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In this study the microstructural and mechanical behaviour of resistance spot welds (RSW) done on alu-
minium alloy 6082-T6 sheets, welded at different welding parameters, is examined. Microstructural
examinations and hardness evaluations were carried out in order to determine the influence of welding
parameters on the quality of the welds. The welded joints were subjected to static tensile-shear tests in
order to determine their strength and failure mode. The increase in weld current and duration increased
the nugget size and the weld strength. Beyond a critical nugget diameter the failure mode changed from
interfacial to pullout. Taking into consideration the sheet thickness and the mechanical properties of the
weld, a simple model is proposed to predict the critical nugget diameter required to produce pull-out fail-

ure mode in undermatched welds in heat-treatable aluminium alloys.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Resistance spot welding (RSW) is a process of joining metal
components through the fusion of discrete spots at the interface
of the work pieces. It is one of the most useful and practical meth-
ods for the manufacture of sheet metal assemblies [1]. This process
is ideal for joining low carbon steel, stainless steel and nickel, alu-
minium or titanium alloy components and is thus used extensively
[2-5]. This welding method can be used for the bodies and chassis
of automobiles, trucks, trailers, buses, and railroad passenger cars,
cabinets, office furniture and many other products.

Increasing restrictions in terms of performance, pollution,
safety and energy consumption have resulted in research into the
use of new materials and new processes aimed at weight reduction
in the production of components and equipment. Improvements
are obtained through lighter materials, like aluminium alloys and
better joining processes, such as resistance spot welding [6,7].

One of the major advantages of RSW is the easy automation
(high speed and adaptability) in high-volume production. Despite
the obvious advantages of RSW this process has a major problem
due to the inconsistent quality from weld to weld. The complexity
introduced by many sources of variability complicates automation,
reduces the quality of the weld and increases production costs [3].
Therefore, it is necessary to identify and control the parameters
affecting the quality of the weld.
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During spot welding, important changes occur in the mechani-
cal and metallurgical properties of the spot welded areas. The
investigation of these changes is very important for the safety
and quality of the welded joints [1]. Both the squeezing time and
the load applied on the electrodes prior to the transit of welding
current have an important effect on mechanical properties due to
their influence on current flow. In fact they ensure that the faying
surfaces will be in contact with each other during welding [8]. Also
the welding current and weld time significantly influence the
properties of spot welds. In summary, the shear strength of single
lap spot welded joints is a complex phenomenon, which depends
on several factors, namely, welding parameters and base material
properties. These factors control the microstructure and size of
the weld nugget, which determine the mechanical behaviour of
the welds [5,9,10]. The nugget is the melted region located in the
interface between the abutting plates being welded.

In general an increase in weld current coarsens the microstruc-
ture of the weld nugget and heat-affected zone and affects the
hardness, though the weld hardness is also very influenced by
the base material’'s composition and state of treatment [5,9,11].
With austenitic stainless steel the increase in weld current does
not produce any substantial change in the distribution of hardness
within the nugget because it cannot be hardened by heat-treat-
ment [5,10]. However, in heat or mechanically treated aluminium
alloys, the increase in heat input during welding leads to a de-
crease in microhardness and strength in the welds [12].

Anincrease in weld current and heat input increased the nugget
size and improved the failure load of spot welds done on carbon
and stainless steels, aluminium and magnesium alloys
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[1,5,9,11,13,14]. However, the tensile-peel strength and tensile-
shear strength reach a maximum with the weld current and de-
creases after this value [15]. This happens because the nugget
diameter increases with current up to a specific value. After that
value, the nugget diameter decreases because of excessive melting
and splashing. This was observed by Vural et al. [16] for several
material type combinations. The weld strength is also correlated
with other process parameters, for example the applied load in
welds carried out on stainless steel sheets [17].

