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Abstract: The microstructure, microhardness and quasi-static failure behavior of resistance spot welds of AA6111-T4 aluminum
alloy were experimentally investigated. Optical metallography and high-resolution hardness traverses were utilized to characterize
the weld nugget, heat affected zone and base metal. The AA6111 spot welds displayed a softer nugget and hardened heat affected
zone, compared with the base metal. The through-thickness hardness of the base metal sheet was not constant and had to be carefully
considered to determine the effect of welding on material properties. Quasi-static lap-shear tensile tests were used to determine the
failure load and failure mode. All tensile specimens failed through the interfacial fracture. This failure mode is consistent with the

observed reduced hardness in the weld nugget.
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1 Introduction

Resistance spot welding (RSW) is one of the most
practical joining methods for manufacturing sheet metal
assemblies in the automotive industry. Over the years,
the RSW process, schematically described in Fig. 1, has
been successfully used for various steel grades to deliver
high quality joints [1-3]. To meet the increasing
demands for reduction of vehicle weight and fuel
consumption, aluminum alloys are increasingly used for
automobile body structures, closures and chassis, due to
their light weight and relatively high strength. However,
due to their low melting point, low electrical resistance
and high thermal conductivity, aluminum alloys present
unique challenges to the traditional RSW process. The
different material properties of aluminum alloys
compared with steel obviously lead to different optimum
welding  parameters.  More  importantly,  the
microstructure and mechanical properties of optimum
aluminum alloy spot welds are unlike those of steel
welds. Various studies have therefore been carried out in
recent years to investigate the RSW of aluminum alloys.

The effects of welding parameters, such as weld

current, weld time and electrode force, on the quasi-static
mechanical behavior of RSW aluminum alloy joints were
studied [4—6]. The nugget size, sheet thickness, and level
of weld porosity and defects were found to be the main
factors affecting the quasi-static failure modes and
failure loads for the welds [7—9]. Those parameters and
factors have also displayed a great influence on the
fatigue behavior of aluminum alloy RSW joints [10,11],
by affecting the relative properties of the various welding
zones. To avoid costly experimental investigations and to
better elucidate the complex interaction between
different weld regions and their influence on the RSW
mechanical properties, comprehensive numerical models
involving  electrical,  thermal, = mechanical and
metallurgical analyses were established to predict the
heat transfer [12], nugget growth [13] and deformation
[14] in the RSW process, and explore the influence of the
welding parameters on the weld quality [15].

Due to the small spatial extent of some weld
regions, most notably the heat affected zone (HAZ),
standard tensile tests cannot be used to characterize these
regions. Therefore, hardness measurements have
traditionally been utilized for this purpose. Specifically
for AA6111-T4 aluminum alloy RSW, SUN [16] found
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Fig. 1 Schematic of resistance spot welding process

that the HAZ was harder than both the base metal and the
nugget, which themselves had a similar hardness.
However, SHI and GUO [17] found that the base metal
was harder than the HAZ, which was in turn harder than
the nugget. Such inconsistencies in the literature
regarding the various weld properties are also seen for
other aluminum alloys, and should be addressed.

In the present work, the microstructure,
microhardness and quasi-static failure behavior of
AA6111-T4 aluminum alloy RSW joints were studied.
Optical metallography and high-resolution hardness
traverses were utilized to characterize the weld nugget,
HAZ and base metal. The aim of this study is to obtain a
better understanding of the aluminum alloy RSW
microstructure and mechanical properties, and how the
local properties might influence the weld failure
behavior.

2 Experimental

2.1 Materials

Commercial aluminum alloy AA6111-T4 sheets of
2 mm in thickness with surface pretreatment and
lubrication were utilized. Table 1 shows the nominal
composition of AA6111 alloy, as well as the mechanical
properties that were measured for the as-received sheets.
Three standard ASTM tensile test specimens were used
to obtain the average mechanical properties, 0.2% offset

yield strength (YS), ultimate tensile strength (UTS) and
elongation to fracture (EL), which are consistent with the
nominal values.

