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Abstract The search for lighter and more resistant structures
contributed to the development of effective welding methods.
Among them, friction stir welding, a recent technique patented
in 1991, in which welding is performed by the friction be-
tween a rotating tool and the materials to be welded, has wide-
ly been studied in the last decades. Among the advantages the
technique provides, are the possibility of welding aluminum
alloys series 2xxx and 7xxx, and the possibility of welding
materials of different chemical compositions. The industry is
still cautious about using this technique, yet several studies
have been performed to improve knowledge on it. This re-
search investigated the three dissimilar junctions between alu-
minum alloys 2024-T4 and 7475-T6 with titanium alloy
Ti6Al4V. The aluminum alloys were positioned on the top
portion of the welding creating a butt weld. The titanium alloy
was placed on the bottom portion of the weld creating a lap
welding with the aluminum alloy. The parameters of rotation,
welding speed, and tilt were varied, following a central com-
posite experimental design. Through the response surface
analysis, it was possible to identify the correlation between
the input and output parameters. This correlation is used to
identify main influence between the parameters and can be
used to optimization of the process. The influences of these
parameters were evaluated on the welding surface by measur-
ing residual stress and microhardness. The residual stress was
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analyzed by the hole drilling method on the aluminum side
and by X-ray diffraction on the titanium side. The microhard-
ness was analyzed by the Vickers test. On the aluminum side,
residual stress and microhardness show a strong relation; high
value of residual stress resulted in low value of microhardness.
On the titanium side, residual stress shows a relation with
temperature; the high value of temperature resulted in low
value of stress. The tensile test was used to compare joint
efficiency between different welding parameters and the base
metal. It was possible to reach parameters in which the
welding ultimate tensile stress exceeded the AA2024 value.

Keywords Friction stir welding - Residual stress -
Microhardness - Tri-dissimilar junction

1 Introduction

One of the great challenges of the mobility industry is the
search for advancing the energy efficiency of its products,
contributing to the reduction of pollutant emission and ensur-
ing the competitiveness of the evolution of the market and the
technology, as reported by Mishra and Ma [13].

In the automotive industry, regulatory agencies around the
world limit the emission of pollutants from vehicles as well as
the aeronautics industry, abiding by the International Civil
Aviation Organization.

One of the solutions adopted to improve these parameters
focuses on mass reduction. In the automotive sector, for every
100 kg of mass reduction, 9 g of CO, per kilometer is reduced
(European Aluminum Association [4]). In acrospace vehicles,
only 5% of the weight of the aircraft is destined to payload.
The largest portion of this mass is used in structural compo-
nents and fuel. Mass reduction would represent a higher load

capacity [15].
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Different materials are employed in FSW to achieve signif-
icant mass reductions. Aluminum and its alloys are materials
widely used because of their low density compared to the
steels usually employed, as reported by Rodriguez et al.
[16], Guo et al. [5], Cavaliere et al. [2], Song et al. [19], and
Khodir and Shibayanagi [8]. Titanium and its alloys are an-
other widely used material, mainly in the aeronautical and
naval industry, as an alternative for mass reduction [1, 11,
12]. Its relation between weight and mechanical properties is
favorable to numerous applications. The excellent mechanical
properties at high temperatures favor the use of titanium,
mainly in turbines used in the acrospace industry.

The FSW welding process allows joining similar and
dissimilar metals since it is considered a soldering pro-
cess in the solid state, i.e., it does not involve melting
materials. The process, initially applied to aluminum,
was invented by Thomas et al. [20] consisting of a
non-consumable, rotary tool applied at the junction of
the parts to be welded. As the weld is consolidated, the
tool moves in the direction of the feed and, due to
friction and rotation, the contact region undergoes suffi-
cient heating so that the metals plasticize and mix to-
gether ([11, 12]).

Boeing’s defense systems division used the FSW
technique in the Delta II and IV programs for
manufacturing rocket fuel tanks, achieving cost savings
of 20% in relation to rivet fixing, as well as a signifi-
cant reduction in the construction time. The Catamaran,
built by Marine Aluminum A. S., is another example of
the technique application used for constructing its
panels, reported by Shah and Tosunoglu [17].

The FSW technique began to be used for mass producing
automotive vehicles by Honda Motors Corporation in 2012 in
the production of the Accord 2013 vehicle at the Ohio plant in
the USA, reported by Kusuda [10].

The union of three dissimilar metals was studied. Two alu-
minum alloys (AAS083 and AA6061-T6) were welded with
steel using a single soldering pass FSW, making it possible to
obtain a weld with 73% bonding efficiency [7].

Copper welding with stainless steel was studied by [14]).
The dominance of ductile fracture was observed, with a yield
stress of 85% of the base material with lower flow stress.

Salih et al. [18] used FSW in composite aluminum matri-
ces, denominated aluminum matrix composite in the litera-
ture. He obtained better results than with conventional laser
and tungsten inert gas.

