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ABSTRACT

Resistance spot welding (RSW) aluminum alloys has a major problem of inconsistent quality
from weld to weld, because of the problems of the non-uniform oxide layer. The high resistivity of
the oxide causes strong heat released which influence significantly on the electrode lifetime and the
weld quality. Much effort has been devoted experimentally to the study of the sheet surface
characteristics for as-received sheet and surface pretreatment sheet by pickling in NaOH and glass-
blasted with three thicknesses (0.6, 1.0, and 1.5 mm) of AA1050. Three different welding process
parameters energy setup as a low, medium, and high were carried. Tensile-shear strength tests were
performed to indicate the weld quality. Moreover, microhardness tests, macro/micrographs, and
SEM/EDS examinations were carried out to analyze, compare, and evaluate the effect of surface
conditions on the weldability. The as-received sheet showed a higher electrical contact resistance
because of its thicker and non-uniform oxide layer. In contrast, the glass-blasted sheet showed
lower value, since it has a roughest surface, which leads to easy breakdown the oxide layer. The
highest average values and least scattering of the maximum load fracture are with treated sheet by
pickling in NaOH, these values are 760, 1193, and 2283 N for 0.6, 1.0, and 1.5 mm sheet thickness
respectively for medium input energy. In contrast, the minimum values with glass-blasted sheet are
616, 1008, and 2020 N for 0.6, 1.0, and 1.5 mm sheet. The microhardness profiles of the fusion
zone and HAZ is the lower than the base metal for all cases. Numerical simulation with SORPAS®
was used to simulate and optimize the process parameters, and it has given good results in
prediction when they compared with experiments.

Keywords: RSW Oxide Film  Roughness Macro/Micrograph
SEM/EDS AA1050 SORPAS®
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INTRODUCTION

Todays, World is faced with an energy crisis. It
is therefore essential to find cost-effective solutions
to this issue. Therefore, there has been a significant
trend in the automobile industry by economic and
political pressure to make lighter vehicles in order
to reduce fuel consumption and CO, emission.
Because of their lightweight and high specific
strength (strength-to-weight ratio), the application
of aluminum alloys in automobile industry is being
increased and popularity. The advantages of weight
saving up to 46% [Wheeler, 1987] and resistance of
corrosion are considerable.

Resistance Spot Welding (RSW) has been the
dominant process in sheet metal joining,
particularly in automobile industry. Because of its
low cost, flexible, easy automated and maintains,
fast, and minimum skill labor requirements.
Moreover, it is a well-established process in the
automotive industry [Brown, 1995 and Cho, 2006].
The process is also applied in manufacture of other
transportation, kitchen utensils, and more. Modern
small vehicles contain (2000-5000) spot welds
[Chao, 2003]. Annual production of automobiles in
the world is measured in tens of millions units;
therefore, each welded spot has its own importance
not only with regard to quality but also for
production issue. Steel and aluminum alloys share
many of the same process attributes for RSW.
However, the productivity of aluminum spot
welding is lower than of steel especially those
alloys with low strength (series 1xxx). This is
because aluminum alloys have higher thermal and
electrical conductivity, higher coefficient of
expansion, narrow plastic temperature range, and
oxide film problems, which forms on the surface of
the aluminum and has high electrical resistance and

a high melting temperature (2050°C), as the oxide

film grows the effective contact resistance of the
aluminum changes. Therefore, the control of weld
quality is much more difficult and requires tighter
controls [Kim, 2009]. In general, aluminum’s high
thermal and electrical conductivity require higher
current, shorter weld time, about (2-3) times the
amount of current and (%) weld time compared to
spot welding steel. Accurate control and
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synchronization of current and electrode force is
required due to the narrow plastic temperature range
[RWMA, 2003]. Aluminum is highly reactive to
oxygen and will within 100 picoseconds form thin
protective oxide layer (Al,O;) on its surface and is
often considered be a uniform ceramic coating or
layer. This layer is beneficial as it protects the base
metal from corrosion. While this may be close to
reality for high-purity aluminum, the oxide layer on
the aluminum alloy sheets for automotive bodies is
much more complex [Patrick, 1984]. The oxide
layer is important because its thickness is an
influential parameter in the electrical resistance
[Sun, 1982]. The high resistivity of the oxides
causes strong heat release. Fusion of the low
melting alloy takes place not only at the sheet-to-
sheet interfaces but also at the sheet-to-electrode
contacts, resulting in unacceptable electrode wear.