2.2 Spot welding process

The Al sheets were cut into 95 mm x 25 mm
coupons and joined in a lap-shear configuration with a 25
mm overlap. A multi-step medium-frequency direct
current welding process with varying current, welding
time and force level was used to produce two distinct
weld strengths by targeting teardown button diameters of
<4t and 5t"2, where t was the governing metal
thickness of the joint. Once the appropriate welding
processing parameters were determined, several
specimens were peeled to failure, to confirm the process
robustness. Also, the specimens welded immediately
before and after each set of 5 specimens characterized in
this study were peeled to failure, displaying an average
peel button diameter of 4.6 mm and 7.3 mm for the <4t
and 5t"? specimens, respectively, with a range of
<0.5 mm.

2.3 Specimen preparation and testing

Of the five specimens studied for each target button
diameter, two specimens were used for microstructure
characterization and microhardness measurements, and
three for quasi-static lap-shear tensile testing.

Specimens used for microstructure and hardness
measurements were cross-sectioned along the center of
the weld indentation, parallel to the long direction of the
specimen. These specimens were cold mounted,
mechanically ground and polished to 0.5 pm, then etched
using Keller’s reagent (95 mL water, 2.5 mL HNO;, 1.5
mL HCI, 1.0 mL HF) to reveal the microstructure.
Metallographic  analysis was performed with a
NEOPHOT 30 optical microscope. The indentation
depth, nugget diameter and nugget height of the welded
joints (see Fig. 2) were measured from the optical
metallographs.

Table 1 Composition and mechanical properties of as-received AA6111 sheets

Yield Tensile  Elongation/ Mass fraction/%
strength/MPa strength/MPa % Si Mg Cu Mn Fe Cr 7n Ti Al
172 290 28 0.6-1.1 0.5-1.0 0.5-0.9 0.1-0.45 0.40 0.10 0.15 0.10 Bal.
Indentation
depth
,,,,,,,,,,,,,, f —
............. =
=
=2
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diameter J@O pm

Fig. 2 Schematic of weld zones and Vickers microhardness measurements
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Vickers microhardness measurements were carried
out before the specimens were etched, by a LECO
AMHA43 hardness testing system under a 200 g load with
the indentations spaced 100 pm apart. Prior hardness
measurements conducted on similar samples were
utilized to optimize the indentation spacing, ensuring that
it is sufficiently large to obtain accurate measure of the
hardness, while providing the desired high-resolution
traverses. Measurements on each specimen were taken in
two directions, on a diagonal through the base metal,
HAZ and nugget, as well as through the sheet thickness
in the base metal far away from the nugget, as displayed
in Fig. 2. In total, 32 through-thickness hardness
traverses, eight from each of the cross-sectioned
specimens, were obtained.

To evaluate the mechanical strength of the spot
welded joints, quasi-static lap-shear tensile tests were
done at a constant cross-head speed of 10 mm/min, with
a SHIMADZU AG-X universal testing machine. During
testing, 2 mm-thick shims were utilized to center the
specimen, i.e. the nugget, along the load direction, to
maintain the shear character of the test as long as
possible. The joint failure load and the diameter of the
fracture area were measured for the three specimens.

3 Results and discussion

3.1 Weld morphology and microstructure
characterization

Figures 3(a) and 4(a) show the macrostructures of

the <4t'? and 5t"? specimens, respectively. The measured
nugget diameter, nugget height and indentation depth of

the welds are 5.4 mm, 1.6 mm, 0.2 mm and 8.1 mm,
2.8 mm, 0.3 mm, respectively. The three distinct zones
usually observed in RSW were present: base metal,
nugget and HAZ. The size and type of the
microstructures in these regions were considerably
affected by the heat input in the welding process. As
stated before, another set of <4t"? and 5t"* specimens
were also cross-sectioned and examined. The results
were consistent, and the observations below are based on
all specimens.

The base metal microstructure, shown in Figs. 3(b)
and 4(b), consisted mainly of elongated grains along the
sheet rolling direction, though some equiaxed grains
coexisted in the structure.

The weld nugget contained two different
microstructures, an equiaxed dendritic structure (see
Figs. 3(c) and 4(c)) in the nugget center and a columnar
structure at the nugget perimeter (see Figs. 3(d) and 4(d)),
in which the grains were oriented in the direction of heat
flow during solidification. The transition is attributed to
the changing cooling rate, as the molten nugget rapidly
solidifies. The columnar region is better differentiated in
Fig. 5, in which the optical metallographs were obtained
with a lower magnification.

