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a  b  s  t  r  a  c  t

The  necessity  to reduce  the  weight  of transport  structures,  such  as cars and  airplanes,  has  become  more
important  due  to gas  emission  regulations.  In this  regard,  the  use of hybrid  structures  made  of  steel  and
aluminum  is a way  to  achieve  this  goal.  Joining  aluminum  to steel  is a great  challenge  and  Friction  Stir
Spot  Welding  (FSSW)  has  become  as  a new  potential  welding  technique  to  produce  dissimilar  joints.
Despite  Friction  Stir  Welding  has  been  studied  on  different  similar  joints,  the  information  related  to  the
influence  of FSSW  parameters  on  the  evolution  of aluminum-steel  joints  is  scarce.  So,  the  effect  of  the
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issimilar joints

tool  geometry  and  its penetration  depth  during  FSSW  of AA5052–LCS  (Low  Carbon  Steel)  joints,  has  been
studied.  During  FSSW,  axial  load  and  consumed  electrical  current  were  recorded  in  order  to  improve  the
understanding  of  the welding  process.  Macro  and  microstructural  characterization  was  done  on  the cross
section of  the  welded  spots.  The  mechanical  properties  of  the  joints  were  determined  by  microhardness
profiles  and  by  Peel  and  Cross  Tension  tests.  The  fracture  loads  increased  when  the  tool  penetration  depth
goes  up. The  tool  geometry  optimization  also  increased  the  fracture  loads.
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. Introduction

Fuel efficiency, lowering carbon emissions and passenger safety
ave been the main drivers in designing automobiles for the
ast twenty years. In this sense, vehicle weight reduction was

dentified as a key strategy to minimize fuel consumption [1].
ightweight materials such as aluminum and magnesium, when
roperly designed, can be used to replace equivalent steel assem-
lies with approximately half the weight [2]. The main use of this
aterial on cars structures has been on closure panels such as

oods, doors and lift gates to reduce weight and improve vehicle
uel economy [2]. Current closure panel joining techniques include

esistance Spot Welding (RSW), Self-Pierce Riveting, and clinch-

ng [2]. However, the disadvantages of these methods to weld
luminum sheets include weld electrode dressing, high energy
onsumption, and the use of consumables that add weight to the

Abbreviations: FSSW, friction stir spot welding; RSW, resistance spot welding;
MC,  inter metallic compounds; TPD, tool penetration depth; PT, peel test; CT, cross
ension; BM,  base material; HAZ, heat affected zone; TMAZ, thermo mechanical
ffected zone; SZ, stir zone; SEM, scanning electron microscope; LCS, low carbon
teel.
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E-mail address: joaquin.piccini@gmail.com (J.M. Piccini).

ttp://dx.doi.org/10.1016/j.jmapro.2017.02.004
526-6125/© 2017 The Society of Manufacturing Engineers. Published by Elsevier Ltd. Al
f  Manufacturing  Engineers.  Published  by  Elsevier  Ltd.  All  rights  reserved.

structures. The welding method used for aluminum sheets is one
of the key technology drivers to enhance weight reduction in the
automotive industry, and hence, Friction Stir Spot Welding (FSSW)
is being considered as an alternative joining technique [2]. The use
of aluminum parts in cars structures implies the joining of alu-
minum and steel sheets. Joining dissimilar materials may  present
the advantages of both materials, offering solutions to specifics
engineering problems but often presenting more difficulties. Join-
ing of Al to steel sheets has become very important in the industry
and several joining methods including fusion arc welding pro-
cesses, laser beam welding, resistance welding, mechanical joining,
brazing, Cold Metal Transfer, hot bonding or even hybrid joining
techniques have been considered [3].

Several aspects have to be considered when a dissimilar joint
is going to be designed. The main are: joint geometry, sheets
thicknesses, thermal distortions, galvanic corrosion, residual stress
because of welding and joint mechanical properties. Depending on
the specific process, other aspects have to be also considered: melt-
ing points, formation of intermetallic compounds and the effect of
the thermal cycle during welding on the microstructural evolution

of the base materials [4]. The main problem when welding alu-
minum with steel is the metallurgical evolution of the joint related
to the formation of Inter Metallic Compounds (IMC). The thermal
cycle during welding may  form different intermetallic compounds
in the interface between both materials and during solidification

l rights reserved.
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Fig. 1. Friction Stir Spot Welding of Aluminum to steel sheets.