The main failure modes for static weld strength tests using lap
shear or cross tension samples are interfacial and nugget pull-out
failure. Partial interfacial fracture is also observed [14,18]. In the
interfacial mode, failure occurs via crack propagation through the
nugget fusion zone (FZ), while, in pullout mode failure occurs via
complete nugget withdrawal from one sheet. Partial interfacial
fracture combines both modes of fracture. Welds that fail in nugget
pullout mode provide higher peak loads and energy absorption lev-
els than those which fail in interfacial failure mode. Because of this,
process parameters should be adjusted so that pull-out failure
mode is guaranteed [13,19], in order to ensure the reliability of
the welds. In the early days of spot welding, the static strength of
spot welds in steel was considered to be only dependent on the
weld nugget size. Several equations were proposed to predict the
optimum or the minimum nugget diameter to guarantee the pull-
out failure mode of the welds. In Eq. (1), proposed by the American
Welding Society/American National Standard Institute/Society of
Automotive Engineers [20] for welds in steel, the critical nugget size
d is simply function of the sheet thickness t, both in mm.

d=4vt (1)

However, several authors claim this equation is not safe for
sheet thicknesses beyond 1.0-1.5 mm [19,21] and the alterations
that occur in the mechanical properties of the weld should be ta-
ken into consideration. Eq. (2) was recommended by Pouranvari
et al. [19] to predict the critical nugget diameter d., and besides
the sheet thickness t it considers the hardness of the failure line
material (H)g, and of the nugget (H)wn.

(H)FL

= H g 2

Those equations and others presented in the literature were
mainly derived for welds in steels and few are mentioned for welds
in aluminium alloys. Eq. (3) was proposed by Sun et al. [22] for
welds in aluminium alloys 5182-0 and 6111-T4, where no sub-
stantial change in hardness was observed in the welds. Ditjcar iS
the critical size of the nugget required for pull-out failure, t the
sheet thickness and f a porosity factor to consider influence of nug-
get porosity on the weld strength.

3.2t
Dcritical = T (3)

Though the effect of the process parameters on the mechanical
behaviour of resistance spot welds on carbon and stainless steels is
well documented results from aluminium alloys continue to be
scarce. A better understanding of the effect of process parameters
on the mechanical behaviour of spot welded joints in heat-treat-
able aluminium alloys such as 6082-T6 is still required. The objec-
tive of the current research is to investigate the effect of process
parameters on shear strength and failure mode of spot welded
joints in thin sheets of 6082-T6 aluminium alloy.

2. Experimental procedure

Aluminium alloy 6082-T6 sheets of 1 mm thick were used in
this study. The nominal chemical composition and basic

mechanical properties of this alloy are given in Table 1. Resis-
tance spot welding lap joints were done on specimens of
100 mmx 25 mm x 1 mm in size. Fig. 1 shows the geometry
and dimensions of the welded specimens. Sheet surfaces were
randomly abraded with silicon carbide paper - P220 grade and
afterwards cleaned with a dry air jet before resistance spot
welding.

The welds were done using a Sciaky RSW type PMCO02 electric
resistance spot welding machine, with a nominal welding power
of 100 kVA. The machine employs type C18200 electrodes having
an end diameter of 15.25mm, an electrical conductivity of
0.463 m/Q mm? and a tensile strength of 310 N/mm?. The hemi-
spherical electrode tip radius is of 101.6 mm. The welding condi-
tions were selected based on previous tests. Thirteen weld series
were done, changing the weld current, time and electrode force.
The timing diagram used in all tests is schematically represented
in Fig. 2.

The variable welding parameters used for each series are given
in Table 2. The squeeze and forge times were constant in all tests.
The forge force used was 6474.6 N. The welds were done in open
air at room temperature.

Five specimens were welded in each series; four specimens to
be used for static tensile-shear strength testing and one for micro-
structure examination and hardness measurement. Specimens
were examined by X-rays before testing in order to detect internal
defects. Specimens used for microstructure examination and hard-
ness measurement were cut out along the center of the nugget, at
right angles to the longitudinal direction of specimens. Specimens
were polished and a modified Poulton’s reagent was employed to
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Fig. 1. Dimensions of tensile-shear test specimens (not to scale, dimensions in mm).
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Fig. 2. Typical spot welding cycle.
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Table 1
Chemical composition and mechanical properties of the 6082-T6 aluminium alloy.
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Tensile strength (MPa) Yield strength (MPa)

Alloying elements (wt.%)

Si

Mn Mg Ee Cu Al

305.6 245.1 1.02

0.67 0.76 0.26 0.02 97.24

Table 2
Resistance spot welding parameters used in each welds series.

