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Abstract: In this work, a welding solidification crack sensitivity test platform was established to
study the effect of wire feeding speed (WFS) on solidification crack sensitivity during cold metal
transfer (CMT) welding for AA6061 aluminum alloy. The test results show that as the WFS increased
from 4 m/min to 5.5 m/min, the sensitivity of the solidification cracks also increased. With a further
increase in the value of the WFS, the crack sensitivity decreased and eventually ceased to exist.
A new perspective of the microstructure and crack propagation mechanics model was applied to
understand the effect of WFS on solidification cracks. With the use of scanning electron microscopy
(SEM) and a high-speed camera, it was found that as the WFS increased from 4 m/min to 5.5 m/min,
the microstructure of the grain size changed from bigger to smaller, and the stability of the crystal
microstructure was reduced. The crack propagation mechanics model was changed, which promotes
crack propagation, increasing by 233%. When the WFS continued to increase beyond 5.5 m/min,
the size of the crystal structure changed from small to big, the stability of the crystal microstructure
was increased, the crack generation was suppressed, and the cracking rate was significantly reduced.

Keywords: welding; Al-Si alloys; wire feeding speed; solidification cracking susceptibility; crystal
microstructure; propagation mechanics

1. Introduction

The conservation of resources and energy are the key enablers of sustainable develop-
ment, and the design of lightweight structures and manufacturing are directed to fulfill this
aim [1,2]. High-quality and high-strength aluminum alloys are the materials of choice in
developing lightweight structures. Consequently, these materials are increasingly used in
the manufacture of the main structures of carrier rockets, aircraft bodies, interior, and the ex-
terior parts of automobiles [3]. The scientific solutions to problems and technical difficulties
related to the connection and joining of components such as weld cracks made from such
materials have become increasingly important [4,5]. Hot crack is one of the most critical
problems in welds and the manufacturing of aluminum alloy parts [6,7]. In severe cases,
the cracks are so serious that the structure may crack open at the weld on solidification
or break during operation. The presence of cracks severely restricts the manufacture and
application of high-strength aluminum alloy welded structures [5,8]. The cold metal trans-
fer (CMT) technology combines droplet transfer and periodic wire retraction, which can
greatly reduce the welding heat input [9–11]. The CMT technology has a distinction in that
it works on extremely low heat input and has a very stable arc. This characteristic makes
CMT very suitable for the welding of aluminum alloys in bulk [11]. However, despite
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the advantages of solving the hot cracking problem, this problem is still the bottleneck of
welding aluminum alloys through CMT technology.

Cracks in metals, especially aluminum alloys, have been investigated for their effect on
the mechanisms of fatigue crack initiation and propagation [12–14] and to understand the
relationship between processing parameters and solidification cracks [15,16]. Lin et al. [15]
found that defects such as coarse secondary phases, welding porosities, and incomplete
fusion can cause discontinuities such as cracks. These discontinuities caused localized
stress concentrators, which initiate fatigue cracks, accelerate the crack propagation rate,
and eventually result in premature fracture at the weld zone (WZ). McCullough et al. [16]
employed and combined synergistic experimental and computational approaches to elu-
cidate the underlying mechanisms of fatigue crack nucleation and crack propagation in
AA6061-T6. It was demonstrated that the alloys AA6061-T6, in annealed conditions, failed
in a similar number of cycles despite quantified differences in the cyclic stress–strain re-
sponse. Soysal et al. [16] studied the effect of fillers on the susceptibility to solidification
cracking of AA2024. The filler metal ER4145 was highly effective against solidification
cracking. The ER4043 filler was less effective, and ER2319 was the least effective. Thus,
in situations where solidification cracking in AA2024 welds was a major concern, ER4043
and ER4145 can be considered as filler metals.

The microstructural characterization and effect of microstructural changes on the me-
chanical properties of aluminum alloys have been well investigated [17–20]. A prominent
microstructural feature, which affects the crack initiation in cast aluminum alloys, includes
intermetallic compounds [21,22], the formation of solidification cracks, and metallurgical
and mechanical factors [23,24]. The literature demonstrates that the joint microstructure
closely depends on the process parameters, which in turn affect the fracture resistance
significantly. The microstructural changes rely on element migration and diffusion. The in-
vestigations and results reported in the literature are helpful in understanding fatigue
behavior involving crack initiation and propagation, but they do not suffice to provide in-
sights into the relationship between macroforming and the microstructure of solidification
cracks as far as wire feeding speed and solidification crack rate are concerned.

2. Materials and Methods
2.1. Materials

The base material (BM) was AA6061 aluminum alloy in an initial T6 condition with
a thickness of 4 mm, as shown in Table 1. AA6061-T6 alloy is mainly composed of the
elements Al-Mg-Si, with excellent formability, high strength, good weldability, and strong
corrosion resistance. The typical mechanical properties of AA6061-T6 are shown in Table 2.
ER4043 was used as a filler layer (FL) with a diameter of 1.2 mm, which was composed of
AlSi5-ER4043 wire (ESAB, Milan, Italy), with medium strength, good corrosion resistance,
and weldability.