Table 1
Chemical composition of the materials used (wt%).
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Material C Si Fe Cu 

AA5052-H32 — 0.06 0.25 0.01 

LCS  0.08 0.10 Bal. — 

f the diluted zones. Formation and growth of IMC  may  occur dur-
ng conventional fusion welding processes and even in solid state
oining processes. When the heat input is increased, the thickness
f the intermetallic layer that grows in the interface between the
aterials being joined also rises [4].

FSSW technique was invented by Mazda [2]. It is a solid state
elding process which has three main steps, as it may  be appreci-

ted in Fig. 1. In first place, a rotating non consumable tool with a
in is plunged into the two sheets that are going to be welded in a

ap configuration (steps 1 and 2 in Fig. 1). At the same time, a back-
ng plate, or anvil, contacts the lower sheet from the bottom and
upports the axial load made by the welding tool during the weld-
ng cycle. Also, in this first step, the geometry of the tools shoulder
ives compressive force to the materials. In the third step, when the
ool penetration depth is reached, the downward movement stops
nt the welding tool is held in that place for a certain period of time,
nown as dwell time. In this step, heated and softened material due
o the welding action causes plastic flow. Finally, in the fourth step,
he welding tool is retracted from the sheets while a solid state joint
as been made between the upper and lower sheet. This technol-
gy was first used in Mazda RX-8 aluminum rear door panel spot
elding in 2003 [2].

Since the required heat input in a solid state joining process,
uch as FSSW, is much less than that of the RSW, nowadays FSSW
as been regarded as one of the most available method for the
issimilar welding of Al to steel alloys [5].

The appropriate selection of the welding parameters of FSSW
ould control the microstructural evolution of the joint and may

roduce sound joints with low thermal cycles. Tool geometry, tool
otation speed, dwell time and tool penetration depth are consid-

red as the main FSSW welding parameters [6–10]. Finally, another
ritical factor in the joint strength in aluminum/steel friction stir
oining is the tool penetration depth (TPD) into the steel sheet
11,12]. According to [11,12], as much as the tool penetrates the
 Mg Zn S Cr P

1 2.38 0.005 — 0.16 —
0 — — 0.025 — 0.025

steel sheet, lower is the thickness of the intermetallic layer and
higher is the inter mix  between sheets, improving welds strength.
Previous works, have shown that when the tool slightly runs into
the steel surface, the joint strength is greater than that when the
probe tip does not reach the steel surface [6,7]. However, more com-
plex tool materials with much higher strength than steel, such as
carbides or other ceramics like Polycrystalline Cubic Boron Nitride,
have to be used. Nevertheless, it is possible to use cheaper tool
materials and still promote bonding via diffusion without pene-
trating the tool into the lower sheet [10]. In Fig. 1 the main steps of
this welding process are shown.

Joining Al/St sheets is still of great interest, especially when
welding thin sheets without inter mix  between Al and steel, with
cheap welding tools. According to [9], tool design is a key factor
when welding Al/St thin sheets by FSSW. It has been appreciated
that a plastic instability occurs, when welding with high levels of
TPD, on the aluminum sheet, causing high deformations of it and
weld defects. It has been previously reported that Al/St thin sheets
may  be joined using a tool made of a common H13 [13]. However,
the shoulder remains relatively far from the interface and mechan-
ical properties were not high enough [13]. It has been previously
reported that the optimal TPD is 0.85 mm when welding with a
tool shoulder and probe diameter of 10 and 2 mm,  respectively
[14]. However, for high levels of TPD a plastic instability of the alu-
minum sheet was  also appreciated [9,14]. On the other hand, it has
been observed that the optimal mechanical properties are achieved
when the shoulder of the welding tool gets closer to the joint inter-
face [15]. It is worth noticing that previous works have used long
dwell times of 5 s [9,14] up to 15 s [16]. These dwell times are too
high taking into account the productivity of an assembly process

and its optimization is a pending matter.

The aim of this work was to design FSSW tools able to weld Al/St
thin sheets without defects. Moreover, the effects of tools geome-
try and its penetration depth on the weldability and mechanical
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Table 2
Analyzed welding conditions.

Sample TPD (mm) Welding Tool Sample Type

5-A 0.05 A P-C-M
20-A 0.20 A P-C-M
25-A 0.25 A P-M
35-A 0.35 A C
55-A 0.55 A P-C-M
5-B 0.05 B P-M
20-B 0.20 B P-M
25-B 0.25 B P-M
35-B 0.35 B P-C-M
45-B 0.45 B P-C-M
55-B 0.55 B P-C-M
5-C  0.05 C P-C-M
10-C 0.1 C P-C-M
20-C 0.2 C P-C-M
25-C 0.25 C M
30-C 0.3 C P-M
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40-C 0.4 C P-C-M
50-C 0.5 C P-M
65-C 0.65 C P-M

roperties of dissimilar AA5052-H32 with Low Carbon Steel (LCS)
oints welded by FSSW, was investigated.

