq. 1, assuming solidus and
liquidus lines as straight lines.

T ¼ Tm þ ∑mL;i � CL;i ð1Þ

Here T refers to liquid temperature, Tm refers to the melting
point of pure Al (solvent), mL,i is the slope of liquidus line for
solute i, and CL,i is the liquid content for solute i. Because the
diffusion patterns of solute i are close to no solid diffusion and

complete liquid diffusion, the solute redistribution of solute
elements can thus be written by Scheil equation:

CL;i ¼ C0;i f L
k i−1 ð2Þ

C0,i and ki are the initial melt compositions of solute i, and
equilibrium partition ratio of solute i, respectively. fL refers to
fraction liquid at any time. The ki of Mg, Zn, and Cu elements
are − 443.2, − 335.3, and − 570, and mL,i of Mg, Zn, and Cu
elements are 0.329, 0.429, and 0.12, respectively, determined
in each binary phase diagram. Aiming to understand the spatial
distribution pattern of fraction liquid, the distance that a point on
the specimen from the weld center is set as ‘x’, and the temper-
ature gradient in the mushy zone is introduced asG. To simplify
modeling, G is considered as a constant, and the temperature
when x = 0 is set to the melting point of the alloy. Based on this
model, temperature in the mushy zone at any distance can be
found as

T ¼ TL−Gx ð3Þ

By combining above equations, how fL changes with x in
the mushy zone is finally determined by Eq. 4.

TL−Gx ¼ Tm þ mL;iC0;i f L
k i−1 ð4Þ

The fraction liquid as a function of distance in themushy zone
can be illustrated in Fig. 9. As the distance to the centerline of a
weld increases, fraction liquid drops dramatically, and this trend
gets slow as it goes deeper in the mushy zone. It is obvious that
AlloyC has the widest mushy zone, followed by Alloy3, Alloy2,
Alloy1, Alloy0. It means that under the same cooling condition,
the time needed for solidification increases with increasing Zn/
Mg ratio. This is mainly due to their decreasing eutectic

Fig. 9 Fraction liquid distribution as a function of distance withinmushy zone: a schematic illustration of themushy zone, b fL as a function of x (0 < fL <
1), and c expanded view near the terminal stage of solidification (0 < fL < 0.1)
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temperature range, and this result is exactly in line with the so-
lidification behavior simulated in section 4.1. As a result, the
solidification cracking tendency during welding of 7039 Al al-
loys is higher than the current studied alloys.

5 Conclusions

This paper systematically investigates the solidification cracking
behavior of Al-Mg-Zn alloywith a Zn/Mg ratio below 1.0 during
welding process and compared with alloy 7039 with a Zn/Mg
ratio above 1.0. The main points are concluded as follows:

(1) The tensile strength of the novel alloy increases with an
increase of Zn content and is higher than Alloy 7039.
The solidification cracking susceptibility of the devel-
oped Al-Mg-Zn alloy is lower than a common 7xxx al-
loy, Alloy 7039. The solidification cracking susceptibil-
ity increases with increasing Zn content.

(2) Increase in the Zn/Mg ratio will result into higher eutec-
tic proportion, wider eutectic temperature range, and
wider mushy zone in the alloy systems and thus increase
the chances for the occurrence of large and continuous
liquid eutectic phase.
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