Crackin g in Spot Welding Aluminum Alloy
AA5754
Cracking and its mechanisms during the resistance spot welding
of aluminum alloys are analyzed
BY J. SENKARA A N D H. Z H A N G

ABSTRACT. The phenomenon of cracking was observed during resistance spot
welding a commercial aluminum alloy
AA5754, and mechanisms of cracking
and healing are discussed in this paper.
Metallographic study of welded coupons
revealed cracks located on only one side
of a weldment in the heat-affected zone
(HAZ), with respect to the welding sequence. Cracks are visible from longitudinal cross sections only. Some of them
are partially or fully filled. Crack appearance and orientation are fairly repeatable
and their intergranular characteristics
and dendritic fracture surface morphology prove they were formed at elevated
temperatures in the presence of liquid
metal. The discussion of metallurgical
factors considering the AI-Mg equilibrium phase diagram and the possible
temperature histories of various zones in
a weldment during spot welding elucidated the approximate conditions for
cracking during spot welding and for
mending the structure. A thermomechanical analysis revealed a high possibility for tensile stress buildup on the
cracked side of the weldments as a result
of material flow, thermal stress development and localized straining.
Introduction

Aluminum-based alloys have been
widely used in automobile structures due
to their unique properties, such as high
specific strength. Although large-scale
production of aluminum-intensive vehicles will not be feasible in the near future,
there is no doubt that the use of aluminum-based materials will increase
steadily (Refs. 1-3). One attractive area is
to use aluminum alloys as structural materials, and this application depends primarily on forming and joining of aluminum parts. As the major joining
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technique in auto-body assembly, resistance spot welding is used for joining aluminum parts, as it has been used for steel.
The nonheat-treatable AI-Mg alloys
(5000 series) in sheet product form are
among the most promising aluminum
materials, and among them, AA5754 has
been developed especially for the automotive industry. The optimized magnesium content in the alloy assures satisfactory mechanical properties and low
susceptibility to stress corrosion cracking. The AA5754 alloy has good formability, good static, impact and fatigue
strength and high resistance to pitting
and intercrystalline corrosion (Refs. 4, 5),
as well as a stable microstructure after exposure in moderate temperatures. The
strength of the alloy results from a combination of solid-solution hardening,
cold work and grain-size strengthening,
as expressed by the HalI-Petch equation.
The microstructure of this alloy and resulting features are described in detail by
Burger, et al. (Ref. 5). Because AA5754
sheet material is annealed and its surface
pre-treated, thereby assuring repeatability in resistivity for spot welding, it is generally regarded as a material with "good
spot weldability" (Ref. 4). This has been
confirmed by a number of publications
with positive experimental results for
"classical" spot welding (Refs. 6-10), as
well as for weld bonding (Refs. 11, 12).
Although it is known that one of the
major problems in welding AI alloys is
cracking, there is very little information
in published literature concerning crack
formation in AA5754 or similar alloys
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during spot welding. Toyota reported solidification failure in the nugget or liquation cracking in the heat-affected zone
(HAZ) for one of the 5000 series alloys
containing above 5 wt-% Mg (Ref. 13).
They observed cracking under a wide
range of welding parameters and suggested that preheating or increasing
welding time may decrease thermal
stresses and therefore decrease cracking
tendency. The possibility of cracking was
also indirectly implicated in spot welding
AA5754 by Thornton, et al. (Ref. 10).
Although there is very limited published literature on cracking mechanisms
during resistance spot welding, cracking
has been studied relatively extensively
for arc welding aluminum alloys of various working ranges, and high susceptibility to hot cracking during solidification
of the liquid pool has been reported. For
instance, Lippold, et al. (Ref. 14)investigated hot cracking in two lots of 5083
aluminum alloy (4.28 and 4.78 wt-% Mg,
respectively) weldments that were gas
tungsten arc (GTA) welded. They observed crack initiation and propagation
in either the fusion zone or the HAZ and
found that cracking susceptibility depends on the Mg content in the particular alloy and weld orientation relative to
the rolling direction of the material, in
continuous-wave CO 2 laser beam welding and pulsed Nd:YAG laser welding
5000 AI-Mg alloy series, including
AA5754, Jones, et al. (Ref. 15), reported
fairly low hot-cracking susceptibility.
They observed the tendency toward
cracking increases with Mg content,
reaching a peak value at 2 wt-% Mg; high
weld strength and low crack susceptibility were found when Mg content is above
4 wt-%. The maximum cracking tendency in AI-Mg alloys was reported earlier at approximately 3 wt-% Mg (Ref. 16)
or 1-2 wt-% Mg (Ref. 17). The observations are consistent with hot-tearing phenomenon in casting of AI alloys (Ref. 18),
in accordance with the established fact
that the peak of hot-cracking susceptibility of binary alloys is at about one half of
maximum solubility of the second component in the solid state.