. Experimental procedure

.1. Base materials and FSSW samples

Friction Stir Spot welds were carried out on dissimilar lap joints
ade of AA5052-H32 and an LCS of 1 mm and 0.65 mm thick,

espectively. The chemical composition of the materials used can
e appreciated in Table 1. It may  be seen that the AA5052-H32 is
n Aluminum-Magnesium alloy, with little amounts of Fe. The H32
ondition means that the sheet used, had been cold worked. The
icrohardness of this material was 80 HV. The LCS used has low

mounts of C and Mn,  as common deep drawing steel, having a
icrohardness of 100 HV.

The aluminum sheet was always placed on top of the lap joint. In
he present paper the design of the welding tool, in order to opti-

ize the FSSW procedure was investigated, as well as the effect
f the TPD on the microstructural evolution and mechanical prop-
rties of the welded joints. Thus, three welding tools were design
n order to improve the welding procedure. Every single tool was

ade of H13 tool steel with a concave shoulder of 11.8 mm.
Taking into account the results shown by [9,13,14], the weld-

ng tool “A” had a tapered pin with 0.3 mm in length and 5 mm in
iameter at the end, in order to improve the mechanical properties
f the welded spots and to avoid plastic instability of the aluminum
heet.

The “B” tool was pinless in order to weld with higher levels of
PD and higher heat inputs, improving mechanical properties of
he welded spots [15].

Finally, the “C” tool had a tapered pin of 0.4 mm in length and
.6 mm in diameter at its end. This design is proposed in order to
chieve the advantages of the “A” and “B” tools (no plastic instability
f the aluminum sheet, high levels of TPD and high heat input),
educing their disadvantages.

Every single welded spot was done with a penetration rate of
5 mm/min, a dwell time of 2 s and a rotational speed of 1200 RPM.
able 2 lists the analyzed welding conditions and the identification
sed for each sample.
It can be appreciated that the TPD was varied between 0.05 and
.65 mm.  For lower values of tool penetration depth, the welding of
oth materials could not be achieved. On the other hand, for higher
ool penetration depths the tool would penetrates the steel sheet
amaging the welding tools.
Fig. 2. Friction Stir Spot welding samples: (a) P sample, (b) C sample and (c) M
sample.

In order to study the evolution of the welded joints with the
tools geometry and the welding parameters, three types of joints
were welded for each welding conditions. The joint called as “P” was
used for Peel Test (PT), as it could be seen in Fig. 2a. The “C” sample
(Fig. 2b) was  welded to analyze the mechanical properties in Cross
Tension Test (CT). Finally, in order to make microhardness profiles,
dimensional analysis, macro and microstructural characterization,
the “M”  sample was  welded (Fig. 2c). The types of samples produced
are also indicated at Table 2. The clamping system used for FSSW
of dissimilar joint could be seen in Fig. 3.

2.2. Data acquisition

In order to achieve a better understanding of the FSSW pro-
cess and the evolution of the welded spots with the main welding

parameters, axial load and current consumed by the machine dur-
ing welding were recorded. This procedure was done using a data
acquisition NI1008 system with an acquisition rate of 20 Hz. The
software used was the LabView Signal Express 3.0.
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Fig. 3. Friction Stir Spot welding system and clamping device.

.3. Metallographic characterization

The samples for metallographic examination were cross sec-
ioned and mounted as it is shown in Fig. 4a and b. After polishing,
he specimens were etched with the Kellerı́s reagent to reveal their

acrostructures.
The characteristics dimensions of the welded joints are shown

n Fig. 5. It is worth noting that the TPD is defined as the shoul-
ers penetration into the aluminum sheet, despite the geometry
nd shape of the pin, for all the welding tools used [2]. The distance
etween the surface left by the pin and the free surface of the bot-
om sheet is called P. Finally, the distance between the lower point
f the surface left by the shoulder and the joint interface is IH, as it
ay  be seen in Fig. 5. All the characteristic dimensions were mea-

ured on each sample by means of a stereoscopic light microscope
nd an image analysis software. Macrographic observations were
one using light microscopy. The interface structure of the weld
as analyzed by Scanning Electron Microscope (SEM).