Several studies involving the joining of aluminum alloys
with titanium alloys have been presented over the years. The
interest lay in the creation of structures with reduced weight,
balancing the low density of aluminum with high hardness,
resistance to corrosion, and good properties at high tempera-
tures of titanium. This made the aerospace and automotive
industries the main stakeholders.
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Fig. 1 Layout of the plates. Source: author

In the studies of joining titanium alloys with aluminum in
the top weld, the generation of TiAl; is the most relevant
factor for the quality of the weld. It is a brittle characteristic
composition, and therefore an excessive formation is not de-
sired, for example with a thickness above 5 um [9].

The formation of the TiAl; layer occurs when the FSW
process reaches a pressure and temperature condition, at the
interface between Ti and Al, favorable for the reaction. Hence,
the high pressure ruptures the oxide layer of the plates,
allowing the contact between Al and Ti. After the contact,
due to the temperature, the reaction occurs and forms TiAl;
[3]

As well as the properties of the tools, the test parameters
play a major role in weld quality. Its influences are directly
linked to the heat generated between the tool and the parts, and

Table 1  Test parameters

Test Specimen Rotation (rpm) Travel speed (mm/min) Tilt angle (°)

1 25 1100 20 1

2 7 1500 20 1

3 24 1100 40 1

4 8 1500 40 1

5 10 1100 20 3

6 9 1500 20 3

7 17 1100 40 3

8 22 1500 40 3

9 26 1300 30 0.32
10 23 1300 30 3.68
11 11 1300 13.18 2

12 13 1300 46.82 2
1320 963.6 30 2
14 12 1636.4 30 2

15 15 1300 30 2
16 14 1300 30 2

17 16 1300 30 2

18 19 1300 30 2

19 18 1300 30 2
20 21 1300 30 2

Source: author
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Fig. 2 Camera position to temperature surface measurement. Source:
author

are suitable according to the tool used and the properties of the
material to be welded. Five basic parameters are controlled:
tool rotation; tool feed (translation movement); axial force;
tool angle or tilt; penetration.

Motivated by the study on FSW in tri-dissimilar
junctions, our aim is to search for a junction of
AA2024-T4 aluminum alloys, AA7475-T6, and Ti-6Al-
4V titanium. These materials are usually used on aero-
nautic industry and have limitation on conventional
welding techniques. The study was based on the varia-
tion in the main parameters of solder to identify char-
acteristics inherent to the process. Surface evaluation
was performed by analyzing residual stress and surface
microhardness. For measuring the residual stress, the
blind hole and X-ray diffraction techniques were used.
The microhardness was evaluated on the Vickers scale
and the mechanical properties were evaluated by the
tensile test. Microstructural characterization was per-
formed by optical microscopy and SEM.
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2 Methodology

The materials used for the study were aluminum alloys
AA2024-T4 and AA7475-T6, and titanium alloy Ti6Al4V.
The 4-mm-thick aluminum plates were cut in the dimensions
of 25 mm by 100 mm, and the 2-mm-thick titanium plates
were cut in the dimensions of 30 mm by 100 mm.

The aluminum plates were secured to form a top weld,
while the titanium plate was secured beneath the aluminum
plates, forming an overlapping weld. The position of the alu-
minum plates was arranged so as to maintain the AA2024
alloy in the advancing position and the AA7475 alloy in the
retreating position according to Fig. 1.

The tool was made with H13steel in the dimensions of
20 mm of shoulder diameter by 80 mm in length. The pin
had a diameter of 5 mm at the tip and 6 mm at its base and
the length was 4.0 mm.

After the tool was machined, the vacuum tempering
and tempering process was carried out, and the tool was
then subjected to nitriding. Fifteen tools were made for
the study.

For the experiment, a central rotational composite plan was
used with five replicates at the central point. Three indepen-
dent variables were used with two levels of variation. These
levels were determinate after a previous experience with a
wide range of parameters, and these were the values which
the welding were consolidated. The complete experiment test
is shown in Table 1.

The complete planning consisted of 20 trials. At the
time of the test execution, the order was randomized to
prevent biasing the results. Statistical analysis of the
results was performed by the STATISTICA software,
version 12 (Statsoft Inc.). It was used to analyze

(c)

Fig. 3 Layout of the extensometers: a measurement point in the weld line and b measurement points of the cross section, and ¢ strain gauge attached to

the aluminum plate. Source: author
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Pareto graphic and response surface. Pareto graphic
show the influence of each input parameter with the
output parameter in study and the response surface give
a visual image of how the parameters affect the re-
sponse. These results are useful to identify relevant pa-
rameters to active desire output on the process.

The welding was carried out in the premises of the
Institute of Technological Research (IPT) of Sao José
dos Campos, using the Manufacturing Technology, Inc.
machine. The machine has five axes, a
2000 mm x 1500 mm x 800 mm work table, maxi-
mum load axial displacement of 80 kN, maximum ro-
tation of 300 rpm, and maximum feed of 3000 mm/
min. The machine head is equipped with load cells to
measure welding forces and torque.

An initial feed of 10 mm/min was used to avoid defect
formation.

At each test, the conditions of the tool were checked.
In case a change of more than 1 mm in the length or
thickness of the pin diameter was detected, the tool was
replaced.