RSW is a welding process that joint sheet metal
together by applying pressure and passing a large
guantity of current through localized area
generating heat by Joule ohmic heating law while
weld nugget growth is initiated here and the sheets
are permanently fixed together. Thereby, electrical
contact resistance is one of the most critical
parameters in resistance welding. A large contact
resistance is advantageous for the formation of a
single spot weld. As discussed by Browne, et al.
[Browne, 1995] contact resistance plays an
important role in the RSW process for aluminum. It
has drawn the attention of many researchers since
several decades ago, [Studer, 1939] carried out
many experiments to demonstrate the influences of
the pressure, temperature, and materials and its state
on the contact resistance. With assistance of Gleeble
system, contact resistance was experimentally
investigated dynamically by [Song, 2005]. They
demonstrated that interface normal pressure has
great influence on the contact resistance and it
decreases with increased normal pressure, in
contrast, the influence of temperature on contact
resistance is less pronounced as pressure increases.

Surface roughness along with elastic-plastic
properties of the materials; also influence the
electrical contact resistance [Dzekster, 1990]. The
effect of surface roughness and oxide film thickness
on the electrical contact resistance of aluminum
were carried out by [Crinon, 1997], they illustrated
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That the effect of the oxide film is greatest in the
specimen with smoothest surfaces.

Expulsion, which can be observed frequently
during RSW, happens at either the faying surface or

the electrode/work piece interfaces. The latter may
severely affect surface quality and electrode life.
The risk of expulsion is especially high in spot
welding of aluminum alloys due to the very
dynamic and unstable character of the process,
relating to the application of a high current in a
short welding time as compared to welding steels
[Senkara, 2004 and Mathers, 2002].

RSW of aluminum alloys has two major
problems: short electrode tip life and inconsistent
weld quality [Williams, 1984]. Spot welding in
AAL050 is less stable and the electrodes will stick
to the sheet after 50 welds because of the oxide film
problems [Pederson, 2010].

In this study, the influence of oxide film
pretreatment on the strength of the weldments,
which had done by RSW process was compared and
evaluated. The pretreatment of the strips surfaces of
AA1050 was done by both glass blast (mechanical
mean) and pickling with NaOH (chemical mean).

EXPERIMENTAL PROCEDURE

The experiments were conducted at Technical
University of Denmark (DTU), using 0.6, 1.0, and
1.5 mm sheet thicknesses of low-strength aluminum
alloy AA1050, which were spot-welded on
TECNA, the specifications of the welding machine
are listed in Table 1. The Controller of the machine
is TE-180 type with 16 functions. The electrode tips
(Female Cap) used during the experiments are type
A0 according to ISO 5821-2009, [RWMA, 2003].
They were made of Zirconium copper alloy with the
following chemical compositions; Cr: 0.7-1.2%, Zr:
0.06-0.15% and the remainder is Cu. The
configuration of them is radius type (A), diameter
of 16 mm, end surface of 40 mm radius. The
electrodes were drilled near the tips end with 1.5
mm diameter to insert copper wires in order to
measure the secondary voltage. The current
measurements from Rogowski coil together with a
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Pre-calibrated TECNA-1430 conditioner and a
piezoelectric force sensor with Kistler-5015
transducer were acquired by a DAQ BNC-2110
from National Instruments and then passed to
LabVIEW software programmer to treatment the
signals .The properties and nominal compositions
(performed by spectrum analyzer) of the sheets are
shown in Table 2, the samples were cut from the
sheets into 16 x 115 mm, the rolling direction with