Fig. 1-- Microstructure of AA5754 base material used in the experiment.

5 mm

It is noteworthy to compare cracking
during welding with solidification cracking during casting, although there are differences in the processes. According to
the classical works by Pellini and Flemings, hot tearing in casting alloys occurs
at the last stage of crystallization (Refs.
18-21), during which solid grains are surrounded by the liquid; such a structure
has a very low strength. Tensile stresses
and strains, resulting from nonuniform
temperature distribution and cooling,
may cause material failure. A certain
amount of strain is necessary for crack
initiation, as pointed out by Pellini (Ref.
19). Hot cracking tendencies in casting
increase with grain dimensions, solidusliquidus gap and solidification shrinkage,
which is especially high for AI alloys. The
presence of impurities and grain boundary segregation also promote cracking.
The mechanism of hot cracking in
welding, similar to that in casting, is
based on a theory developed by Borland
(Ref. 22) and Prokhorov (Ref. 23). Occurrence of cracking in "coherence temperature range" (Borland's definition) depends on both critical strain and critical
strain rate. Hot cracking during welding
at elevated, near-solidus temperatures includes failure of welds (solidification
cracking) and cracking in the HAZ (liquation cracking) (Ref. 24). Cracking in
the HAZ is related to liquation at the
grain boundaries of either the secondary
phase or low-melting-point impurities, at
subsolidus and at supersolidus temperatures of the primary phase. Existing theories of formation and solidification of
grain boundary liquid films include equilibrium melting of the vicinity of grain
boundaries (Ref. 25), constitutional liquation of secondary phases and the effects of segregation (Refs. 26, 27).
Comparisons of various AI alloys in
casting and arc welding revealed the AIMg system is second to the AI-Cu system
in crack susceptibility among aluminum
alloys (Refs. 16, 18, 21, 28), in spite of
only a small amount of eutectic formed

during solidification (Ref. 16).
The lack of practical information
on cracking in spot welded AI-Mg alloys, the increasing use of AI alloys in
the automotive industry and the care
needed for spot welding aluminum alloys are the driving forces for the study
of cracking in resistance spot welding
AA5754 sheets. Because single spot
welds are rarely used in welded structures, multispot welds were chosen
for this investigation. The influence of
metallurgical interaction among spot
welds and other factors are emphasized to understand the mechanisms
of crack initiation and propagation.

I

Fig. 2--Appearance of a typical button after peel
testing. A - - An amplified side view of the button
wall; B - - cross section of the same button.

Experiments
AA5754 aluminum alloy sheets of
1.6- and 2.0-mm gauges and in 0 temper
condition (annealed), produced by
Alcan Aluminum Co., were used in all
experiments. The sheet surface was pretreated and prelubricated by the producer. The chemical composition specified by the producer, as well as the
composition of the sample tested independently, are listed in Table 1. The data
show that the tested composition is
within the specified range.
The sheets were cut into 350 x 25-mm
coupons for multiwelding. Taking into
account the small anisotropy of structure
and properties reported by Burger, et al.
(Ref. 5), all coupons were cut out parallel to the rolling direction. Figure 1 shows
a typical material microstructure of the
base metal. Slightly elongated grains representing Mg in AI solid solution are visible as are precipitates of AI~Mg 2, (Fe,
Mn)AI 6 and silicides.
In this set of experiments, Alcan's
domed electrodes were used. Such an
electrode has a face diameter of 10 mm,
and the radius for the domed face is
50 mm.
Multiwelds were made on the
coupons using a medium-frequency (MF)
DC welding machine. The welding para-