Microscopic analysis was performed using scanning elec-
tron microscopy (SEM) of CamScan, model CS3200LV, of
the FEI Materials Laboratory.

The transverse region of the weld was analyzed to identify
the behavior of the mixture between the aluminum alloys and
the titanium alloy. Two conditions were evaluated. Specimen
22 showed no tool contact on the titanium plate, while spec-
imen 24 presented the tool contact with the titanium plate.

The surface temperature of the process was measured
by a Flir T450sc thermal camera. The camera was po-
sitioned at 400 to 500 mm from the region of the weld
seam in the back side in the same direction of the weld
line as show on Fig. 2. The temperature was analyzed
with the mean of the maximum temperatures recorded
during the study time interval.

Surface residual stress analysis was performed using
the X-ray diffractometer from the FEI university center
materials laboratory. The diffractometer used was a
Shimadzu model XRD-7000. The measurements used a
copper tube with nickel filter, indicated for titanium
measurements. The coefficient related with the stress
necessary to diffraction peak according the specimen
material called K factor used was — 254.5 N/mm?/° with
an angle of 141.7°.

Measurements were made on the underside of the
specimen, in the region of the titanium plate. All the
measurements were made in the longitudinal direction
of the weld.

The surface stress analysis of the upper side was
performed by the blind hole technique because the su-
perficial imperfections resulting from the weld prevented
the use of the X-ray diffraction technique. To
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Fig.4 Microhardness measurement points. a weld line, b cross-sectional
profile on aluminum surface, and ¢ cross-sectional profile of titanium
surface. Source: author

standardize the weld region, a thin layer of self-
polymerizing resin composed of methyl ethyl methacry-
late copolymer, pigments, and peroxide was applied.

The measurement used extensometer rosettes, Excel
type PA-13-060RF-120L. The pitch drill used was
SINT, model MTS 3000, with a tapered milling cutter
of 1.8 mm in diameter. To prevent the wear of the
milling cutter from interfering with the measurements,
the milling cutter was replaced every two holes.

Initially, a drill was made until the cutter drilled the
resin and reached the specimen. From this point, a pen-
etration of 0.3 mm was assumed for eliminating the
burr layer resulting from the welding process.

After the bore preparation process, the measurement
was performed up to a penetration of 0.6 mm, at in-
tervals of 0.03 mm. The data were collected by the
software Residual Stress Measurement System version
5.3.1 and treated in the software Hdrill version 3.01,

Fig. 5 Cut of traction specimens by wire electrodes. Source: author
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Flg. 6 Defects summary. Source: Test Specimen Rotation | Travel speed |[Tilt angle Defect Photo
author P RPM] | [mm/min] | [2]
Aluminum
D plates
10 23 1300 30 368 | Detachmentofthe
titanium plate . .
- Titanium
,}" plate
Aluminum
plates
12 13 1300 46.82 » | Detachmentofthe
titanium plate o
Titanium
plate
12 13 1300 46.82 2 Surface crack
14 12 1636.4 30 2 Burr
15 15 1300 30 2 Burr
17 16 1300 30 2 Burr
8 22 1500 40 3 Burr
4 8 1500 40 1 Superficial void
9 26 1300 30 0.32 Interior voids

using the Integral Method to calculate the residual
stresses.

The residual stress in the weld line was measured
for all specimens. Item (a) of Fig. 3 shows the region
where the stress was measured. In specimens 8 and 17,
the cross-section was measured at nine points spaced
apart according to item (b), and item (c) of Fig. 3
shows the drilling points for the cross-section and the
strain gauge fixed in the region of the weld line.

Microhardness was measured with a Shimadzu micro-
hardness meter model HMV-2. The Vickers microhard-
ness was used, with a load of 4.903 N.

The microhardness was evaluated in the weld line of
all the specimens in the upper and lower region of the
weld. Three measurements were performed and, for the
statistical analysis, the mean was used among these
measures. Figure 4 item (a) illustrated the points of
measurement on weld line.
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Fig. 7 Image of specimen 24 in
the region between the aluminum
plates and the titanium plate
where the tool was contacted. a
Untreated image and b EDS
image. Source: author

The cross-sectional profile on the surface of alumi-
num side and titanium side (located in the upper and
lower regions of the weld) was evaluated in specimens
8 and 17 as a function of the distance of the weld line.
It was done with 11 measurements made 2 mm apart
from each point on the aluminum side and 9 points on
the titanium side. The Fig. 4 items (b) and (c) illustrat-
ed the points of measurement along the cross-section.

Microhardness was measured on an Olympus BX60M
microscope coupled with an Olympus SC30 camera. For
measuring and calculating microhardness, AnalySIS
software version 5.1 of Olympus Soft Imaging
Solutions GmbH was used.

For the tensile test, a Material Test System MTS 810
machine was used and the test speed was 2 mm/min.
The resistance limit was measured on all specimens.

The specimens were cut by wire electrodes, fixed by
one side of the specimen as illustrated in Fig. 5. The
measurements of the specimen followed ASTM ES8/
E8M-15A. The specimen head was reduced to fit the
size of the welded plates. Two tensile specimens were
removed from each plate.