.4. Mechanical properties

Mechanical properties of the welds were analyzed by micro-
ardness tests, CT and PT. Microhardness profiles were done
00 �m above the interface on the aluminum sheet with a load
f 300 g and a dwell time of 10 s, according to ASTM E384. Peel and
ross Tension Tests were performed in an Interactive Instruments
000 K machine at a constant cross-head speed of 1 mm/min. For
very single welding condition, three samples were tested for each

est type, in order to achieve the standard deviation of the pro-
ess. Load and displacement signals were recorded, obtaining the
oad-displacement curves. Fracture load and fracture modes were
nalyzed. Light microscopy was used to observe fracture surfaces.
Fig. 4. M sample for metallographic analysis.

3. Results

3.1. Macrostructural characterization

The appearance of several FSS welds, done with different weld-
ing conditions, may  be seen in Fig. 6a–f. It is shown that with only
a dwell time of 2 s, FSSW joints were achieved with no significant
defects, for all the welding conditions studied. As it has been pre-
viously reported, TPD affects heat generation and material plastic
flow. So, material of the top sheet is squeezed out during the down-
ward movement of the welding tool. Samples 5-A–5-C were welded
with the lowest TPD (Fig. 6a, d and g), meanwhile samples 55-A, 55-
B and 65-C were welded with the highest TPD values. The material
which flows out of the spot increases with the TPD.

When the TPD reaches a maximum value, the top sheet is
deformed, as it can be seen in Fig. 7.

Macrographic observations along the cross sections located at
the major diameter of the spot welds, are shown in Fig. 8a–c for the
different welding conditions.

Tool penetration depth produces a radial expansion of the top
sheet outside the tools circumference. However, due to the imposed
axial load by the welding tool, the top sheet cannot flow freely and
it bends outside the contour of the welding tool. This effect goes up
with the tool penetration depth (Fig. 7). It is worth noting that the
welding tool never reaches the steel sheets.

It has been demonstrated that metallurgical bonds in FSSW of
Al-St joints are formed as a result of the atomic diffusion across
the joint interface [13]. Al/Fe IMC  will be formed as a consequence
of the atomic diffusion if enough energy is provided at the joint
interface [16].

The geometry of the welding tools was proposed in order to
improve the mechanical properties of the welding joint. According
to [2] the largest part of the total heat input during FSSW is gener-
ated in the contact zone between the top plate and the shoulder of
the welding tool. Therefore, a better metallurgical bonding could
be achieved as much as the shoulder gets close to the interface,
because higher will be its action on it. This would also require less
time to produce a sound joint.

In Table 3 the measured characteristics dimensions of the joints

are shown. It could be appreciated that, according to the main
dimension, there is no big differences when welding with the “A”
and “C” tool. On the other hand, welding with the “B” tool allows
to achieve lower IH values.
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Fig. 5. Main dimensions of the welded spots.

Fig. 6. Welds surface appearance: (a) 5-A, (b) 25-A, (c) 55-A, (d) 5-B, (e) 35-B, (f) 55-B, (g) 5-C, (h) 40-C and (i) 65-C.
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Fig. 7. Macrographic a

It has been previously said that the TPD is the distance that
he shoulder of the welding tools plunge into the aluminum sheet.
ccording to [2], the largest part of the heat input in FSSW (of alu-
inum alloys) is due to the shoulders action. However, it is also

mportant to know how close the whole tool gets to the inter-
ace. Therefore, not only the TPD values are important but also
he P values. It is worth noticing that for the same level of TPD,
he “C” tool presents the minimum P value as it may  be seen in
able 3. Finally, despite it is possible to achieve low levels of P val-
es with the three tools, the “A” and “B” tools would not present

igh mechanical properties. The “A” tool has a small pin and the “B”
ool showed highly deformed spots for the minimum P values. So,
aking into account the geometry of the “C” tool, it would optimize
he mechanical properties in PT and CT.
ance of the weld 55-A.

3.2. Data acquisition

Fig. 9a and b shows the current consumed by the welding
machine and the axial load during the welding process for samples
10-C and 50-C.

It can be seen that both measured values have a similar behavior.
Initially, axial load and current increased throughout the tool pen-
etration. During the dwell time, the plastized aluminum presents
lower strength because of its heating, so the welding current and
the axial load decrease. Finally, when the welding tool is retracted

from the joint, the axial load and the current return to its initial
values. It may  be also seen in Fig. 9a that the maximum axial load is
6 kN, meanwhile the maximum current consumed by the machine
is 17 A. However, it can be appreciated in Fig. 9b that the maximum
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Fig. 8. Macrographic appearance of the welde

Table 3
Main spots dimensions.