meters used were 7 kN electrode force, 3
kA preheat current for 3 cycles (50 ms),
12 cycles (200 ms) of weld delay, 26 kA
welding current for 5 cycles (83 ms) and
12 cycles (200 ms) of holding time. The
weld pitch was 30 mm. Generally, welds
with satisfactory appearance were obtained. Commonly used peel testing confirmed good quality and repeatability of
the spot welding process. A regularly
shaped, good sized button is shown in
Fig. 2A.
Spot welded samples were then sectioned in two perpendicular directions
(normal and parallel to the rolling direction) and were ground, polished and
structurally investigated to disclose possible internal discontinuities and their
natures. Optical and scanning electron
microscopy techniques were used, as
were energy dispersive X-ray (EDX) and
wave dispersive X-ray (WDX) microanalyses. Microhardness was measured
across the sectioned weldment using a
LECO hardness tester.

Description of Cracks
Despite the normal appearance of a
typical button after peeling, an amplified
side view of the button wall revealed
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Table 1 - - Chemical Composition of AA5754 (Ref. 4) and of the Sheets Tested (in wt-%)

Mg
Nominal
Tested

2.6-3.6
3.22

Mn

Cu

Fe

Si

Ti

Cr

Zn

0.5~.,,
0.25

0.1 ,.,~
<0.05

0.4,.,,
0.19

0.4,.,,
<0.05

0.15....
<0.05

0.3,.,,
<0.05

0.2....
<0.05

(a) M a x i m u m value.

cracks - - Fig. 2A. This was confirmed by
optical and scanning electron microscope (SEM) examination of the sectioned specimens (Fig. 2B); these revealed discontinuities of porosity and
cracks in the weldments. Although a certain volume of porosity could be seen in
the weld nugget on all the cross sections
of welded samples, there were no cracks
in the nuggets. Optical microscopy inspection, however, revealed many cracks
on the sides of nuggets in many specimens. Cracks were all located in the
HAZ. In many cases, the gaps of cracks
were filled by the base material, which
was detectable only after etching. Cracks
were found only on one side of the
nugget, with respect to welding sequences - - Fig. 3. In this case, they are
clearly visible from longitudinal cross
sections, whereas there are no visible
cracks or only very narrow traces of
cracks visible in transverse sections.
The appearance of cracks, their locations and their orientations are fairly regular as revealed by the examination of a
large number of specimens. The angles
between the main axes of cracks and the
tangents to the weld interface are similar
and are equal to about 70 deg for the
specimens examined, as shown by the
statistics of the orientations of nearly 70
cracks in Fig. 4.
A photo of higher magnification
shows intergranular fracture characteristics - - Fig. 5. Cracks initiate in the vicinity of the weld interface in the HAZ and
propagate away from the nugget into the
base metal. A typical cracking trace is not
straight, as shown in Fig. 5. It follows the
grain boundaries while keeping the overall outward direction. Some of the cracks
tilt slightly toward the faying interface as
they propagate. Most of them are wide at
their bases and become narrower toward
the base material. Wide cracks have treelike structures, i.e., large trunks (wide
opening of cracks at the bottom) formed
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from fine roots (grain boundaries). Many
of them are fully or partially filled - - Fig.
6. The failure surface has a dendritic morphology - - Fig. 7.
Cracks initiate in a zone where the
alloy remained in the solidus-liquidus
temperature range during welding at
some distance from the weld interface - Fig. 5. A "web" of grain boundaries decorated by precipitation is visible around
the zone. Grain boundary failure can be
clearly seen near the base of the wideopening cracks. A typical microstructure
of the region in the HAZ close to the
nugget and at some distance from cracks
is presented in Fig. 8. Precipitates inside
the grains and at grain boundaries (intergranular precipitates), where they form
chains or even continuous layers, are visible. EDX and WDX analyses revealed an
increased amount of Mg in these regions.
This is most probably due to an AIgMg 2
secondary phase (the presence of which
should be about 6% in the AI-Mg3.5
alloy, according to the AI-Mg equilibrium
phase diagram [Ref. 29]), which exists in
the alloy before welding and serves as the
source of liquid at elevated temperature.
This was confirmed by X-ray diffraction
examination.
The hardness in the nugget, the HAZ
- - both near and far from cracks - - and
the base metal were measured, as shown
in Fig. 9. Generally, there is no difference
in hardness between the nugget, the
HAZ and the base AA5754 alloy. The
hardness near the crack in the HAZ is
somewhat higher than the hardness
some distance from it, which may suggest strain hardening. The scatter of the
hardness data inside the nugget results
from microporosity.
Mechanisms of Cracking
and Healing