Specimen series Electrode force Weld time Weld current Specimen series Electrode force Weld time Weld current
no. (N) (cycles) (kA) no. (N) (cycles) (kA)

1 3237 2 23.50 8 3237 5 26.40

2 3237 2 26.40 9 4709 2 26.40

3 3237 2 26.90 10 3826 2 26.40

4 3237 2 27.50 11 2649 2 26.40

5 3237 1 26.40 12 2354 2 26.40

6 3237 3 26.40 13 3237 2 28.70

7 3237 4 26.40

reveal the microstructure. Metallographic analysis was performed
using a ZEISS HD 100 optical microscope. Hardness measurements
were carried out in two directions (along the radius of the nugget
and through the sheet thickness) using a Struers Duramin Vickers
machine, under a load of 100 g. The shear strength testing was
done in an electromechanical Instron Universal Testing machine
at a constant cross-head speed of 1 mm/min, up to the final failure
of the joint.

3. Results and discussion
3.1. Weld morphology

The resistance spot welds were of excellent visual appearance
for the entire range of parameters tested, though it was apparent
that there was variation in spot diameter and spot indentation
depth with the change of the process parameters. Radiographic
inspection showed the welds were free of internal defects, such
as pores or voids. Subsequent metallographic analysis was used
to measure the correct dimensional characteristics of the welds,
mainly the size of the weld nugget, and to characterize the micro-
structure, as well to confirm that welds were completely free of de-
fects, see Fig. 3. This subject is very important because several
authors [22,23] mentioned that the presence of porosity affects
the strength of spot welds in aluminium alloys. Nugget diameter
was largely influenced by the weld current and current flow time.

The effect of the variation of weld current and time on nugget
diameter is shown in Figs. 4 and 6. The nugget diameter increases
continuously with weld current up to the maximum intensity

tested, see Fig. 4. This behaviour can be attributed to the increase
in heat input with increasing current and it agrees well with re-
sults observed by other authors in welds in carbon steels [19].
Most of the authors doing research in steels mention that there
is a current threshold above which the nugget diameter decreases
due to splash phenomena [14]. The results obtained suggest that
the current threshold for the applied electrode force was not
reached, because though little splash was produced at the current
of 28.7 kA no reduction in the nugget diameter was observed, as
shown in Fig. 4. According to several authors, the weld current
can be increased without expulsion of melted material by increas-
ing electrode force [24,25]. Metallographic analysis will show the
appearance of incomplete expulsion for high weld currents. How-
ever, the welding current also affects weld indentation. In fact,
all the welds display some indentation, which is largely influenced
by the welding current, as illustrated in Fig. 5.The indentation is
represented in this graph by the reduction in percentage of the ini-
tial thickness of the plates. A sudden increase in the reduction of
plate thickness was observed for weld currents above 27 kA. Under
this value the indentation seems to be unaffected by current level.

The increase in weld time results in increasing nugget diameter
only up to a weld time of 3 cycles, see Fig. 6. After this time the
nugget diameter seems to remain unchanged. However, the results
obtained in RSW of steels show that there is a decrease in the nug-
get size after a critical weld time [14]. It is interesting to mention
that though the nugget size remains approximately constant for
current times beyond 3 cycles weld indentation continues to in-
crease with time, as illustrated in Fig. 7, because of the increase
in the global heat input.

Fig. 3. Macrostructure of a RSW nugget (23.5 kA; 2 cycles; 3237 N).
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Fig. 4. Welding current versus nugget diameter (2 cycles; 3237 N).
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Fig. 6. Welding time versus nugget diameter (26.4 kA; 3237 N).
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Fig. 7. Welding time versus thickness reduction (26.4 kA; 3237 N).