the longitudinal dimension and they joined as a lap
joining, to prepare the tensile-shear test. The
parameters of the RSW process were calculated for
each experiment, RMS current | (A), welding time
C (cycle), and the electrode force P (kN). The
tensile-shear tests were carried out using a 100 kN
(22.5 klby) AMSLER universal testing machine at a
deformation rate 2mm/min at room temperature to
demonstrate the strength of the weld S (N). The
microhardness test were performed using FUTURE-
TECH-CORP FM-700 using the Vickers scale at an
applied load of 50 g, they were taken on each
samples in longitudinal direction along the diameter
of the nugget at intervals of 0.5 mm. The
macro/micrographs of the weldments were carried
out using light optical microscope (LOM) type a
Neophot 30 (Zeiss, Jena) with a Cool Snap CCD
camera. Moreover, for high-resolution images
electron microscope (SEM) a JEOL JSM-5900 with
LaB6 filament applying secondary electron (SE) at
20 kV, and electron-dispersion x-ray spectroscopy
(EDS) part of a SEM facility an Oxford Instruments
for quantitative chemical analysis were used.

The pretreatment of the surfaces of the strips
were done by two methods: mechanical and
chemical. The mechanical means was carried out by
glass blast with grain size of 100 um; each strip was
subjected to 30 seconds of blast treatment at air
pressure of 200 kPa. The experiments were done on
both sides of the strips and other experiments were
performed only on one side of the strips. The latter
were welded with two directions; the pretreatment
surfaces of the strips were the faying surfaces, and
the alternative direction was the pretreatment
surfaces with electrodes interface. The chemical
means was done by pickling with sodium hydroxide
(NaOH), the procedure of this approach was
performed by sink the strips in solution 60 g of
NaOH with one liter of ionized clean water within 2
minutes only, the temperature of the solution was
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60°C. Then, the strips by hot water and ethanol were

rinsed and cleaned for the both means to be ready
for welding.

Aluminum is high affinity of oxygen, an oxide
layer is always present at its surface and will
immediately reform if surface pretreatment
mechanically or chemically. For the stability of the
oxide film, and repeating the experiments with the
same conditions; the pretreatment strips were
prepared within 3 hours before spot welding. This
time was chosen depending on the Fig. 1, which
was expected to have fresh, thin, and uniform oxide
layer, while the as-received sheet would have
thicker and non-uniform oxide layer.

The experiments were designed as a general
factorial with three replicates per condition [Cho,
2006]. The factors and their associated parameters
are given in Table 3. During welding, expulsion
and sticking were observed and recorded.

RESULTS AND DISCUSSION
PICKLING IN NaOH

The electrical contact resistance at the interfaces
sheet-to-sheet and sheet-to-electrode is the main
source of heat during RSW of aluminum alloys,
unlike steel, which the source of heat is the bulk
resistance of the sheets. This electrical contact
resistance depends strongly on the tribological
characteristics of the contacts at the two interfaces.
The significant factor impression tribological
feature of aluminum sheets is the oxide layer. Fig. 2
illustrates SEM image with EDS analyzer for as-
received  spot-welded  strips, which  show
unambiguously the high amount of oxygen (3.6,
4.6, and 2.9%) near the area of strips separation. In
the second importantly are the surface roughness
and the presence of the foreign materials such as
dirt, lubricant, chemical, water vapor, and others
[Studer, 1939, Crinon, 1997, and Rashid, 2011].
Although of all care to maintain uniform surface
conditions, the electrical contact resistance is almost
different when another time measured in the same
region. Therefore, the quality of RSW of aluminum
alloys is inconsistent.
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During pickling of aluminum alloy sheets in
basic or acidic solutions the surface oxides or
hydroxides are dissolved. The pickling rate is
dependent on many variables including; 1- solution
agent and concentration, 2- solution temperature, 3-
composition of the surface sheet, 4- velocity of
solution movement around the sheet (rpm). In
earlier of this work, 5 minutes was chosen to sink
the strips in the pickling agent (NaOH). However, it
clearly seems that the corrosion rate of aluminum is
much higher than the dissolution rate of the oxide
layer. The formula of dissolution is:

AlLO; +20H” +3 H,0 — 2A1(0H), (1)

When the metal is bared; immediately corrodes
according to this formula:

Al +3H,0 +OH™ — Al(OH),” + -H, (2
The last formula shows that H, is evolved during
dissolution of aluminum even in basic agent
[R6 nhult, 1980]. Consequently, the metal is
corroded by pitting as soon as the protecting layer
of oxide film has been dissolved in some areas.
Investigation by SEM shows strip exposure to
NaOH within 5 minutes gave severe pitting
corrosion of the surface, as shown in Fig. 3. Severe
expulsions and sticking with electrodes were
occurred during spot welding with these strips, due
to the decreasing of electrical contact resistance in
electrode sheet interface in spite of sheets interface
especially with those of 0.6 mm strips. Therefore,
all experiments latter were performed by exposure
the strips to NaOH only within 2 minutes to
minimize expulsion and sticking occurring.

SURFACE ROUGHNESS

Surface roughness measurements were carried
out in this work on a Taylor/Hobson, Precision-
SURTRONIC-25 instrument for various types of
the strips to analyze and compare. Five
measurements randomly on each of three strips for
each surface condition and the average of all of
them were recorded. Table 4 shows these values of
the centerline average (Ra) of as-received and
pretreatment strips. It clearly seems that
pretreatment sheets with glass blast show high
values of roughness and the roughest surface is 1.0
mm sheet with glass blast (Ra = 4.703 um), as seen
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in Fig. 4, in contrast the smoothest surface is 1.5
mm as-received sheet (Ra = 0.238 um). Chemical

Surface pretreatment (pickling in NaOH) shows the
lowest value in standard deviation (s) when
measured the surface roughness, and therefore it
will be the most consistent in the weld strength. In
contrast, the pretreatment strips with glass-blast
show higher values in standard deviation although
the attempt to control the removing surface layer
precisely due to the manual process, and therefore it
will be more scattering in welding strength as
illustrated later.

The large variance between the smoothest and
the roughest surfaces were clearly affected the
strength of the weldments when were tested on the
shear-tensile test. The glass-blasted strips show
much lower contact resistance between sheet
interfaces in spot welding causes less heat generated
in this region, therefore small size nugget were
produced, thus were affected the strength of the
weldments. In the same sense, these strips show
much lower sticking with electrodes, due to the
lower heat generation since lower contact resistance
in the region between sheet and electrode.
Therefore, some experiments were conducted only
on one side with glass-blast associated with sheet-
to-electrode interface, and it shows as expected
good weldability especially no sticking with
electrodes and high strength with same process
parameter.

Although there was a not high difference of
roughness level between as-received and chemical
treatment strips, there was a large difference in
consistent of the welding quality between them.
These results clearly demonstrate that the surface
roughness is not the unique factor controlling the
electrical contact resistance, but the oxide layer
thickness and its configuration, which was similar
to that found by other researchers [Patrick, 1984,
Studer, 1939, Crinon, 1997, and Pouranvari, 2010].
It seems likely this result of surface roughness were
associated with easier breaking down the oxide film
in roughest surfaces when applying the electrode
force during spot welding causes much lower
contact resistance.

Fig. 5 shows LOM images, which confirm the
variance of the surface roughness of the as-received
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sheet and the pretreatment sheet with pickling in
NaOH and glass-blast.