Cracking and healing in AA5754 have
been observed in multiwelded speci-

Fig. 3 - - Longitudinal cross section of a
multispot welded coupon. A - - Cracks
on the right side o f the nuggets; B - - one
of its nuggets by higher magnification. C
- - For comparison, the transverse cross
section of a neighboring nugget is also
presented.

mens, as demonstrated in previous sections. Although discontinuities such as
porosity and cracks inside a nugget may
not influence the strength, as suggested
by Thornton, et al. (Ref. 10), and Michie
and Renaud (Ref. 30), the occurrence of
cracks outside the nugget as revealed by
this study may influence the strength of
the welded components; this needs further study. It is therefore necessary to
study the mechanisms of cracking and
potential structure remediation. Like all
other processes of resistance spot welding, the formation, propagation and recovery of cracks involve interactions of
metallurgical, thermal and mechanical
factors. The influence of these factors is
analyzed in the following sections.
Metallurgical Factors

The cracking phenomenon in the
HAZ during spot welding of AA5754 described in this study is consistent with
the observations in published literature
on the susceptibility to cracking of other
aluminum alloys containing several percent of magnesium in casting (Ref. 18)
and arc welding (Ref. 28). No solidification cracks, however, were observed in
the nuggets in the present study, contrary
to the observations of Watanabe, et al.
(Ref. 13).
Intergranular characteristics of cracks
in the HAZ and dendritic morphology of
failure surfaces, as shown in Figs. 5-7,
are typical features of hot cracking and
evidence of cracking at elevated temperatures. The dendrite structure inside open
cracks proves that liquid had to be present at the moment of crack formation,
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Fig. 4 - - Measured crack angles with respect to weld interface.

and, therefore, it is liquation cracking according to the classification by
Hemsworth, et al. (Ref. 24). The microporosity visible in some inclusions of the
secondary phase serves as additional evidence of the existence of liquid in this
part of the HAZ during spot welding.
Generally, there are two possible
ways for melting to occur at grain boundaries in the HAZ: at supersolidus temperatures and at subsolidus temperatures. In
the heating stage of welding, equilibrium
melting of the material near grain boundaries occurs in the part of the HAZ heated
to the temperature range between solidus
and liquidus (partially melted zone). In
addition to partially melting at temperatures above the solidus, liquation of the
secondary phase may occur at subsolidus
temperatures. During rapid heating,
which is a characteristic of resistance
spot welding, there is not sufficient time
to dissolve the AI3Mg 2 phase in the c~-solution matrix, and inclusions of this
phase still exist after the alloy is heated
over the solvus line. AI3Mg 2 inclusions
melt in the region (next to the partially
melting zone) that experiences maximum temperature above the eutectic
point but below the solidus temperature.
Existence of liquid below the solidus of
AA5754 can also be attributed to other
low-temperature melting additions/impurities present in a commercial alloy.
The zones around the nugget are
schematically shown in Fig. 10. Structures/zones in the HAZ are linked to the
equilibrium phase diagram via assumed
temperature history during RSW. The dy-

Fig. 5 - - A close look at cracks in the HAZ.