In the HAZ, minor amount of grain boundary
melting and re-solidification, leading to inter-grain
dendritic growth, were observed for both target button
sizes, as shown in Figs. 3(e) and 4(e). A small amount of
grain growth was observed in the HAZ close to the
nugget. However, most grains in the HAZ had the same
size as those in the base metal. The microstructural
features observed with an optical microscope indicated a

Fig. 3 Microstructure of one of AA6111 <4t'? welds: (a) Macrostructure; (b) Base metal (Area b); (c) Nugget center (Area C);

(d) Nugget edge (Area d); (¢) HAZ (Areae)
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Fig. 4 Microstructure of one of AA6111 5t"> welds: (a) Macrostructure; (b) Base metal (Area b); (c) Nugget center (Area C);

(d) Nugget edge (Area d); (¢) HAZ (Area e); (f) Expulsion (Area f)
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Fig. 5 Optical metallographs and hardness measurements for AA6111 2-2 mm spot welds: (a) One of <4t'? welds; (b) One of 5t"2

welds

narrow HAZ.

Some small pores were observed in the nugget
center, as shown in Figs. 3(a) and 4(a). Expulsion
occurred in most 5t" specimens (see Fig. 4(f)).

3.2 Hardness

The weld Vickers microhardness is shown in Fig. 5.
The hardness measurements for the different weld
regions are illustrated in different colors: green for the
nugget center that has an equiaxed dendritic structure;
dark blue for the nugget perimeter with the columnar
structure; light blue for the hardness indentation located
at the boundary between the nugget and HAZ; black for
the HAZ and base metal; red for the sheet well outside
the welded area. These different colors were assigned to

the hardness indentations based on the microstructures
observed in close examination of high-resolution optical
metallographs, and not based on the hardness values. The
sheet hardness curves are based on the average of the 32
through-thickness measurements conducted outside the
weld (see the red lines in Fig. 5) and hence displayed
with standard deviation error bars. These locations were
chosen sufficiently far from the weld to make sure that
the base metal properties are not affected by the input
heat, but sufficiently close to the welded area to be
representative of the sheet properties near the weld.

The through-thickness hardness of the base metal
displays an unambiguous minimum at the center of the
sheet (83% of the hardness on the sheet surface). The
grain size was quantified from images obtained by
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scanning electron microscopy for one of the as-received
sheets and did not display any change through the sheet
thickness. Therefore, the increased hardness near the
sheet surface is believed to be caused by the sheet coiling
process, in which a large number of dislocations are
introduced into the surface. This feature fortunately
presented a very good opportunity to carefully compare
the hardness of the welded area with the hardness of the
as-received sheets. Since the hardness of the welded area
was measured along a diagonal through the weld, the
through-thickness hardness traverse for the sheet cannot
be simply superimposed on the same plot. First, the angle
between the hardness traverses was taken into account by
expanding the distance for the through-thickness
measurements accordingly. Then, the fact that the lowest
hardness of the sheet was always observed at the very
center of the sheet, where a clearly darker line parallel to
the sheet surface developed during the etching process
(see Fig. 5) was employed to position the expanded sheet
through-thickness hardness on the weld hardness curve.
This was done by locating the intersection of the
etch-developed dark line in the middle of the sheet and
the weld hardness traverse line (marked by magenta
spots in Fig. 5) and placing the lowest hardness point of
the expanded sheet hardness (the red curves) at the weld
hardness indentation corresponding to the intersection
(marked by magenta arrows in the hardness plots). This
procedure ensured that even if the hardness traverse
through the weld was not exactly centered through the
nugget and even if the sheets were bent toward the
faying surface during welding, the hardness traverses
were correctly superimposed. Admittedly, thinning of the
sheets near the weld, as evidenced by the weld
indentation, affects the degree to which the
through-thickness sheet hardness should be expanded to
be correctly mapped to the welded area. However,
inclusion of this effect, which considerably complicates
the process, was found to not change the conclusions.

The nugget center was approximately 35% softer
than the sheet surface and 20% softer than the sheet
center. The nugget was the softest region of the weld due
to several compounding effects. The typical cast
microstructure of the nugget, with interconnected
eutectics formed during post-welding solidification,
might not support as much load as the wrought sheet.
Furthermore, during the melting, the work hardening put
into the sheet was destroyed, and the strengthening
precipitates were dissolved in the nugget. The columnar
structure around the nugget seemed to be nominally
harder than the equiaxed dendritic structure in the center,
which is consistent with the smaller grain size and
dendrite arm spacing expected from the more rapid
cooling.