TENSILE-SHEAR TESTS

Tensile-shear tests carried out on the welded
joints indicated their strength and the failure mode.
In this work, direct comparisons of the as-received
surface with those of the pretreatment surface by
pickling in NaOH and glass-blasted were
established. Fig. 6 shows the maximum fracture
load for the spot welds as a function of welding
input energy as mentioned in Table 3 while other
parameters are kept constant. The data point, which
was represented in the figure, is the average of three
specimens test. It is seen in general that with
increasing energy input the maximum fracture load
of spot welding increases. Moreover, the mode of
failure is recorded and it is classified in three types;
1% interfacial failure (nugget fracture in shear), 2™
plug failure (nugget pull out), 3" failure occurs in
the heat affected zone (HAZ) where failure is a
result of breaking this region throughout the width
of the strip. The failure of spot welding could be
seen as a competitive process, i.e. any failure occurs
in a mode require least load [Newton, 1994]. These
three types of the mode of failure were occurred
usually as follows, the first type with low input
energy, the second type with medium input energy,
and finally the third type were occurred with high
input energy for the three thicknesses sheets due to
overheating and softening the region near the
nugget perpendicular to strip width. A few
anomalous specimens that have been observed
during the testing did not fall under these types of
failure. In line with other studies [Senkara, 2004,
Mathers, 2002, and Ma, 2008], expulsion was
occurred beyond the high input energy as well as of
sever sticking sheet with electrodes. Furthermore,
the fracture was usually in the form of ductile
tearing around the nugget. Only a few weak
welding failed in a brittle manner through the
interface, and this was especially observed at low
input energy.

The second observation, the scattering in
maximum load fracture in tensile-shear tests is less
in the pretreatment surfaces sheet with pickling in
NaOH due to the new uniform less thickness of
oxide layer. In addition, more scattering is with
glass-blasted sheet due to the not good controlling
manual process of removing the oxide layer.
However, the maximum scattering values is with as-
received sheet due to the non-uniform oxide layer,
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which can scarcely be controlled without putting the
samples in a vacuum.

The most important result obtained is that the
average of maximum load fracture was the highest
value in chemically treated with all thickness sheets.
These values are 760, 1193, and 2283 N for 0.6, 1.0,
and 1.5 mm sheet thickness respectively for
medium input energy. In contrast, the minimum
values of the maximum load fracture are in the
glass-blasted sheet due to the lowest values of
electrical contact resistance that lead in turn to be a
small nugget size and thus small values of
maximum load fracture. The electrical contact
resistance of the roughest surface becomes lower
value when electrode force is applied, due to the
more breaking of the oxide layer, which is electrical
insulating and this is a good agreement with many
researchers as [Crinon, 1997]. These values are 616,
1008, and 2020 N for 0.6, 1.0, and 1.5 mm
respectively. However, there is an interesting
observation, which there is a significant increase in
the maximum load fracture corresponding with
glass-blasted treated strips on one side, which is the
interface of the electrodes and the other faying
surfaces remain untreated. The reason is higher heat
generation due to higher electrical contact resistance
at the faying surfaces and it is lower at the sheet-
electrode interface and therefore less sticking with
electrodes with increasing electrodes life. These
values are 775, 1147, and 2408 N for 0.6, 1.0, and
1.5 mm sheet thickness respectively for the medium
input energy.

MICROHARDNESS TESTS AND
MICROSTRUCTURE EXAMINATIONS

Microhardness characteristics of the RSW are
one of the most important factors affecting their
failure behavior. Typically, the microhardness
profile of the nugget of steel exhibit a significant
hardness increase from the base metal due to the
increasing of the martensite forming, and it is being
more with alloy steel due to the content of alloying
elements. An example of this behavior was recorded
by [Hayat, 2011] with DP600 steel. With aluminum
alloys, the microhardness values obtained from the
fusion zone proved the existence of hard and brittle
intermetallic phases due to the high content of the
alloying elements thereby cause increasing of the
hardness in that region. However, with low content
of alloying elements as AA1050 the profile of
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microhardness is completely different, since the
lower hardness is in the fusion zone. It is somewhat
lower than the base metal, which can be attributed
to its cast microstructure and the presence of coarse
columnar grains. Moreover, the effect of the prior
work hardening is completely removed in the fusion
zone because of the melting.