Fig. 8 Image of specimen 22 in (a)
the region between the aluminum
plates and the titanium plate
where the tool was contacted. a
Untreated image and b EDS
image. Source: author
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In addition to the welded test specimens, three test
specimens of the AA2024-T4 and AA7475-T6 alloys
were tested without further processing for further com-
parison of weld efficiency.

3 Results and discussions
3.1 Identification of defects

All the specimens were visually inspected to detect usual weld
defects such as voids, burrs, or cracks. All defects founded are
summarized in Fig. 6.

Specimens 13 and 23 showed the detachment of the titani-
um plate after the welding process. Specimen 23 was proc-
essed at an angle of 3.68°. Due to the tool calibration method,
the higher the angle of inclination, the lower the penetration of
the pin in the aluminum plate. Hence, the penetration of the
tool was not enough to consolidate the joint of the titanium
plate. In specimen 13, the feed rate of 46.83 mm/min was very
high and may have been the cause of the joint not being

(b)
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consolidated. According to Najafkhani et al. [14], high feed
causes insufficient heat supply, generating a defective solder.

Burr formation was found in most of the specimens on the
feed side. Specimens 12, 15, and 16 showed excessive burr on
the feed side.

Specimen 22 showed excessive burr on both sides of the
weld. The parameters of the test were 1500 rpm, feed of
40 mm/min, and angle of 3°.

A superficial void defect was found at the beginning of the
weld of specimen 8. This region corresponds to the transition
of the intermediate and final advance of the test. The param-
eters of the test were 1500 rpm, advance of 40 mm/min, and
angle of 1°. After the surface treatment for the microhardness

test, it was possible to verify the existence ofa crack below the
surface void region. The formation of voids is related to inad-
equate welding parameters, linked to rotation and excessive
advance [9]. In the case of specimen 8, the rotation and ad-
vance parameters were the maximum level of the experimen-
tal design.

In specimen 13, after the surface treatment for microhard-
ness, a crack in the weld was also identified on the feed side.
In this specimen, the feed rate was 46.83 mm/min, possibly
causing the formation of an inadequate mixture and the for-
mation of the crack.

Specimen 26 showed a lack of contact of the shoulder with
the surface of the aluminum plates. This test presented the

Table 2 Results of the support axial thrust force, torque, temperature, and residual stress

Test Specimen Rotation Travel Tilt angle Axial Torque Temperature Residual
(RPM) speed ©) force (N'm) (°C) stress
(mm/min) N) (MPa)
1 25 1100 20 1 5832.85 16.89 361.61 154.00
2 7 1500 20 1 4583.66 13.51 388.31 117.00
3 24 1100 40 1 6515.01 17.47 359.84 105.00
4 8 1500 40 1 6180.45 14.23 414.39 130.00
5 10 1100 20 3 4041.32 15.03 349.51 346.00
6 9 1500 20 3 3936.13 12.47 327.94 219.00
7 17 1100 40 3 5258.00 16.64 372.17 159.00
8 22 1500 40 3 5102.20 13.34 404.95 87.00
9 26 1300 30 0.32 3807.02 13.17 32339 49.00
10 23 1300 30 3.68 5659.85 15.71 358.98 218.00
11 11 1300 13.18 2 4506.85 14.84 397.75 317.00
12 13 1300 46.82 2 5751.05 15.68 351.25 —24.00
13 20 963.6 30 2 5481.29 17.08 356.66 138.00
14 12 1636.4 30 2 4746.64 14.74 397.50 194.00
15 15 1300 30 2 5886.85 15.40 366.02 177.00
16 14 1300 30 2 4215.21 14.70 389.31 57.00
17 16 1300 30 2 5200.68 15.38 369.89 344.00
18 19 1300 30 2 5443.92 14.67 321.30 92.00
19 18 1300 30 2 5522.52 15.17 384.59 24.00
20 21 1300 30 2 5358.57 15.18 368.48 338.00

Source: author
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Fig. 10 a Pareto graph in the analysis of the support force and b response surface of support force. Source: author

lowest angle of the experimental design, 0.32°. Due to the low
angle, the shoulder penetration in the aluminum plate was
inadequate, causing an irregular flow of the plasticized metal
on the surface and reaching low temperature, resulting in an
inadequate mixing.

By evaluating the cross-sectional profile of the weld, it was
possible to identify the formation of voids in some test param-
eters. Among the tests, specimen 26 showed the largest void.
The same test specimen presented an irregular mixture on the
surface due to inadequate parameters. According to Hiller [6],
the defect is linked to inadequate welding parameters.

After the cross-section of the specimens, the touch of the
tool was identified on the titanium plate in specimens 7, 8, and
24. The mixture between the elements could be observed in
the mixing zone, near the interface of the plates. In all the
specimens, which had contact with the titanium plate, the tool
angle was 1°. This was due to the method of tool height cal-
ibration, in which the lower the tool tilt angle, the greater the
penetration of the pin in the weld.

3.2 SEM

The touch of the tool on the titanium plate promoted
the mixing between titanium and aluminum. In Fig. 7,
the green region represents the aluminum and red, the

titanium. The mixture was not efficient and resulted in
the formation of internal voids, represented by the white
region in the figure, which resulted in low efficiency in
the tensile test.