namic effects in the heating/cooling
processes, such as overheating and undercooling, were not investigated in this
study due to experimental difficulties, although they may contribute to hot cracking. For instance, the effective solidus
temperature during cooling may be
lower than the equilibrium solidus temperature because of the high cooling rate
in RSW. This effectively enlarges the temperature range in which the material is
weak and susceptible to cracking.
As a result of combined supersolidus
and subsolidus melting/liquation, large
grains in these parts of the HAZ are surrounded by liquid during welding.
Nearly continuous films of liquid are
formed at grain boundaries - - Fig. 8.
Therefore, the overall material structure
close to the nugget is favorable for crack
initiation and growth during the last stage
of heating in resistance spot welding AIMg alloys.
After the current is switched off, the
material cools quickly because of heat
transfer through the water-cooled electrodes. The life of transient liquid films at
grain boundaries depends on several factors, including the cooling rate and compositional segregation. For AA5754, the
difference between equilibrium temperatures of liquidus (915 K), solidus (876 K)
and eutectic temperature (723 K) is significant, according to the AI-Mg phase
diagram (Ref. 29). Decreases of the
solidus and eutectic solidification temperatures can be expected due to kinetic
effects during cooling. The coexistence
of solid and liquid phases at grain bound-

aries is then extended in a relatively wide
temperature range during the cooling
stage.
High heating and cooling rates, as
well as a high temperature gradient in the
weldment due to the nature of Joule heating, are the thermal characteristics of spot
welding. Based on the experiments conducted in this study of welding AA5754,
the heating and cooling rates are estimated to be as high as 8000 and 3000
K/s, respectively. Because of this, liquid
films at grain boundaries may exist for an
extended time at elevated temperatures,
as proved by Radhakrishnan and Thompson in their model (Ref. 27). This results
from the concentration gradient in the
liquid due to rapid solidification, which
effectively lowers the solidification temperatures of liquid parts with higher (than
equilibrium) Mg concentration.
As described above, metallurgical
factors during spot welding of AA5754
create favorable conditions for tearing
the structures in the HAZ.
Thermomechanical Factors

Besides the metallurgical effect, thermomechanical factors also play a role in
the initiation and subsequent propagation and growth of cracks. This section is
devoted to describing the mechanisms of
crack formation by qualitative thermal
and mechanical analyses using simplified assumptions (because of the complicated mechanical, thermal and metallurgical interactions).
As seen in Fig. 3A, cracks appear on
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Fig. 7
Intergranular characters of a crack and dendritic
morphology of failure surface.
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Fig. 9 - - Hardness distribution of a spot weldment.

the leading sides of nuggets that coincide
with the welding sequence in a multispot welded strip. No significant traces of
cracking have been found on the trailing
sides of the nuggets. Figure 11 shows the
outline of a spot weldment (Fig. 3B) that
includes workpieces, the nugget and
cracks. It is taken from the middle of a
multiwelded strip, and the welding sequence is from the left side (Side L) to the
right side (Side R). The crack initiation
and propagation can be explained based
on the physical processes this weld has
gone through during welding.
Material Flow
From Fig. 11, it can be seen that the
weldment is not symmetric. Specifically,
there is no significant deformation near
the faying surface (sheet-sheet interface)
in the solid phase on Side L, while on
Side R there is virtually no separation
near the nugget, but a blunt notch can be
seen at a distance of approximately 0.7
mm from the nugget. This unsymmetrical
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configuration can be seen in all the weldments in Fig. 3A. This phenomenon is directly related to the deformation of the
solid phase in the HAZ near the nugget
during welding.
The resistance heating during welding
expands both the molten metal and the
solid phase of the weldment. This expansion is constrained by the electrodes and
the work sheets surrounding the weldment. The loading condition on one
sheet can be simplified as shown in Fig.
12. On top of the sheet, there is an applied electrode force, simplified as distributed load. There is also a liquid pressure, developed in the nugget, as
demonstrated in a previous work by the
authors (Ref. 31), inserted on the bottom
of the solid phase. The boundary conditions shown in the figure reflect the constraints imposed by the surrounding solid
phase. Because of the forces inserted by
the electrodes and the liquid nugget, the
solid phase between the electrode and
the nugget is squeezed in a process similar to a rolling operation. During weld-