Fig. 7 illustrates the wvariations of the
microhardness profile for the pretreatment surfaces
by mechanical (glass-blasted) and chemical
(pickling in NaOH) and the as received of 1.0 mm
sheets, which carried out on the cross section of the
nugget to show the microhardness of the weld
metals, HAZ region, and the base metals. The first
important observation of profiles is that the
microhardness of the fusion zone and HAZ is lower
than the base metal for all cases, since these points
were affected by the heat generated of welding,
which were completely removed all previous work
hardening especially in the fusion zone and its cast
microstructure as mentioned above. The second
observation, there are points with values of
relatively low microhardness. These points are close
to the voids defects result of the expulsion was
occurred due to the high welding current (32 kA)
for this sheet thickness, such as points 6 in glass-
blasted sheet, point 7 in chemical pretreatment
sheet, and point 5 in as-received sheet, which are
observed in macrostructures were obtained by
LOM. In contrast, there are a few points with
relatively high values. Since, they are located on
small grains and formed from intermetallic
compounds, such as points 2, 2, and 8 in in glass-
blasted, chemical pretreatment, and as-received
sheet respectively, see the microstructures of these
points as shown in Fig. 7 (a), (b), and (c).
Therefore, there is not a constant microhardness
profile along the nugget.

In general, the microhardness measurements in
fusion zone and HAZ of pretreatment surfaces with
glass-blasted show highest values than the others,
due to of the treatment by this means, which causes
a few work hardening result of the hitting of the
surface by glass grains during the oxide remover. In
contrast, the microhardness measurements of as-
received sheet show a lower values than the other
pretreatment sheets due to the more heat generated
at the faying surfaces since of the highest value of
electrical contact resistance, as shown in Fig 7 (d).
Moreover, the microhardness of pretreatment
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Surfaces by pickling in NaOH of the base metal
show a lower value than the others due to the
uniform fresh small thickness of oxide layer which
consider as a harder material.

The macrographs show variations across the joints
between the as-received sheets and the pretreatment
surface sheets. The nugget size of the as-received
weldments is larger than the pretreatment surfaces
in the both means, since they are much lower
contact resistance in the region of the faying
surfaces, therefore lower heat generated. As an
example, the nugget sizes are 5.1, 5.0, and 4.7 mm
of 1.0 mm, 7.0, 6.54, and 5.35 mm of the 1.5 mm
for as received, pickling in NaOH, and glass-blasted
sheets respectively. The minimum size is with
glass-blasted sheet that are less electrical contact
resistance, which generates less heat.

The structures of aluminum weldments are
usually not clearly distinguishable as in steel
weldments, and the HAZ is significantly narrower
for an aluminum weldments. These make the
identification of various zones difficult. Fig. 8
shows the micrographs of the 1.5 mm strips, which
were welded with 32 kA welding current and 5
cycles welding time and the sheet were treated by
pickling in NaOH. There are recrystallized small
equiaxial grains and insoluble particles of FeAl;
(black) in the oval nugget, and there are narrow
zone of the columnar grains in the edge of the
nugget and this zone is interfacial with the HAZ,
which are formed of the dendritic grains. Moreover,
some porosity (large, black area) is evident due to
the splashes were occurred because of relatively
high current was used. There are not a significant
variation in the microstructures in the nugget and
the HAZ of the weldments between the as received
and the pretreatment sheets since the pretreatment is
on the surfaces and not in the region which are heat
affected. View of non-repetition, has not been
discussed the microstructures of the other cases of
the sheet condition that are not being a large
variance from this case.