In specimen 22, where there was no contact of the tool with
the titanium plate; the region between the titanium and the
aluminum did not show a mixture between the elements, as
shown in Fig. 8. Neither also, the formation of the intermetal-
lic layer more than 5 pm between base metals.

3.3 Supporting force (Fz) analysis

Figure 9 shows the behavior of the support force for 1100 rpm,
advancement of 40 mm/min, and angle of 1° in specimen 25.

In region (a), the insertion of the tool occurred in specimen
25, where at the initial moment, a high force is observed. The
maximum force observed was 18 kN for 1110 rpm, advance of
20 mm/min, and angle of 1°. The high force results from the
first contact of the tool with the specimen, the temperature of
which is still low.

Immediately after the penetration of the tool, this force is
reduced to a minimum value. In this region, the minimum
value was 1.3 kN for 1636.4 rpm, feed of 30 mm/min, and
angle of 2°. This reduction is due to the decrease in the resis-
tance of the movement, the heating of the region, and,

Fig. 11 Register of the torque in 30 (a) vertical speed (b) Intermediate (c) Final travel speed 35 =
the region of horizontal g s travelspeed 20 E
movement for specimen 25. Z. 20 Hl Y 7 ' 15 &
Source: author g 15 J £
g 10 1= 10 -

) [
[a 5 I Torque S qé-
0 + T r—a_ T T T T T - 0 =
0 50 100 150 200 250 300 350 400 2
—
Time [s] =
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Fig. 12 Response surface a angle X rotation and b travel speed x rotation. Source: author

consequently, the alteration of the state of the material which
has a favorable environment for mixing. An increase in the
force at the end of the vertical movement is noticed due to the
contact of the shoulder with the plates to be welded.

In region (b), the tool starts the process of displace-
ment toward the weld. To avoid a sudden change of
welding conditions in this region, the feed used was
intermediate to the desired final feed. It is possible to
observe a peak of force at the beginning of the move-
ment, which decreases slightly during the movement.

In region (c), the tool starts to operate on the param-
eters planned for the experiment. A small oscillation of
the stress is observed at the beginning of the region due
to the change in the feed direction, and near the end of
the specimen due to the proximity of its end. In this
region, the maximum force observed was 6515 N for

(a)

y 5004 - 40

0

5 100 -30

j::, 300 - Temperature

g - -2

£ 200 1 : Travel speed

: B 5

5 1m0 lr- 10

0 T T l I 1 T T T 0
0 5 100 150 200 250 300 350 400
Time [s]

Travel speed [mm/min]

specimen 24 and the minimum force was 3807 N for
specimen 26. Table 2 shows the results in region (c) of
all the parameters tested.

The statistical analysis of the data resulted in a R* of
0.73. The parameters of greatest influence were ad-
vancement and angle. The Pareto graph shown in
Fig. 10 item (a) shows the relationship of all the inde-
pendent parameters to the bearing force.

By analyzing the response surface of Fig. 10 item
(b), between the two parameters of greater influence,
the feed and the angle, an increase of the feed was
observed to result in an increase of the support force,
whereas the angles between 1.4° and 1.8° presented
the greatest support force. High angles resulted in low-
er pin penetration and, consequently, lower supporting
force was observed. Minor angles (0.32°) presented

(b) Response surface - Temperature

Angle [°]
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Il > 400
B <400

[ <380

- > [ <360
12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 4Z-<340
Travel speed [mm/min] B <320

Fig. 13 a Register graph of temperature variation over time of specimen 25 and b response surface. Source: author
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Fig. 14 Response surface between angle and travel speed. a Residual stress and b temperature. Source: author

inadequate mixing, such as void formation inside the
weld, influencing the resulting supporting force.
According to Kim et al. [9], high feeds favor the low
heat supply and, consequently, the plastic metal region
is reduced. This resulted in the increase of the force
required to maintain the positioning of the tool in the
welding process.

3.4 Torque analysis

The torque was evaluated according to the three stages
of the welding process, according to Fig. 11. In the first
step, a torque peak with up to 377 Nm was observed
for 1500 rpm, feed of 20 mm/min, and angle of 1°,
according to the configuration of the test in specimen
25. This peak is related to the contact of the tool with
the specimen.

After the peak torque, the value decreases to a min-
imum of 3.87 N'm and begins to increase again due to
the shoulder contact. When the horizontal movement
starts, a slight increase in torque is observed, which
decreases until the feed is changed again, this time to

the value of the test. During the final feed, a decrease
in torque is observed, close to the end of the specimen.

The statistical analysis obtained a R* of 0.89. The
three independent parameters showed a correlation with
the torque, the rotation of which was the parameter of
best relation, followed by the angle and the feed.

The response surface between the rotation and the
angle on Fig. 12 showed that the maximum torque is
in low rotation. According to Kim et al. [9], low rota-
tion is related to low heat supply. A low temperature
resulted in a reduced plasticized metal region and, con-
sequently, a greater resistance to tool movement. The
influence of the angle is more noticeable at high rota-
tions, in which angles close to 2° presented higher
torque. However, its influence is low compared to the
influence of rotation. As with the supporting force,
high angles showed low penetration and smaller angles
resulted in a defect in the weld.