Sample TPD (mm)  P (mm)  Welding Tool IH (mm)  Fracture Mode

5-A 0.05 1.3 A 0.95 I
20-A 0.20 1.15 A 0.80 I
25-A 0.25 1.1 A 0.74 I
55-A 0.55 0.8 A 0.45 M
5-B  0.05 1.6 B 0.95 I
20-B 0.20 1.45 B 0.80 I
25-B 0.25 1.4 B 0.76 I
35-B 0.35 1.3 B 0.65 M
45-B 0.45 1.2 B 0.55 C
55-B 0.55 1.1 B 0.45 C
5-C  0.05 1.2 C 0.95 I
10-C 0.1 1.15 C 0.9 I
20-C 0.2 1.05 C 0.8 I-M
30-C 0.3 0.95 C 0.7 M
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the analysis made in the present work there is no evidence of plastic
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40-C 0.4 0.85 C 0.6 M-C
50-C 0.5 0.75 C 0.5 C
65-C 0.65 0.6 C 0.35 C

xial load is 11 kN and the maximum consumed current is 19 A. The
eak values achieved for both current and axial load increased with
PD.

Fig. 9b shows a singularity in both signals at the same time posi-

ion, next to their maximum. This could be related with the plastic
nstability that occurs on the top sheet when welding with high
evels of TPD (Fig. 7). This was systematically observed for those
amples that show the plastic collapse of the remnant ligament
d joints: (a) 25-A, (b) 25-B and (c) 25-C.

next to the shoulder end. This effect detected could be an interest-
ing way to the on line evaluation of the quality of the welded spots
and to detect the TPD limit, before plastic collapse occurrence.

The evolution of current and axial load maximum with the tool
penetration depth, when welding with the “C” tool, may  be seen in
Fig. 10.

Both the current and the axial load increase with the TPD until
it is 0.25 mm due to the higher volume of material to be deformed
by the welding tool. From that indentation, the maximums present
high standard deviation. This effect could be related with the plastic
instability of the remaining aluminum under the tool, which occurs
for high levels of TPD (Fig. 7). The TPD limit for this tool is 0.25 mm.

3.3. Interface analysis

The microstructure of the interface between the two sheets was
analyzed. For the three welding tools used, the interfaces (at the
center of the welded spots) for the same TPD, are continuous and
defects free, as it is shown in Fig. 11a through c.

It can be seen in Fig. 11a to c how the aluminum sheet is forged
against the steel sheet, developing the welding joint. According to
deformation in the steel sheet. It has been previously reported that
local plastic deformation occurs in the steel sheet [16]. However,
the results shown in [16] were achieved for high dwell times. In the
present work, a short dwell time of only 2 s was  used. This weld-
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Fig. 9. Current and axial load signals during t
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Fig. 10. Maximum current and axial load with the TPD for tool C.

ng parameter may  be the main reason of no evidence of plastic
eformation in the steel sheet.

It has been previously reported that when aluminum to galva-

ized steel joints are produced by FSSW, under the tool profile (in
he aluminum sheet), it could be appreciated a dark zone. This dark
one could reach the surface of the top sheet according to the weld-
ng parameters used [10,12,17]. Different tests have been done in
rder to identify this dark zone and it was concluded that it is a
he welding cycle: (a) 10-C and (b) 50-C.

fine dispersion of Zn particles into the aluminum matrix. This Zn
particles dispersion is promoted by the tool action onto the joint
interface [9]. In the present work a non-galvanized steel sheet is
joined to an aluminum plate. In the interface of the welded joints
it may  be seen a thin layer of another phase (Fig. 11a–c). It has
been demonstrated that this thin layer is an IMC  formed during the
thermal cycle produced by the action of the welding tool [10,16].

It is worth noting that there are differences in the interfaces
when welding with different welding tools, for the same TPD. A
relative non-continuous and thin layer of about 2.5 �m has been
seen when welding with the “A” tool (Fig. 11a). On the other hand,
when welding with the tool “B”, a thicker and continuous layer of
3 �m has been observed at the interface, as it can be seen in Fig. 11b.
Finally, a continuous and thicker layer (5 �m)  was  obtained when
welding with the “C” tool (Fig. 11c). This behavior could be related
to the effect of the tools geometry on the formation of the welded
joints.

3.4. Vickers microhardness
In Fig. 12, the evolution of Vickers microhardness in the alu-
minum Plate 200 �m above the interface may  be appreciated.

There had been no significant differences in the microhard-
ness profiles while modifying the welding parameters. Hardness
decreases from the Base Material (BM) (80 HV) through the Thermo
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Fig. 11. SEM images of the welded interfaces: (a) 25-A, (b) 25-B and (c) 25-C.
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Mechanical Affected Zone (TMAZ) and the Heat Affected Zone
(HAZ), where the minimum is reached (55–65 HV).