The electrode force does not significantly affect the nugget size
for loads up to approximately 4000 N, though above this value
some reduction in nugget diameter was observed, as shown in
Fig. 8. The explanation for this may be that the increase in the elec-
trode force above that value can significantly improve the contact
between the faying surfaces, decreasing electrical resistance and
heat input. Other authors agree that the evolution of the weld nug-
get size with electrode load is largely dependent on the interfacial
contact of the plates [19,24]. The electrode force showed a minor
effect on the indentation depth in the range of electrode forces
tested. The effect of the electrode force on the thickness reduction
was analysed in detail for an intermediate current of 26.4 kA and
time of 2 cycles, in a range of loads between 2354 and 4709 N.
The electrode force showed a minor effect on the indentation
depth, displaying all the welds a thickness reduction around 10%.

3.2. Microstructure

The resistance spot welding process is a thermal, metallurgical
and mechanical deformation process that results in a melted re-
gion, currently named the nugget, and a heat-affected zone around
the nugget. The size and type of microstructures in these regions is
considerably affected by the heat input in the process. The

Nugget diameter [mm]
d

2
2000 2500 3000 3500 4000 4500 5000

Electrode force [N]

Fig. 8. Electrode force versus nugget diameter (26.4 kA; 2 cycles).
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Fig. 9. Microstructure of the aluminium alloy 6082-T6 sheets.

microstructures of the weld nugget are quite different from those
of the base material. The microstructure of the base material is
illustrated in Fig. 9. The microstructure consists mainly of pancake
shaped grains, elongated in the rolling direction, as shown in the
central part of the figure, though some equiaxed grains coexist in
the structure.

The microstructure of the weld nugget is dominated by a
columnar structure oriented in the direction of heat flow. This
microstructure is greatly affected by welding parameters, mainly
weld current and current flow time.

Figs. 10 and 11 illustrate the microstructures of the nugget of
welds done using 23.5 kA and 28.7 KA, both for 2 cycles of current
flow time and with 3237 N of electrode force.

A columnar structure, with a segregation zone in the region cor-
responding to the faying surface, was observed in the nugget of
welds done using the lowest current, as illustrated in Fig. 10. The
segregation zone in the nugget is more enhanced in welds done
using lower welding currents.

A significant coarsening of the columnar structure was observed
in the nugget of welds done using increasing weld current, as
shown in Fig. 11. In addition, some equiaxed grains form in the
centre of the nugget, suggesting a lower cooling rate and thermal
gradient in the welds. Some grain coarsening was also observed

in the heat-affected zone of welds carried out with high weld
current.

The metallographic study also revealed that for high current
levels an incipient flash occurs in the faying surfaces, though metal
projections were not apparent during welding. Fig. 12 illustrates
the premature expulsion of melted material from the nugget. In
fact the melted material cools before reaching the edge of the
welded plates. These metal projections only happened for weld
currents above 27.5 kKA.

3.3. Hardness

Fig. 13 illustrates the effect of the weld current on the hardness
distribution in the welds. A narrow range of currents was used be-
cause for a 1 mm thick plate a current value under 23.5 kA does not
give adequate welds and above 28.7 kA causes projections of mate-
rial during welding. The gray ribbon in the following figures repre-
sents the hardness of the base material. A significant decrease in
hardness was observed in the nugget of all the welds. The reduction
in hardness of the nugget is quite similar for all weld currents used.
This decrease in hardness is currently attributed to the dissolution

Fig. 11. Microstructure of the nugget of a welded joint done at 28.7 kA; 2 cycles;
3237 N.

Fig. 10. Microstructure of the nugget of a weld done using 23.5 kA; 2 cycles;
3237N.

Fig. 12. Premature expulsion of melted material from the nugget of a welded joint
done at 28.7 kA, 2 cycles and 3237 N.
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Fig. 13. Influence of weld current on hardness plot in: (a) transversal line and (b)
through thickness line (2 cycles; 3237 N).

of strengthening precipitates in welds in 6xxx aluminium alloys,
mainly in the T6 state [26,27]. These results show that the precipi-
tates were solubilised, even for the lowest current level. The varia-
tion of weld current influences mainly the width of the zone
affected by the heat generated in the process, as is shown in
Fig. 13a. This is because increasing weld current increases the nug-
get size, as mentioned above, and also the width of the HAZ.