ing, there is usually a temperature gradient in the solid phase in the HAZ as revealed by a finite element analysis (Ref.
32). The temperature in the solid near the
liquid nugget is higher than the temperature farther from it, because that area is
constantly cooled by the electrodes. Because of this nonuniform temperature
distribution in the weldment, the solid
near the liquid nugget tends to expand
more than the solid away from the
nugget; therefore, there is a tendency toward sheet separation on the sides of the
nugget. This separation, however, is not
even on the two sides. On Side L, the
sheets are confined by the previous weld.
No large separation is allowed on this
side. The situation is different on Side R.
Because there is significantly less constraint on the sheets on this side, which
was free during welding, there is very little resistance to sheet separation. Consequently, the solid metal around the liquid
nugget and at the faying interface near
the nugget on Side R are squeezed out
between the electrode, the nugget and
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Fig. 11 - - Outline of the weldment in Fig. 3B.
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Fig. 10 - - Schematic diagram of the links between the equilibrium
phase diagram of AI-Mg and the solidified structures after welding
through possible temperature history of various zones. Zone h fusion
zone; Zone Ih partially molten zone; Zone IIh liquation zone.

the other workpiece, as evidenced by the
geometry of the blunt notch and the electrode indentation mark shown in Fig. 1 1.
This material flow is made possible by the
high temperature (just below the solidus)
field surrounding the liquid nugget,
which softens the solid by lowering the
yield strength.
Thermal Stress Development
Stresses are developed in the solid
during heating and cooling, and they are
closely related to the constraining conditions. The solid phase between the electrodes and the liquid nugget tend to expand during heating. Because of the
difference in constraint, the stress developed during heating is different on the
two sides. Materials near the weld interface tend to expand more than those
away from the weld interface. On Side L,
large compressive stress is developed in
the direction parallel to the weld interface due to constraints from the solid
phase of the sheets. Meanwhile, on Side
R, there is very little compressive stress
buildup in the vicinity of the nugget, because the solid phase can be squeezed
out, as shown in the previous section; this
effectively releases the stress.
When the current is cut off, heating is
terminated and rapid cooling starts. In

Fig. 12 - - Loading and mechanical constraining on a weldment during
multiwelding and schematic material flow. Side L is constrained by the
previous weld.

fact, cooling is provided by the electrodes during the entire period of welding, but the rate is much higher after the
electric current is shut off. The cooling
rate is so high (very similar to the rate
found in a quenching process) that tensile stresses develop in a very short period of time, regardless of their stress
states after heating. By superimposing the
stress states during heating and cooling,
the final stress can be found tensile on
Side R, and very little (tensile or compressive) on Side L. The tensile stress on
Side R during cooling is directly responsible for crack initiation in the region.
The tensile stress developed during
cooling is approximately along the tangent of the isotherm, which is parallel to
the weld interface, near the nugget.
Therefore, the orientation of the crack is
normal to the tangent, or along the temperature gradient.
Stressin~ Due to Bendin~
Because of the constraint conditions
imposed on one of the sheets as shown
in Fig. 12, the workpieces are bent under
the electrode force. The stress induced
by the electrode force, though, is not the
same for the two sides due to uneven
constraining conditions. To understand
the stress state of the workpiece under