The response surface obtained between the angle
and the feed showed that the angle between 1.4° and
1.6° show the highest torque. High angles resulted in
less tool penetration and smaller angles resulted in

Fig. 15 Profile of the = 0 -
longitudinal residual stress at Ay Somt 17
different distances of the weld E, 50 - pasiines
line—titanium side. Source: P \
author & ) N N——TT
«E -100 - Specimen8
Tﬁ - =g,
B -150 - N e N -
o . S L - - - - -
@ Retreating =ee==="" Advancing
~ 200 . . . .
-10 -5 0 5 10
Distance [mm]
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Fig. 16 Surface residual stress Residual stress - Angle =1° Specimen
for conditions with angle = 1° 400 25
= 300 — 7
= 200 —— 24
§ 100 = 3
] ]
-100 - 1
0] 0,7

uneven mixing. The advancement showed an opposite
behavior; the central region between 24 and 28 N'm
presented the region of lower torque. The torque
showed a behavior similar to the support force.

3.5 Temperature analysis

Figure 13 item (a) illustrates the temperature behavior
over time of specimen 25. In the first step, correspond-
ing to the penetration of the tool, a rapid increase in
temperature was observed, reaching about 260 °C. After
the tool penetration, the temperature increased at a
slower rate, reaching the peak of temperature, with the
onset of the horizontal movement, of approximately
380 °C. From this step, the temperature is stabilized
throughout the weld. A small variation is observed due
to the forward transition.

The analysis in ANOVA showed a R? of 0.76; the
advance and the angle presented a p significance level
lower than 0.05. The surface response Fig. 13b show
obtained between the feed and the angle showed that
the temperature obtained is high for extreme feedings
greater than 36 mm/min or less than 18 mm/min.
Conversely, extreme angles had low temperatures. Just
as in the axial support force and the torque, extreme
angles resulted in a lower penetration and at smaller
angles, an irregular mixture occurred. Low feeds favor
the supply of heat and high feeds, due to favoring high
axial supporting force and high torque, also favored for
elevated temperatures.

Table 3 Resume of the welding parameters for Fig. 16

3.6 Titanium longitudinal residual stress

The residual stress in the lower part of the weld pre-
sented a compressive behavior in all the specimens. One
possible explanation would be that the sheet is drawn in
the aluminum region and, consequently, compressive in
the titanium region. The highest stress obtained was
— 52.48 MPa for the parameters 1300 rpm, 30 mm/
min of feed, and 0.32° angle, and the lowest stress
observed was — 164.71 MPa for 1300 rpm, feed of
13.18 mm/min, and angle of 2°.

The analysis in ANOVA showed a R? ratio of 0.76, in
which the feed and angle were the parameters of better rela-
tionship with the residual stress.

The response surface between the angle and the feed on
Fig. 14 shows that extreme feed rates present higher residual
stress, while extreme angles have low residual stress. By com-
paring the response surfaces of the residual stress and temper-
ature, the inverse relationship between them can be noted. In
regions with elevated temperature, the residual stress was
smaller and in regions with low temperature, the stress was
greater. The same relationship between temperature and resid-
ual stress was observed [21]), and it is attributed to the higher
temperatures obtained, the appearance of a more uniform gra-
dient, and, consequently, a reduction in deformation and re-
sidual stress. Despite the same relation, Chen and Nakata [3]
attributed the greater influence of the residual stress to the
rotation. The tool format and the test parameters can be one
of the factors of the difference in the result in relation to the
parameter of greatest influence.

Test Specimen number Rotation, »n (rpm) Travel speed, f Tilt angle, a (°)
(mm/min)

1 25 1100 20 1

2 7 1500 20 1

3 24 1100 20 1

4 8 1500 20 1

Source: author
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Fig. 17 Surface residual stress . . _ Specimen
for conditions with angle = 3° 400 Residual stress - Angle =3 P
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The behavior of the residual stress at different dis-
tances of the weld line is shown in Fig. 15. In specimen
8, an increase in stress was observed from the center
point to the ends of the tool pin, located 2.5 mm from
the zero point. From 2.5 to 4 mm from the center, a
stress drop occurred, and from 4 to 6 mm from the
center, a stress rise occurred. In the central region, the
increase of the residual stress is related to the contact of
the pin with the titanium plate, which, besides the me-
chanical work, caused elevated temperatures. In speci-
men 17, the angle of the tool was 3°. This angle
showed a smaller penetration in the aluminum plates
and, consequently, a greater distance from the titanium
plate. Thus, the influence of the pin was not visible, as
seen in specimen 8. Due to the greater proximity of the
pin in specimen 8, the elevated temperatures reached
favored the relief of the residual stresses, obtaining
smaller values, as compared to specimen 10.

3.7 Aluminum longitudinal residual stress

In the central region of the upper part of the weld, the
maximum stress observed was 346 MPa for 1100 rpm,
feed of 20 mm/min, and angle of 3°. The minimum
stress observed was of 24 MPa for 1300 rpm, feed of
30 mm/min, and angle of 2°. The results are shown in
Table 2.