Through thickness hardness measurements, see Fig. 13b, show
that the decrease in hardness is concentrated principally in the
nugget, where the highest temperatures during welding were
reached, though the regions close to the plates’ surface, the HAZs,
also undergo some reduction in hardness.

The effect of the weld time on hardness distribution through the
cross section of welds, in the transverse and through-thickness
directions, is illustrated in Fig. 14a and b. The effect of the weld
time is similar to the influence of the weld current. The decrease
in hardness is a little more pronounced in welds done using 5 cy-
cles than in single cycle welds, see Fig. 14a. These results suggest
that the increase in weld time augmented the heat input, conse-
quently increasing the dissolution of the strengthening precipi-
tates. The substantial decrease in hardness observed on both
sides of the nugget in the heat-affected zone, though not as
stressed as in the nugget, tends also to extend to a larger distance
in welds done with five weld cycles. The coarsening of precipitates
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Fig. 14. Influence of weld time on hardness plot in: (a) transversal line and (b)
through thickness line (26.4 kA; 3237 N).

is usually mentioned as the main reason for the softening of the
structure in the heat-affected zone [28].

The softening effect was also observed through the entire thick-
ness of the sheets, as shown in Fig. 14b, where the hardness of the
base material is illustrated by a grey bar. The largest reduction in
hardness was observed in the nugget of the welds, where the melt-
ing of the base materials promoted the total dissolution of the
strengthening precipitates.

The effect of the electrode force on the distribution of hardness
in the welds is illustrated in Fig. 15a in transverse direction and
through-thickness in Fig. 15b. A slight effect of electrode force on
hardness distribution was observed in both directions.

3.4. Peak load and failure mode

It is currently assumed that the mechanical strength of the RSW
is mainly influenced by the nugget diameter, though several
authors [19,22] admit that the mechanical properties of the nugget
and HAZ of the welds, where weld failures happen, also play a rel-
evant role in the performance of the welds. Both nugget size and
mechanical properties of the welds are directly affected by the
welding parameters, such as welding current, welding time and
electrode force, as shown in previous sections. Fig. 16 illustrates
the effect of these parameters on the failure load of the welds.
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The influence of the weld current on the failure load is illus-
trated in Fig. 16a. A significant increase in the failure load with
increasing weld current was observed, even for the maximum cur-
rent studied (28.7 kA), where one small expulsion of material oc-
curred. The reason for this behaviour is that the increase in
current augmented the nugget diameter, as shown in Fig. 4.

The effect of the weld time on the failure load is shown in
Fig. 16b. A significant increase in the failure load was observed
with increasing weld time. This effect is caused by the increase
in the nugget diameter with weld time, as shown in Fig. 6. Above
2 cycles weld time neither the nugget size nor the peak load in-
crease. The welding parameters and consequent nugget diameter
influence both the failure load and the failure mode. For example,
the welds performed with two or more weld cycles presented pull-
out failure mode, see Fig. 17a, as opposed to the welds done using a
single weld cycle, which experienced an interfacial fracture, as is
illustrated in Fig. 17b.

The influence of the electrode force on the failure load of the
spot welds is illustrated in Fig. 16c. Generally, a small decrease
in the failure load was observed with increasing electrode force.
This reduction is associated with the decrease in the diameter of
the nugget with increasing electrode force. The nugget diameter
decreased from 5.3 mm to 4.4 mm with the increase in the elec-
trode force from 2649 N to 4709 N.
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Fig. 16. Failure load versus the variation of: (a) current welding (weld time: 2
cycles and force on electrode: 3234 N); (b) weld time (weld current: 26.4 KA and
force on electrode: 3234 N) and (c) electrode force (weld time: 2 cycles and weld
current: 26.4 kA).

The effect of weld parameters on failure load is quite similar to
the influence of the same weld parameters on nugget diameter.
This is not surprising because the mechanical properties of the
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Fig. 17. RSW failure modes: (a) pull out mode and (b) Interfacial mode.

welds do not change significantly among the variety of the weld
parameters studied, as is suggested by the evolution of the hard-
ness, see Figs. 14-16. In fact the decrease in hardness is quite sim-
ilar, mainly in the nugget area, for all weld conditions.