Table 1. Chemical composition of 6061 and 4043 aluminum alloy (wt%).

Composition Si Mg Fe Cu Zn Al

AA6063 (BM) 0.4–0.8 0.8–1.2 <0.7 0.15–0.4 0.25 Bal.
ER4043 (FL) 5.00 0.1 0.04 0.05 0.1 Bal.

Table 2. Typical mechanical properties of AA6061-T6.

Material Yield Strength (MPa) Ultimate Tensile
Strength (MPa) Elongation (%)

AA6061-T6 331.5 358.5 13
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2.2. Equipment

Figure 1 shows that the experiment was carried out by the ABB robot-assisted CMT
welding system, which consists of the TPS5000 CMT digital welding system (Fronius,
Pettenbach, Austria) and ABB robotic (Switzerland, Zurich). The welding machine has
a rated current of 500A, and the ABB robotic is an IRB1520 robot produced by ABB,
Stockholm, Switzerland. The welding machine and the robot communicated through the
DeviceNet bus protocol. A scanning electron microscope (SEM) (TESCAN VEGA, Brno,
Czech Republic) was used to analyze the effect of wire feeding speed on the microstructure,
and a high-speed camera (CR600X2, Optronis GmbH, Kehl, Germany) was utilized to
study the effect of wire feeding speed on crack propagation mechanics. The system is
an integrated device, and the parameters of the experiment are composed of the WFS,
welding speed, genuine length of wire, shield gas, arc length correction, and welding speed.
Additionally, WFS is the crucial parameter that decides the heat input, which affects the
quality of welded joints [24,25].
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Figure 1. Cold metal transfer (CMT) processing experimental equipment and process. (a) CMT welding solidification crack
test platform; (b) CMT welding processing; (c) research process.

Table 3 gives the preconditions of the experimental process parameters for CMT weld-
ing, which were set to be the same for all experiments. For WFS, 4 m/min to 7 m/min was
selected as the research object since cracks would occur in this interval during the experi-
ment. Subsequently, the 7 sets of experiments were conducted, and then the specimens were
etched with Keller’s reagent (95 mL water, 2.5 mL HNO3, 1.5 mL HCl, and 1.0 mL HF).
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Table 3. Preconditions of the experimental process parameters for CMT welding.

Process Parameters Experimental Conditions

Genuine length of the wire 8 mm
Shield gas 8 L/min, 100% Argon

Arc length correction 0%
Welding speed 8 mm/s

2.3. Characterization and Test Methods

The characterization of the susceptibility to solidification cracks was carried out
by measuring the length of the central crack in the weld with an optical microscope
(Figure 2). The researchers estimated the solidification crack rate under different parameter
combinations through the relationship given by Equation (1), where Lc is the length of
the central crack, Lw is the total length of the weld, and Hc is the crack rate of the central
solidified crack. The larger the value of crack rate, the higher the sensitivity of solidification
cracks, and the greater the possibility of solidification cracks initiation and propagation [26].
This is Example 1 of Equation (1):

Hc =
Lc
Lw

× 100% (1)
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Figure 2. Processing sample map of the crack rate measurement experiment.

Heat input is generated in CMT welding, which is provided by the arc. In order
to compare the size of the heat input reasonably and simply, the following equation
(Equation (2)) is used as the calculation formula of the heat input.

E =
UI
V

(2)

where, I, U, and V are the welding current, welding voltage, and welding speed, respectively.

3. Results and Discussion
3.1. Effect of Wire Feeding Speed on the Solidification Crack Rate of Aluminum Alloy

The WFS determines the amount of welding heat input and is one of the main process
parameters of CMT arc welding [27]. To study the effect of the WFS on the solidification
cracking of aluminum alloys, the cracks formed at varied WFSs were observed by keeping
other process parameters unchanged. A WFS range from 4 m/min to 7 m/min was chosen
to study since the cracks were concentrated in this interval; therefore, five equidistant
discrete values, including two typical crack-free parameters in this range, were selected.
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The final WFSs were 4 m/min, 4.5 m/min, 5 m/min, 5.5 m/min, 6 m/min, 6.5 m/min,
and 7 m/min, respectively, and the welding speed was kept constant at 8 mm/s.

Figures 3 and 4 reveal the topography of the solidification and the effect of the WFS
on the central solidification crack. Figure 3 gives the topography of the solidified cracks,
which provides microstructure information about the uncorroded cracks in the welding
joint, and this sample corresponds to Figure 5b when the WFS is 4.5 m/min.