The residual stress depth profile showed a decreasing
curve. On the surface of the specimen, all the profiles
presented tensile stress and, as the depth increased, the
stress decreased, reaching values close to zero, becom-
ing compressive in some cases. The tensile stresses arise

from the mechanical work the surface of the specimen
is submitted to, and from the elevated temperatures, due
to the contact of the shoulder with the plates. Figure 16
shows the behavior of the stress along the depths of
specimens 25, 7, 24, and 8, in which they had the same
welding angle equal to 1°. The welding parameters for
the Fig. 14 are resumed in the Table 3.

The behavior of the stress profile for the 3° angle
was like that found in the 1° angle profile (Fig. 15).
Test 8 presented low voltage because a crack was iden-
tified in the region near the measurement. The welding
parameters for the specimens of Fig. 17 are resumed on
Table 4.

The profiles of the tests with extreme conditions
showed a tendency similar to the previous results
(Fig. 18). The parameters were not favorable to the
weld metal consolidation process and contributed to
forming internal voids. The welding parameters for the
specimens of Fig. 18 are resumed on Table 5.

The central point shown in Fig. 19 did not present
curves similar to the previous cases. One of the causes
was the formation of internal defects visualized in the
weld. Another possible cause was the variation in the
burr thickness. The welding parameters for the speci-
mens of Fig. 19 are resumed on Table 6.

The cross-sectional profile of the residual stress
(Fig. 20) was performed on specimens 8 and 17. In
specimen 17, it was possible to visualize the profile
formation in M, verified in the literature. In the mixing
zone, due to elevated temperatures and plastic defor-
mation from the pin action, the residual stress in the
region was high. In the TMAZ region, the temperatures

Table 4 Resume of the welding

parameters for Fig. 17 Test Specimen number Rotation, # (rpm) Travel speed, /' (mm/min) Tilt angle, o (°)
5 10 1100 20 3
6 9 1500 20 3
7 17 1100 40 3
8 22 1500 40 3

Source: author
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Fig. 18 Surface residual stress . . Specimen
for the conditions of the star 400 Residual stress - Star pomts
. — ]
points = 300
:3 - 11
=t 200 —— 20
% 100 - 12
p=] 0
wm
-100 - 1
0 0,1 0,2 0,3 04 0,5 0,6 0,7
Depth [mm]
Table 5 Resume of the welding
parameters for Fig. 18 Test Specimen number Rotation, n (rpm) Travel speed, f'(mm/min) Tilt angle, a (°)
9 26 1300 30 0.32
11 11 1300 13.18 2
13 20 963.60 30 2
14 12 1636.40 30 2

Source: author

did not reach high values equal to those of the mixing
zone. Therefore, the stress in this region is higher. In
HAZ, only the influence of temperature occurred and
the stress is lower when compared to the mixing zones
and TMAZ. In the zone of the base metal, the stress
was negative due to the lamination process of the
plates. In test specimen §, the M profile was not ob-
served. In this specimen, near the measurement region,
a crack was identified and the stress in the region was
thus alleviated.

3.8 Microhardness on the aluminum side

Comparing the result to the base metal, it was possible
to obtain a maximum microhardness of 154 HV, corre-
sponding to 85% of AA7475 hardness. Figure 21 shows
the microhardness obtained for the specimens and base
metals. The microhardness of all specimens resulted in
values close to AA7475.

The microhardness showed a R?> of 0.67, where the
feed was the only parameter that presented a level of
significance p of 0.05.

By analyzing the response surface between the feed
and the angle, it was possible to verify that, for feeds
between 12 and 30 mm/min, the angle influenced the
microhardness. High angles resulted in low microhard-
ness. For feeds greater than 30 mm/min, the angle had
no significant influence. The influence of the angle is
related to the area of contact of the shoulder in the
plate. Larger angles show a smaller area of contact of
the shoulder and, consequently, a lower mechanical
work on the surface, which resulted in lower microhard-
ness values. The influence of the feed is related to the
support force. High feeds resulted in high supporting
force. A greater support force represents a greater me-
chanical work on the surface and, consequently, higher
values of microhardness.

The transverse profile of the microhardness on the
aluminum side showed the M profile. Figure 22 shows

Fig. 19 Surface residual stress . . i
for the conditions of the central 400 Residual stress - Central points _ ii

points — o
& 300 - 16
Z 200 == 19

%3]

E 100 == 18
sz 0 —t— 7]

‘100 I T T T T T T 1

0 0,1 0,2 0,3 04 0,5 0,6 0,7
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Table 6 Resume of the welding

parameters for Fig. 19 Test Specimen

Rotation, n (rpm) Travel speed, f (mm/min) Tilt angle, o (°)

15-20 15, 14, 16, 19, 18, 21

1300 30 2

Source: author

Fig. 20 Profile of residual stress
at different distances of the weld 300

Longitudinal residual stress - Aluminium side

line. Source: author a
% 200 Specimen 17
wv
g 100 N
r_g 0 Retreating == Specimen 8 S Advancing
.-9 -~ -———
g -100 - - : : - ; \
-30 -20 -10 0 10 20 30

Distance [mm]

the profile obtained. In test specimen &, the contact of
the tool occurred on the titanium plate and, because of
this, the pin region suffered greater influence, as com-
pared to specimen 17, where, due to the angle of 3°,
the penetration of the tool was lower.