SEM AND EDS EXAMINATIONS

Further micrographs were carried out on SEM
including secondary-electron images (SEI) to
observe the nugget size, microstructures, surfaces
profile, and together with X-ray spectroscopy
(EDS) including high resolution mapping analyzing
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the chemical composition in the area of the interest.
As-received sheet including non-uniform thick
oxide layer caused indentation of the electrodes into
the strips when spot-welded leading to degradation
of the electrodes rapidly due to the pitting on the
surface of the electrodes and dissolving or alloying
the copper into the base metal of the aluminum or
vice versa in this region. The reason of these
problems is the high electrical resistance and a
brittle nature of oxide layer causing relatively high
heat generated in this region. The reason of few
defects in the case of treated sheet might probably
lie in the presence of the pitting on the electrodes
surface because of the previous welding, as shown
in Fig. 9.

The white color areas in the SEM images
indicate the presence of the aluminum bronze with
copper alloying element, as shown in the EDS
analyzer table.

NUMERICAL SIMULATION

Commercial finite element numerical
program SORPAS® [SWANTEC] was used in this
work. It is well known and most widely used as a
numerical tool for simulation, optimization, and
planning features of the resistance welding
processes. It is based on mechanical, electrical,
thermal, and metallurgical models. In order to
analyze and compare the experiments with the
numerical modeling scheme, SORPAS® has been
used to simulate a RSW of AA1050 with as-
received sheet and the pretreatment sheet. Weld
schedule specifications (WSS) is a new update input
window included in the new version (10) of the
program for optimized weld current, weld force,
weld time, and hold time. Table 5 indicates the
WSS of the weld planning to optimize the RSW
process parameters for as-received sheets.
Furthermore, the process parameters for
pretreatment sheets have been optimized in order to
compare with as-received sheet. The value of
electrical resistance at 20°C in the materials

database of the program was only changed to lower
value, for the purpose of compatibility with oxide
layer treatment. Only one result has changed that is
the value of the welding current, which has become
lower about 2 KA.

Fig. 10 shows the simulated joint for
pretreatment by glass blast of 1.0 mm sheet
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compared with experimentally macro etched cross-
section nugget result welded with 29 kA welding
current and 5 cycles welding time. It can be seen
that the shape of the weld is predicted relatively a
very fine correlation with the actual weld nugget, as
well as the HAZ zone.

CONCLUSIONS

The experiments showed that weldability is
improved when the oxide layer is properly removed.
However, the resistance of an oxide layer is
beneficial for the localized heating required to form
the weld nugget, but this resistance should be as low
as possible in order to minimize the heat generated
at the interface between the electrodes and the
sheets. The significant conclusions drawn from this
experimental work are as follows:

1. The surface condition of aluminum sheet has a
significant influence on the weldability and the
electrode lifetime.

2. The optimum time immersing the strips in the
solution of NaOH is 2 minutes at temperature
of 60°C.

3. In line with [Rashid, 2011] conclusions, the
surface roughness affects the contact resistance
by decreasing it where surface roughness
increase, as it occurred with glass-blasted
sheet, since it breakdown the oxide layer.

4. Treated sheet with pickling in NaOH gives
highest average values of the maximum load
fracture as shear-tensile test with all sheet
thicknesses, as well as the scattering in the
maximum load fracture is the least in this
sheet, due to the fresh uniform oxide layer.

5. Less electrode sticking has occurred with one
side surface treated that is electrode-sheet
interface, in spite of good welding (maximum
load fracture).

6. The microhardness profiles of the fusion zone
and HAZ is the lower than the base metal for
all cases where were completely removed all
previous work hardening.

7. By examining macrographs of the welds, there
are recrystallized small equiaxial grains and
insoluble particles of FeAls in the nugget and a
narrow zone of columnar grains in the edge of
it and this zone is interfacial with the HAZ,
which are formed of dendritic grains.