Fig. 18 shows the relationship between the weld nugget diam-
eter and the fracture peak load, from the results of the static lap
shear tests. An approximately linear relationship was observed be-
tween nugget diameter and failure load. The failure modes ob-
served in the tests are also illustrated in the same graph. The
interfacial failure mode is denoted by open lozenges, and the
pull-out failure mode by open triangles. The separation between
the zones of preferential interfacial failure and pull-out failure
modes is indicated in Fig. 18 by dotted lines. The interfacial failure
mode occurs for nugget diameters up to 5.1 mm while pull-out
failure mode happened for nugget diameters above 5.6 mm. For
nugget sizes between 5.1 and 5.6 mm both modes of failure
coexist.

Currently, in order to guarantee the reliability of the welds, the
welding parameters should be adjusted so that pull-out failure
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Fig. 18. Effect of weld nugget size on peak load and failure mode (< - interfacial
failure mode; A - pull-out failure mode).

mode is obtained during testing. The equation proposed by AWS/
SAE/ANSI [20,29], Eq. (1), developed specifically to predict the crit-
ical nugget diameter to guarantee the pull-out failure mode in
welds in steels, is not reliable for welds in aluminium because it
recommends a nugget diameter of 4 mm to get pull-out failure, in-
stead of the value of 5.6 mm, observed in this investigation. Even
the formulas used in the automotive industry [29] give only 4.2
and 5.3 mm, respectively, for minimum and nominal nugget diam-
eter. It also seems that the formulas proposed by Chao [21] are not
applicable because they are based on the stress intensity factor
which has no meaning in the case of ductile materials, such as
those studied in the present investigation.

On the other hand the equation proposed by Pouranvary et al.
[19], Eq. (2), is too conservative, giving critical nugget diameters of
8 mm or more, because in heat-treatable aluminium alloys the hard-
ness of the HAZ is similar or superior to the hardness of the nugget.

The equation suggested by Sun et al. [22], Eq. (3), predicts nug-
get diameters that are too small, 3.2 mm in this case, because it
was derived for welds in 5xxx and 6xxx aluminium alloys, where
almost no softening or hardening happens, and not for heat-treat-
able aluminium alloys in the T6 state.

As none of the analytical models mentioned above seems ade-
quate to describe the mechanical behaviour of resistance spot
welds in heat-treatable aluminium alloys subjected to shear lap
tensile testing, a simple analytical model was derived to predict
the critical spot weld diameter required for pull-out failure mode.
Like the previous models, this one assumes the failure is a compet-
itive process where the failure happens in the weakest weld zone;
the nugget or the HAZ. The equation governing the interfacial fail-
ure of the nugget can be established assuming that shear is the
dominant loading mode in shear tensile test. This is plausible be-
cause only incipient bending of the specimens occurs before inter-
facial weld failure. Furthermore, Pouranvari et al. [19] have already
suggested this mechanism exists in shear tensile tests of spot
welds. Therefore, assuming the shear stress is distributed uni-
formly in the cross section of the nugget, the interfacial failure load
can be expressed by Eq. (4), where d is the nugget diameter and ty
is the shear strength of the nugget.

nd®
L = TTN (4)
On the other hand, when pull-out failure occurs a significant
bending of specimens was observed before failure during shear

tensile test, suggesting a loading mode similar to that typical of
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cross tension tests. In this case several authors consider that the
failure mechanism is through-thickness shear in the HAZ [22,30].
In this case Eq. (5) can be considered to be the governing law for
predicting pull-out failure load, Lpo. The nugget diameter is desig-
nated by d, the plate thickness by t and the shear strength of the
HAZ by Tyaz.