The traverse measurements

hardness clearly

establish the HAZ to be harder than the base metal for
the 5t specimens, but no hard HAZ region was
discernible for the <4t"? specimens, which received less
heat during welding. The observed small change in the
HAZ grain size cannot affect the metal hardness
noticeably. Therefore, the HAZ hardness increase might
be due to the formation of strengthening precipitates or
the indentation deformation during the welding process,
and will be investigated in future work.

Based upon the microhardness measurements, the
HAZ appeared to be ~ 1 mm in width for 5t"? specimens,
which is much wider than the area where microstructural
changes such as grain growth or inter-grain dendritic
growth were observed. Therefore, the HAZ does not
seem to be easily distinguished from the base metal
based on only optical metallograph. A hardness traverse
is essential to establish the spatial extent and different
properties of this region, and to better understand the
joint performance.

In previous work, the microhardness indentation
spacing is much larger compared with this study, and
perhaps more importantly, the hardness traverses have
not extended sufficiently outside the welded area to
clearly distinguish the wvariations in the sheet
through-thickness hardness from the effects of the
welding process. This has unfortunately led to
inconsistent conclusions about the width and properties
of the HAZ [16, 17]. Admittedly the welding parameters
significantly affect the weld microstructure, as evidenced
by the different results for the <4t'? and 5t"? specimens
in this study, and the specific values presented here are
not universal. However, without any information about
the sheet hardness, the HAZ properties can be readily
mischaracterized. Therefore, proper indentation spacing,
extending the hardness traverse well outside the weld
and careful consideration of the sheet hardness profile
are crucial to obtain an accurate measure of the material
property changes due to the welding process.

3.3 Quasi-static lap-shear tensile test

The three specimens used for quasi-static lap-shear
tensile testing displayed a failure load of (3281+90) N
and (4850+330) N for the <4t"? and 5t specimens,
respectively. The diameters of the interfacial fracture
area were (5.7£0.6) mm and (7.9+£0.2) mm, respectively.
Since these specimens were not heat treated, the
observed failure loads do not indicate the highest
achievable loads for these stack-ups. However, as
expected, the larger nugget diameters in the 5t"?
specimens were consistently capable of higher loads.
Most notably, all the tensile specimens in this study,
even the 5t"* specimens which exhibit high load-bearing
capability, failed through interfacial fracture, as shown in
Fig. 6. This failure mode is typically associated with
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Fig. 6 Fracture morphology after lap-shear tensile testing spot welds:

weak joints in thin-gauge mild-steel RSW, for which
strong joints fail through button pullout. This important
difference between aluminum alloy RSW and mild-steel
RSW stems from their distinct microstructures. In
mild-steel, the RSW process produces a martensitic
nugget surrounded by a weakened HAZ, while for
aluminum alloys, the nugget is usually the softest region,
and is surrounded by a HAZ that might be harder than
the sheet. The observed interfacial fracture of strong
aluminum RSW joints in tensile-shear loading is
consistent with the lower hardness in the weld nugget,
and should not be mistaken as an indication of the
weakness of the joint. The distinct differences between
the failure modes of RSW joints in mild-steel versus
aluminum alloys are of great importance and need to be
further studied in detail.

4 Conclusions

1) The nugget shows an equiaxed dendritic structure
in the center and a columnar structure at the perimeter.
The HAZ shows minor amount of inter-grain dendritic
growth and grain growth quite close to the nugget.

2) Through-thickness hardness of the base metal
sheet displays a distinct variation. The nugget is the
softest region of the weld. A hardened HAZ is observed

(a, b) One of <4t"? welds; (c, d) One of 5t"* welds

for the 5t"* welds and as wide as ~ 1 mm. However, no
hardened HAZ is discernible for the <4t" welds.

3) The extent and spatial resolution of the hardness
traverse through the weld must be sufficiently high, and
the through-thickness hardness variation of the sheet
must be carefully taken into account, to obtain an
accurate measure of the material property changes in
different regions due to the welding process.

4) All the lap-shear specimens, even the 5
specimens which exhibit high load-bearing capability,
fail through the interfacial fracture. This failure mode is
consistent with the observed lower hardness in the weld
nugget.
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