In the HAZ the material has experienced a thermal cycle that
has modified the microstructure and/or the mechanical proper-
ties because of the thermal cycle. However, there is no plastic
deformation. The AA5052 used in the present paper was  initially
in a strain-hardened condition (H32). As a consequence of the
experimented thermal cycle the top sheet suffers microstructural
changes. In zones next to the nugget, the microstructure is fully
recrystallized. The fraction of recrystallized material diminishes up
to zero as the distance from the weld centerline increases, reaching
the base metal condition [2].

The observed decreasing in hardness (Fig. 12) may  be related to
recrystallization inside the HAZ due to the welding thermal cycle,
according to [2,18]. In non-heat treatable aluminum alloys, with
some amount of previous cold work, there is a continuous declining
area fraction of recrystallized material. The recrystallized material
that is outside of the Stir Zone (SZ) is material that is produced by
the thermal cycle associated with the welding process. Recrystal-
lization in this region is driven by the cold work that is already
present in the base material and not by deformation associated
with the FSSW process [2]. The obtained results agree with what
it has been previously reported elsewhere for similar joints [19].
Finally, it should be noted in Fig. 12 that inside the SZ, hardness
is higher than in the HAZ but lower than in the BM.  It has been
demonstrated that inside the SZ there is dynamic recrystallization
because of plastic deformation and increased temperature, which
produces a fine grain structure, rising hardness values [2].

In the same sense, there is no big difference in the microhardness
profiles when welding with “A”, “B” or “C” tool. Nevertheless all the
microhardness profile is located at a low hardness value for tool “C”.
This could be related to the higher heat input at the interface by this
tool, due to its design, producing higher softening in the material
adjacent to the interface.

3.5. Peel and cross tension tests

The evolution of the fracture load in PT with the TPD may be seen
in Fig. 13, for the three welding tools analyzed. It is shown that the
fracture load rises up to reach a maximum and then decreases with
the TPD, for the three welding tools.

It may  be appreciated in Fig. 13 that for the same TPD, the frac-
ture loads of the joints welded with the “C” tool are higher than the
ones achieved with the “B” and “A” tools.

The results of CT tests are shown in Fig. 14. The obtained values
were not significant affected by TPD, but it can be seen a tendency to
increase the fracture load with TDP. The best results were obtained
again for tool “C”. According to the achieved fracture loads in CT
tests, more work has to be done in order to improve mechanical
properties with the welding parameters.

The fracture surfaces of PT of three samples welded with “A”,
“B” and “C” tools may  be seen in Fig. 15a–c. It can be appreciated
that not only the fracture loads, but also the fracture modes are
modified by the welding geometry and TPD.

4. Discussion

4.1. Formation of the IMC

Metallurgical bonding between both aluminum and steel sheets
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is a result of atomic diffusion in the interface [12,13,16,20–22]. It
has been previously reported that Al/Fe IMC would grow in the
interface because of atomic diffusion, if enough energy is sup-
ply by the welding tool to the joint interface [12,13,16,20,21,23].
The composition, morphology and also the thickness of the inter-
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Fig. 12. Vickers microhardness profiles.

Fig. 13. Fracture load vs TPD in Peel Tests.

Fig. 14. Fracture load vs TPD in Cross Tension Tests.
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Fig. 15. Fracture surfaces of 

etallic layer are mainly established by nucleation and growth.
hey depend on stored energy, in terms of temperature and plas-
ic deformation at the interface. According to [21] Zn-coatings on
teel can be regarded as beneficial in solid–solid joining procedures,
mproving bonding by rapid dissolution. So, a controlled formation
f even and regular reaction layers may  be achieved. There are sev-
ral studies where the formation mechanism and shape of the IMC
re reported [24]. According to [25], the interfacial reaction layer
ecreases the weld strength due to the crack formation. In the same
ense, the thickness and shape of the intermetallic layer plays a
ritical role on the mechanical properties of the welds [25]. How-
ver, according to [11,12], an IMC  layer seems to be necessary to
mprove the weld strength, but if the IMC  layer is too thick cracks
nitiate and propagate easily through it. Finally, the type of IMC
hat is formed in the interface depends on the cycle time that the
nterface experiments [23].

In FSSW, the increased temperature produced by the action of
he welding tool, is the activation energy for the nucleation and

rowth of IMC  at the interface between both sheets. Finally, high
ressure in the joint interface due to the axial load of the welding
ool, improves atomic diffusion in that zone [20].
 20-B, (b) 55-A and (c) 65-C.