Figure 3. Topography of the solidified cracks.
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Figure 5. (a) Effect of wire feeding speed on the width and number of cracks; (b) effect of wire the feeding speed on the
crack rate.

Table 4 provides the process parameters and crack rate. The measured values of the
solidification crack rate are plotted against the WFS and are given in Figure 5a. The plot
in Figure 5b reveals that with the increase of the WFS, the central solidification crack rate
initially increases and then decreases to eventually become zero. When the WFS is less than
5.5 m/min, it is observed that the number of solidification cracks increases with the WFS
and reaches a peak at 5.5 m/min. When the WFS exceeds 5.5 m/min, the crack rate begins
to decrease and becomes zero at 6.5 m/min. When the WFS increases from 5.5 m/min
to 6.5 m/min, the crack width and length both decrease, and the solidification rate falls
rapidly to a lower value. As the WFS further increases to 6.5 m/min, the solidification
cracks reduce to zero.

Table 4. Process parameters and the crack rate of CMT welding processing.

Sample Wire Feeding Speed
(m/min)

Current
(A)

Voltage
(V)

Heat Input
(J/mm)

Crack Rate
(%)

1 4 88 16.6 182.6 40.91
2 4.5 100 16.9 211.25 63.64
3 5 113 17.2 242.95 72.00
4 5.5 125 17.5 273.43 82.5
5 6 136 18.1 307.7 28.67
6 6.5 148 18.6 344.1 0
7 7 158 19.2 379.2 0

The analysis showed that the cracks were significantly sensitive to the WFS. When
the WFS was small, the crack began to initiate and propagate, and the crack rate increased.
When the WFS was increased to 5.5 m/min, the crack propagation reached the maximum
value, and the maximum crack rate was found to be 82.5%. When the WFS was further
increased, the crack sensitivity decreased sharply. To understand the influence of wire
feeding speed on cracks from a new perspective, the microstructure and mechanical
properties near the cracks were analyzed.

3.2. Effect of WFS on Microstructure
3.2.1. Effect of the WFS on the Microstructure near Cracks

As the WFS increases, the stability of the crack microstructure changes greatly. The WFS
has a great influence on the stability of the microstructure caused by the formation of so-
lidification cracks. The stability of the microstructure can be studied through the crystal
structure [28,29].

Figure 6 shows the effect of the WFS on the microstructure around the solidification
cracks. When the WFS increased from 4.0 m/min to 7.0 m/min, the three most typical
WFSs were selected as the research objects: 4.5 m/min, 6 m/min, and 7 m/min. The WFS
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of 4.5 m/min caused the increase of cracks during the experiments, and its microstructure
could reflect the change in the microstructure during the crack increase process. When
the WFS is 6 m/min, cracks are decreased during crack formation, which can reflect the
microstructure state during the crack reduction process. When the WFS is 7 m/min, there
is no crack, which can also reflect the no-crack state of the microstructure. When the WFS
increases from 4.5 m/min to 6 m/min, the width of the cracks decreases, and the size of
the grains also decreases. When the WFS increases from 6 m/min to 7 m/min, the cracks
gradually disappear, the grains become more regular, and the microstructure is uniform.
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Figure 7 shows the change in the microcrystalline structure according to the WFS
near the solidification cracks. When the WFS increases from 4.0 m/min to 5.5 m/min,
the consequent heat input changes from small to large; therefore, the porosity near the
cracks also increases. The porosity is found to vary from smaller to larger. The results
showed that as the WFS increased, the microstructure changed from simple to complex.
The crack rate reached its maximum values at 5.5 m/min, and the structure near the crack
consisted of more porosity. With a further increase in the WFS, the porosity decreased, and
the microstructure was found to accompany protrusion. When the WFS increased beyond
5.5 m/min, the input heat increased further, and the size of the weld pool also increased.
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The size and orientation of the crystal microstructure near the cracks were found to
significantly change as the WFS increased from 4 m/min to 7 m/min. When the WFS
increased from 4 m/min to 5.5 m/min, the crystal microstructure transformed from regular
to irregular, and the size of the crystal ranged from bigger to smaller. The stability of the
microstructure of the crystal was reduced. When the WFS maximized further, the size
of the crystal microstructure changed from small to big, and the stability of the crystal’s
microstructure increased.

3.2.2. Effect of WFS on the Crack Propagation Mechanics near Cracks

The WFS is seen to significantly affect the propagation of cracks and in turn the
properties of the welding joint. The propagation of cracks is caused by mechanical stress,
forces associated with the reflow of the liquid metal, and stress due to shrinkage during
solidification [30–32]. A set of experiments were performed at various WFSs to confirm
that WFS significantly affects the microstructure around the crack.