electrode force, the workpiece is idealized as a simply supported cantilever
beam, with consideration given to constraining conditions and loading, and
electrode force is simplified as a uniformly distributed load. The distance between the previously made weld (simulated as a fixed end) and the left side of
the weld under consideration is approximately the weld pitch. By a structural
mechanics derivation, the distribution of
the bending moment in the beam is as
depicted in Fig. 13A. It clearly shows
that in the solid near the weld interface,
compressive stress is developed due to
electrode force on Side L, while tensile
stress is developed on Side R. Note that
the distributed load in Fig. 13A is the resultant of applied electrode force and
pressure from the liquid nugget.
The liquid pressure in the nugget,
which acts on the opposite side of the
worksheet, may relax to a certain extent
the bending stress resulting from the
electrode force. However, in most cases,
the force due to nugget pressure is of less
magnitude compared with electrode
force, as the applied electrode forces are
normally chosen to sufficiently contain
the liquid from expulsion. The net tensile
stress accelerates cracking when combined with the thermal stresses analyzed
in previous sections.
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stress to the region in the solid near the
liquid nugget. In addition to tensile stress,
expulsion also induces a high strain rate
to the solid near the weld interface, because the side wall of the liquid nugget is
pushed outward to the side by an extremely high-speed liquid metal ejection
under pressure. This high strain rate is
detrimental if it falls in the brittle deformation range.
During welding and the subsequent
processes, all of the factors, both metallurgical and mechanical, contribute to
the formation and propagation of cracks
in the HAZ. Because of the complexity
and changing nature of the spot welding
process, it is impossible to quantitatively
identify the contribution of each factor.
However, the developed understanding
of cracking mechanisms can be used to
formulate guidelines for avoiding cracking in resistance spot welding.
Crack Healing Mechanisms
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pressure (Ref. 31), and its contribution to
bending the workpiece-- Fig. 13 B. Once
cracking is mainly mechanical. Expulpart of the liquid metal is pushed out, the
sion itself is the ejection of liquid metal
solid between the electrode and liquid
from the nugget during heating, so it
nugget moves inward, adding tensile
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Depending on the stages in which
cracks initiate during welding, the crack
gaps may or may not be filled. The most
likely mechanism for filling the cracks is
leading liquid metal from the nugget into
cracks during welding. This is supported
by a WDX analysis that revealed slightly
higher Mg content inside the filled area,
but no significant difference between the
chemical composition of the material filling the gaps and that of the base metal.
If a crack exists during heating it may
be easily filled because of high pressure
inside the liquid nugget (Ref. 31), and
then the structure is "healed." As shown
in Fig. 14, under tension, the material
near the nugget may open up and form
cracks. A zone of solid with low strength,
or even a partially molten zone, exists between the root of the cracks and the
nugget. Because of the high liquid pressure in the nugget, which can be more
than 100 MPa (estimated by the authors
in Ref. 31), the liquid in the nugget may
be pushed at a very high speed through
the mushy zone into the opening and
may follow the extension of cracks. Another source of filling material is the liquid eutectic existing at the grain boundaries near the weld interface. But this
eutectic alone is not sufficient to fill
cracking gaps because of its limited
amount (6% estimated for AA5754 according to equilibrium phase diagram).
The healing process is not always possible because it depends on the resistance
of the mushy zone to liquid metal
flow/penetration. Ifa crack is formed during heating, or close to the nugget, it has
a high chance of being filled. A crack that
forms when cooling starts, or that initi-

ates far from the weld interface, has less
chance to be filled; or it can be only partially filled. Further study is needed to understand how welding parameters influence cracking in aluminum alloys. Based
on the cracking mechanisms in multispot
welding AA5754 discussed in this paper,
methods are proposed to minimize/eliminate cracking, as described in Ref. 33.
The conclusions drawn here can be used
in practice to prevent cracking and,
therefore, to make aluminum alloys more
suitable for structural use.

Conclusions
Cracking in resistance welding is a
complicated subject because of the complex nature of spot welding. The analyses
of cracking mechanisms presented in this
paper are attempts to provide an understanding of cracking phenomenon and to
prevent it from happening. The following
conclusions can be drawn from this study:
1) A l u m i n u m Alloy A A 5 7 5 4 was
found susceptible to cracking during resistance multispot welding according to
the welding sequences under certain circumstances.
2) Intergranular characteristics of failure surfaces and their dendritic morphology indicate the formation of cracks at
near-solidus temperatures and also the
possibility of crack filling by liquid metal.
3) Metallurgical analysis revealed favorable conditions for cracking in the
HAZ during RSW as the result of a liquid
layer formation at grain boundaries due
to melting and liquation.
4) A thermomechanical analysis
showed that local stress and strain in the
HAZ from the unconstrained side of a
weldment became tensile during welding and may overcome weakened material strengths at elevated temperatures.
5) The phenomena of material flow
and thermal expansion/shrinking, as
well as expulsion in the process of multispot welding, contribute to the development of stresses in the solid phase (in
the HAZ) during heating and cooling.
6) There is a high probability of instantly filling open cracks with highly
pressurized liquid from the nugget, if
cracks form and propagate before the
electric current is shut off. This instantaneous filling is a characteristic of spot
welding aluminum alloys, which has not
been observed in other welding or cracking systems. A separate preliminary experimental investigation showed that
cracking has no significant influence on
static tensile-shear strength.
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