Reducing the pin length allows the tools shoulder to go deeper
into the aluminum sheet. This effect produces higher tempera-
tures at the interface and higher material flow next to it, due to
greater thermomechanical action of the tool shoulder on the inter-
face [2,8,15]. Moreover, as much as the shoulder gets close to the
interface, the axial load is increased (as it may  be seen in Fig. 9),
improving the diffusion effect in the interface of both sheets.

As it may  be seen in Fig. 11a through c, there are several differ-
ences in the morphology and thickness of the IMC  formed in the
welded joints. The evolution of the IMC  from non-continuous to
continuous and the increase of intermetallic layer thickness with
the tools used, show the effect of their geometry on the thermome-
chanical effect at the interface. The results shown in Fig. 11 are of
samples achieved with the same level of TPD, at the center of the
welded joints.

The evolution of the IMC  thickness along the interface of both
sheets under the welding tools, for a TPD of 0.25 mm may  be appre-
ciated in Fig. 16. It can be seen that not only the thickness of the

IMC  (at the center of the welded joint) depends on the tools geom-
etry, but also the nucleation and growth of IMC  along the whole
interface. For the “A” tool the IMC  was  only seen under the pin pro-
file and not away from it. The maximum thickness was  achieved at



152 J.M. Piccini, H.G. Svoboda / Journal of Manufacturing Processes 26 (2017) 142–154

Fig. 16. Evolution of IMC  thickness along the interface for TPD = 0.25 mm.
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Fig. 17. Fracture mode ev

he weld center. In the same sense, the nucleation and growth of
he IMC  for the “B” tool was viewed also in the center of the weld.
inally, when welding with the “C” tool, the IMC  was also formed
elow the pin profile, but in this case the thickness of IMC  is higher.
According to [26], in the central region of the tool, the material
urface velocity increases proportionally with radius, representing
ticking contact. However, it must reach a maximum value and fall
o zero close to the tool edge, for continuity with the surrounding
tationary material. This gives slip over some outer annular por-
n in Peel Tests for C tool.

tion of the contact, with frictional heat generation restricted to this
region, superimposed on volumetric plastic dissipation under the
whole contact area. Furthermore, the thermal field shows the max-
imum temperatures at the center of the welds [26,27]. The IMC

thickness distribution along the Al/St interface in [26] shows the
same behavior that may  be seen in Fig. 16.

On the other hand, the fact that the thickness of the IMC
increases from the peripheries of the spots to their center could
also be related to the pressure distribution under the pin. While the
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liding component of heat increases with the distance to the spot
enter due to the higher tangential velocity, near the periphery of
he pin the pressure decreases due to the plastic flow of material.
his higher pressure at the center of the spot controls the interdif-
usion of Al and Fe, leading to the thicker IMC  in this zone, as it was
bserved in Fig. 16.

So, not only the shape and thickness of the IMC  depends on the
ools geometry, but also its length. It is worth noting that more
iffusion has been produced when welding with the “C” tool and

arger bonded areas have been achieved.

.2. Welding parameters/fracture load relationship

As it may  be appreciated in Fig. 13 the mechanical properties of
he welded spots are influenced by the effect of the TPD and the
ools geometry. The joints welded with the “A” tool showed the
owest fracture loads for all the TPD. These results are related to
he tools geometry. When joints were welded with the “A” tool, it
as been appreciated that the aluminum sheet is highly deformed

n the spot area. The maximum plastic deformation of the top sheet
as achieved when welding with the “A” tool. This effect reduces

he effective pressure on the interface (thus diffusion is decreased)
ecause of top sheet plastic instability. Taking into account these
esults, the effective pressure during the FSSW process would be the
owest when welding with the “A” tool. The results achieved in peel
ests agree with the IMC  behavior, as it was previously discussed.
herefore, the thermomechanical input to the joints interface is the
inimum. On the other hand, when the “B” tool is used, it is possi-

le to get close to the interface with less plastic deformation of the
op sheet, so the thermomechanical effect of the tool in that zone
s higher. Therefore, the fracture loads are higher than the ones
btained with “A” tool. Finally, the proposed design for the “C” tool
llows the pin and shoulder of the tool to maximize the energy
nput to the interface (larger bonded areas as seen in Fig. 16), with-
ut excessive deformation of the top sheet, achieving the highest
racture loads.

It has been previously reported that a “pull-out” fracture mode
s related to properly welded joints (defects free) and will present
igh shear strength. This fracture mode may  also present certain

evels of plastic deformation during the test. On the other hand, an
nterfacial fracture mode implies low fracture loads and no plastic
eformation during the test, failing in a brittle manner [28].