Figure 8 presents schematic diagrams showing the force analysis and the process
of solidification crack formation through high-speed imaging when solidification cracks
were propagated. It can be seen from Figure 8 that the molten pool is affected by three
forces, namely the mechanical stress, reflow force of the liquid metal, and the solidification
shrinkage stress. Through crack propagation, the influence of the WFS on solidification
cracks was studied, and it was found to be related to joint quality. Experiments conducted
on various WFSs confirmed that WFS will significantly affect the microstructure around the
crack. Ploshikhin et al. proposed the displacement criterion to judge the propagation of so-
lidification cracks: when the cumulative displacement of the tail of the molten pool exceeds
the critical displacement of the propagating crack, the crack propagates forward [31].
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In this work, the magnitude of the displacement of the grain boundary can reflect
the magnitude of the resultant force. Figures 6 and 7 reflect the actual change of the grain
boundary of the crystal near the crack with the change of the WFS. When the WFS is small
(WFS < 6.5 m/min), the weld pool’s temperature gradient is high, and the solidification
speed is fast, resulting in strain at the grain boundary, the direction of which is from the
tail of the molten pool at a high temperature to the center of the weld pool at a lower
temperature. Therefore, the grain boundaries are expanded, and the cracks also propagate
forward. Local stress has been released in the crack initiation, and it is not the dominant
force; hence, in that situation, the mechanical stress had little effect on grain boundaries.
When the WFS increases further (WFS ≥ 6.5 m/min), the input energy also increases, and
the temperature gradient of the molten pool is small, and the solidification time is longer, so
the solidification shrinkage strain on the grain boundary is small, and the mechanical stress
can balance the solidification shrinkage stress. Additionally, the reflow time of the molten
pool is longer, resulting in a liquid metal back to fill the crack that has been propagated;
therefore, at this time, the crack propagation will not occur.

Figure 9 reveals the microstructure of the solidification crack when the crack propa-
gates when the WFS increases from 4 m/min to 7.0 m/min, according to the crack propa-
gation path, the red arrows represent the direction of the crack propagation. The effect of
each WFS on the propagation of the solidification was analyzed. At this point, we regarded
the crack that grew as a crack, selected a region randomly through SEM, and counted the
number of crack propagations.

The analysis shows that a smaller WFS leads to less heat input, which leads to a
smaller molten pool. The solidification crack initiation occurs at the same time as the
solid and liquid phases. At this time, the strength of the grain boundary is low, and large
local stress can cause the grain boundary to crack initiation [32]. An increase in the WFS
caused the heat input to increase, and the strain at the tail of the molten pool also increased
rapidly [33,34]. As the WFS continues to increase, the heat input also increases, so the
molten pool increases, and the crack initiation area also increases. In this case, an increasing
area of the molten pool with insufficient liquid metal will have more access to cause crack
initiation in the grain boundaries. When the WFS increases further (WFS ≥ 6.5 m/min),
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the heat input also increases, but the area of the molten pool will not increase too much;
in this case, the temperature gradient is small, and the solidification time is longer, causing
more liquid metal to flow into the cracks that have already formed to prevent crack
propagation. In such a situation, cracks will not occur.Metals 2021, 10, x FOR PEER REVIEW 10 of 13 
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With the above analysis, the crack propagation was found to have a significant change
as the WFS increased from 4 m/min to 7 m/min. The results in Figure 10 show that when
the WFS increased from 4.5 m/min to 5.5 m/min, the crack propagation mechanism was
unbalanced, and the propagation of crack was promoted, with a growth rate of 233%.
When the WFS was further, the crack propagation mechanics model remained in balance,
the crack generation was suppressed, and the cracking rate was significantly reduced.
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Figure 10. Number of solidification crack propagations.

4. Conclusions

Through the study of the effect of wire feeding speed on solidification cracks during
CMT welding for Al-Si alloys, a new perspective of the crystal microstructure and crack
propagation mechanics model was applied to understand the effect of the WFS on the
solidification crack. The conclusions are summarized as follows:

1. As the WFS increases from 4 m/min to 5.5 m/min, the susceptibility to solidification
cracks also increases. A further increase in the WSF leads to a decrease in the susceptibility
to solidification cracks and eventually ceases to exist.

2. As the WFS increases from 4m/min to 5.5 m/min, the size of the crystal microstruc-
ture changes from larger to smaller; simultaneously, the stability of the microstructure
decreases. When the WFS continues to increase by 5.5 m/min, the size of the crystal mi-
crostructure changes from smaller to larger, and the stability of the crystal microstructure
increases.

3. When the WFS increases from 4 m/min to 5.5 m/min, the force state of the molten
pool is changed, causing crack propagation to be promoted, with a growth rate of 233%.
When the WFS continues to increase at a speed of 5.5 m/min, the mechanical state is
stable, which suppresses the occurrence of cracks, resulting in a significant decrease in the
crack rate.
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