8. SEM and EDS examinations confirm the
presence of dissolving/alloying of the copper
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(electrode material) with aluminum (base sheet
metal) in each other in as-received sheet more
than the pretreatment sheet. Therefore, it is
leading to degradation of the electrodes rapidly
due to the pitting on the surface of the
electrodes.
9.Numerical simulation with SORPAS® has given
good results in predicted process parameters and the
nugget size when they compared with experiments.
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EDS : Energy Dispersive Spectroscopy

HAZ : Heat Affected Zone

HV : Hardness Vickers

LOM : Light Optical Microscope

Ra . Arithmetic Mean Value of Roughness

rpm  : Revolution Per Minute

RSW : Resistance Spot Welding

RWMA: Resistance Welder Manufacturers'
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SEM : Scanning Electron Microscope
SORPAS : Simulation and Optimization of
Resistance Projection and Spot Welding
SWANTEC . Scientific Welding and Numerical
Technology
WSS : Weld Schedule Specifications
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Table 1 Resistance spot welders Specifications

Specifications Values Specifications Values
Controller TE-180, 16 Functions Max. welding Power 810 kVA
Supply Voltage 380 V Nominal power at 50% 250 kVA
Frequency 50 Hz Phases 1
Max. welding current 68 KA Supply pressure 6.5 bar
Max. welding force 18.85 kN Electrode force per 1 bar 3.14 kN
Throat depth 250 mm Net weight 1000 kg
Water cooling 12 £ / min

Table 2 Strip material specifications

Trade name Thickness Tensile Hardness Nominal composition (wt-%)
(mm) (MPa) (HV) .
Fe Si Mn | Others | Al
AA1050 0.6 105 30 0.255 | 0.173 | 0.021 | 0.051 | 99.5
AA1050 1.0 105 30 0.378 | 0.100 | 0.018 | 0.004 | 99.5
AA1050 15 127 45 0.350 | 0.070 | 0.010 | 0.070 | 99.5
Table 3 Experiments setup (factors and their associated values)
Sheet Welding Energy input
(mm) Low Medium High
Cycles | Current (kA) | Cycles | Current (kA) Cycles | Current (kA)
0.6 2 20 5 23 26
1.0 2 23 5 26 29
15 2 26 5 29 32
Electrode Force 1.85-2.45 kN
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Table 4 Surface roughness values

Sheet As-Received Pickling in NaOH Glass-Blast

(mm) Ra (um) std. Ra (um) std. Ra (um) std.
0.6 0.287 0.046 0.339 0.011 2.650 0.115
1.0 0.300 0.051 0.385 0.037 4.703 0.987
1.5 0.238 0.039 0.411 0.028 3.230 0.453

Table 5 WSS of weld planning optimization SORPAS®

Sheet As-Received (mm) Pretreatment (mm)
0.6 1.0 1.5 0.6 1.0 1.5
Welding Current (kA) 23.9 26.27 | 31.64 | 22.87 | 2458 | 27.26
Welding Time (cycles) 2 4 5 2 4 4
Electrode Force (kN) 1.16 1.44 1.78 1.04 1.44 1.49
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Fig. 1 Growth of oxide film for different temperatures [Pederson, 2010]
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Processing option : All elaments analysed (Normalisal)

Spectrum | In 0O Al Tota
stats. 1

1l Yes 36 964 1000
2 Yes 46 9554 1000
3 Yes 1.9 971 1000
Mean 3.7 863 1000
S, 0.8 08
deriation
Max, 46 971
Min. 2.9 954

All results in weisht%

X 20pm ' Electron Image 1

Fig. 2 SEM image and EDS analyzer for as-received spot-welded

(a) | | (b)
Fig. 3 SEM images the sheets exposure to NaOH solution agent; (a) 1.0 mm within 5 minutes, (b) 1.5 mm
sheet within 2 minutes
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Fig. 4 SEM image RSW 1.0 mm glass blast sheet 29 kA, 5 cycles
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Fig. 6 Maximum fracture load versus the welding input energy in the tensile-shear tests
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Fig. 7 Microhardness profiles of 1.5 mm sheet, welding parameters (32 kA, 5 cycles)
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Fig. 8 Macro-Micrographs of RSW of 1.5 mm sheet, welding parameters (32 kA, 5 cycles)
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Fig. 9 SEM images RSW
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Fig 10 Comparison between SORPAS® simulation and a metallographic experimental result
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