As it may  be appreciated in Fig. 15a, when welding with low
evels of TPD the fracture mode is interfacial. The samples that
resented this type of fracture mode did not reach high fracture

oads. On the contrary, it may  be seen in Fig. 15b that a mixed frac-
ure mode occurs for optimum values of indentation, taking into
ccount that samples which presented this fracture mode reached
he maximum fracture loads. Finally, the third fracture mode was
ircumferential, as it is shown in Fig. 15c. Samples that showed this
ype of fracture mode, presented lower fracture loads than the ones
hat failed with a mixed mode. This effect is related to the great
eduction of the remaining aluminum (IH). Despite the fracture
oad is not the highest, the samples that failed with a circumfer-
ntial mode showed plastic deformation due to fracture along the
luminum sheet. The fracture mode of each sample could be seen
n Table 3, where “I” is Interfacial, “M”  is Mixed and “C” is Circum-
erential fracture mode.

While higher TPD imply the increase of heat input on the inter-
ace, improving the fracture load, excessive thinning of the top plate
roduces the decrease of fracture loads for the highest levels of
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ndentations [15].
The evolution of fracture modes in PT with TPD for tool “C” is

hown in Fig. 17. The highest fracture loads were achieved in the
ransition zone between the interfacial and mixed fracture modes.
his effect could be related to the improvement of the interface
cturing Processes 26 (2017) 142–154 153

strength with the increase of the TPD and excessive the reduction
of IH.

Taking into account the increase of the intermetallic layer (thick-
ness and length) with the tools geometry and the evolution of
fracture load in PT, it could be thought that the increase of the inter-
metallic layer is an evidence of improving the diffusion effect, so
spot welds of better quality are achieved.

Regardless the detrimental effect of the IMC in the interface of
dissimilar joints shown by [6,10,11,24,29], it has been previously
reported that an IMC  layer seems to be necessary to improve the
weld strength. However, if the IMC  layer is too thick cracks initiate
and propagate easily through the brittle IMC  tangles [23,30,31]. An
optimal IMC  layer thickness of 8 �m was  found to be optimal for
improving mechanical properties in PT [23]. In the present work the
best mechanical properties were achieved for the “C” tool where the
thicker and larger IMC  was  found. So, the formation of and IMC  up
to five microns raises the mechanical properties.

It has been previously said that the fracture loads in CT tests
were not significant affected by TPD, but it can be seen a tendency
to increase the fracture load with TDP. Taking into account the
mechanical properties shown in Figs. 13 and 14, the best results
have been achieved with the “C” tool. The maximum fracture loads
in PT and CT tests have not been achieved for the same TPD. Despite
this effect, it could be concluded that the optimal range of TPD is
between 0.2 and 0.4 mm,  where the maximum fracture loads have
been achieved as well as mixed and circumferential fracture modes.

Higher fracture loads than the ones previously reported in
PT and CT tests [9,13,14,16], with lower dwell times, have been
achieved in the present work. This aspect confirms the potential
as a technological applicable process by improving the quality of
dissimilar joints in thin sheets. In the same sense, productivity has
been improved by welding with only 2 s of dwell time.

5. Conclusions

• Friction stir spot welds on dissimilar joints of AA5052-LCS, of
1 and 0.65 mm thick, have been made with tools made of con-
ventional, low cost, H13 tool steel. Defects free and excellent
appearance joints have been achieved.

• The maximum values of the consumed current and the axial load
increase with the TPD, until the plastic instability of the top sheet
(IH) occurs, for highest levels of TPD. For this TPD both signals
show a drop, indicating the occurrence of the plastic instability.
This can be used as an on-line monitoring technique.

• The tools geometry changes the thickness, shape and length of the
intermetallic layer formed. The welds done with the “C” tool have
the most continuous and thickest intermetallic layer of 5 �m.
The maximum bonded areas have been achieved with the “C”
tool. The intermetallic layer thickness increase could be related
to the higher heat input by the optimization of the welding tool
geometry.

• The “C” tool has optimized the fracture load of the welded joints
with a dwell time of only 2 s. This aspect confirms its poten-
tial as a technological applicable process in terms of quality and
productivity.

• For low levels of indentation, the fracture mode is interfacial.
For higher TPDs, the fracture mode is mixed (maximum fracture
load). The highest levels of TPD have produced a circumferential
fracture mode with lower fracture loads but with higher levels of
plastic deformation.

nal Copy
• The optimized geometry of the tool (pin diameter and length)
with a correct TPD value can maximize the mechanical properties
of the joint, through the heat reaching the interface, the bonded
area under the pin and the pressure in this zone, diminishing the
time required for a good joint.
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