Lpo = ndtTHAz (5)

Therefore, the critical nugget diameter required to obtain pull-
out failure (d,) is governed by Eq. (6), which results from the inter-
section of Egs. (4) and (5).

der = 4t (6)
N

For spot welds with nugget diameters below d., the interfacial
failure mode will be dominant while for diameters above this value
spot welds will exhibit pull-out failure mode. However, the evalu-
ation of the shear strength of the nugget and HAZ of spot welds is
difficult, because those regions are narrow and present microstruc-
tural gradients. Currently, the yield and tensile strength of materi-
als are related to their hardness through empiric equations
characterised by the generic Eq. (7), where HV and ¢ represent
the Vickers hardness and tensile strength of the material and K is
approximately constant, assuming the elastic properties are
approximately constant inside each family of materials [31,32].
In addition, according to the Tresca criterion, both the shear and
tensile strength of a metal are connected by a mathematical con-
stant, shear strength is half of the tensile strength of the material.

HV = Ko (7)

Therefore, Eq. (6) can be rewritten as Eq. (8), where HVy and
HVy,z are the hardness of the nugget and HAZ.

HVyz
HVy (8)

Hardness is easier to evaluate than the tensile strength of the
nugget or HAZ of the welds, though a difficulty remains. While
the hardness in the nugget is approximately constant and easy to
average, the HAZ hardness exhibits a gradient between the nugget
and the non-affected base material, as shown in Figs. 14-16. Con-
sequently d,, is function of the chosen hardness of the HAZ. To give
an example; Fig. 18 shows that the minimum required diameter to
get consistent pull-out failures is 5.6 mm. This corresponds to
welds done using 26.4 KA, 2 cycles and 3237 N as welding param-
eters. One example of the evolution of the hardness in those welds
is shown in Fig. 13. The average hardness in the nugget is HV75
and in the HAZ it is approximately HV95. Introducing those values
in Eq. (8), the critical nugget diameter to get pull-out failures is gi-
ven as 5.1, which corresponds to the lower limit for which pull-out
failure can occur; though at that size interfacial failures can also
occur, as shown in Fig. 18. As the definition of the average hardness
in the HAZ is difficult, because of the hardness gradient, a safe crit-
ical diameter can be defined based on the hardness of the parent
material instead of the hardness of the HAZ. In this case the new
formulation of Eq. (8) is indicated in Eq. (9), where HVpy, is the
hardness of the base material.

HViy
HV, 9)

For a base material hardness of HV110 the critical diameter cal-
culated by Eq. (9) is 5.9 mm, very close the experimental observa-
tions. Eq. (9) allows us to define a safe boundary for obtaining pull-
out failure, and has the advantage that the experimental values of
HVpgy and HVy can be evaluated in a quick and easy way. This mod-
el needs to be extended to RS welds in other aluminium sheet
thicknesses. It was derived specifically for undermatched welds

do, — 4t

do — 4t

in heat-treatable aluminium alloys. The matching grade of welds
is defined by the rate between the yield or tensile strength of the
weld and the base material. According to whether this rate is equal
to one, lower than one or higher than one the welds are considered
to be in the evenmatch, undermatch or overmatch condition,
respectively. In the present model, when the grade of undermatch
increases, the critical nugget diameter increases too, in order to
guarantee pull-out failure mode. For welds in mild steels, where
the evenmatch condition is approximately observed, Eq. (9) gives
higher critical nugget diameters than Eq. (1), of the American
Welding Society et al. [20,29]. However Eq. (9) is not valid for over-
match welds, typical of RSW in high strength steels, because it
gives unsafe nugget diameters.

4. Conclusions

The influence of the weld parameters on the microstructure and
tensile-shear strength of resistance spot welds on an aluminium al-
loy 6082-T6 was studied. The conclusions obtained are summa-
rised as follows:

- The increase in the weld current and time increased the nugget
diameter and coarsened the microstructure; these transforma-
tions were accompanied by a significant decrease in hardness
in the nugget and heat-affected zones of the welds.

- A significant increase in the failure load in static shear lap tests
was observed in welds done with increasing weld current and
time, because of the augmentation of the nugget diameter;
beyond a critical nugget diameter the failure changes from
interfacial mode to pullout mode.

- A simple analytical model was proposed to predict the critical
nugget size to obtain pull-out failures in undermatched welds
in heat-treatable aluminium alloys.
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