3.9 Microhardness on the titanium side

The maximum microhardness obtained was 384 HV and
the minimum was 333 HV, a ratio of 1.05 and 0.91,
respectively, when compared to the base metal.
Figure 23 shows the result of the microhardness.

For the comparison between response surface of mi-
crohardness and temperature, it was possible to see a
correlation where high microhardness corresponds to
low temperature area. Figure 24 illustrates the response
surface of microhardness (a) and temperature (b).

The titanium microhardness profile (Fig. 25) present-
ed the same microhardness profile as aluminum. In the
regions near the pin, where the elevated temperatures
occurred, the microhardness showed low values, demon-
strating a relation on the surfaces of response between
titanium microhardness and temperature. In specimen 8§,

due to the contact of the tool with the titanium plate,
the profile presented inferior values as compared to
specimen 17. This results from the temperature the
specimen reached in this region being higher than that
reached by specimen 17, which had a larger angle, with
less approximation of the tool with the titanium plate.

3.10 Tensile testing analysis

The maximum strength reached in specimen 18 was
12 kN for the parameters of 1300 rpm, feed of
30 mm/min, and angle of 2°, obtaining a soldering ef-
ficiency of 119% in relation to the base material of the
least breaking force (AA2024). In addition to this spec-
imen, specimens 9 and 12 showed a fracture load of 11
and 10 kN, respectively, both above the load of the
base material AA2024. The high efficiency should be
the effective consolidation of the weld between the alu-
minum and titanium alloys. Another factor was the ab-
sence of defect in these specimens. The result of the
test is shown in Fig. 26.

The minimum force was 2.7 kN for 1300 rpm, feed
of 47 mm/min, and angle of 2°. Due to weld defects,

Fig. 21 Vickers microhardness
of upper region of specimens.

Source: author ; 300 o AATLTS-TE
150 4
wm
v
2 100 -
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Microhardness on joining line - Aluminium side

* Not evaluated due to titanium detachment.
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Fig. 22 Microhardness in the Microhardness - Aluminium side
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Fig. 23 Vickers microhardness Microhardness on the joining line - Titanium side
obtained on the titanium side. =
Source: author T 400
_ TigAlav
v
E
= 350
g
=
8
= 300
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* Not evaluated due to titanium detachment.

mainly in the formation of voids, some specimens
showed low rupture loading.

The displacement force curve shown in Fig. 27 dem-
onstrates the tensile behavior of specimen 18, which
obtained the highest resistance limit among the speci-
mens tested. In the figure, the specimen is compared
with the force curve by the displacement of the base  °
metals without processing. The behavior of the weld
was similar to that of base metal AA7475, reaching

(a) Response surface - Microhardness Titanium side
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Fig. 24 Response surface a microhardness and b temperature. Source: author

92% of the maximum strength of AA7475 and 119%
of AA2024.

4 Conclusions

It was possible to perform a tri-dissimilar linear fric-
tion weld between aluminum and titanium alloys
without defects in most of the selected parameters.

(b) Response surface - Temperature
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Fig. 25 Microhardness in the Microhardness - Titanium side
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Fig. 26 Results of the tensile Tensile test
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» The tool positioning angle directly influenced the penetra-
tion of the tool in the weld and, consequently, in the ana-
lyzed parameters. High angles presented low penetration
and angles close to zero presented an irregular mixture.
For the 3.68° angle, the titanium plate did not adhere to the
weld. The 1° tilt angle condition presented high penetra-
tion in the aluminum plate, resulting in the contact with the
titanium plate and the 0.36° tilt angle presented an irregu-
lar contact of the shoulder with the surface of the alumi-
num plates, resulting in voids defects.

* In the analysis of the parameters monitored, the sup-
port force showed the feed and the tilt angle to exert
greater influence. High feeds resulted in high values
in the support force and angles close to 2° presented
greater support force. The torque was related to the
rotation, feed, and angle. Low speeds and high feed
rate resulted in high torque. Tilt angles between 1°
and 2° resulted in higher torques. The temperature
was influenced by the feed and by the angle. Feeds
below 18 min/min and above 34 mm/min showed
high temperatures. Angles between 1° and 2° pre-
sented higher temperatures.

» For analyzing the surface of the aluminum side, the resid-
ual stress presented a strong relation with the microhard-
ness, where high residual stresses and low microhardness
are present. The profile in M, characteristic of the friction
welding between the aluminum alloys studied, was ob-
served in the transverse profile of the residual stress and
microhardness.

* The residual stress on the titanium side showed a strong
relation with the temperature; results with high residual
stresses presented low temperatures. The titanium micro-
hardness did not show a meaningful relationship with the
independent parameters. The influence of the pin on the
transversal profile of the residual stress and microhardness
was observed due to the elevated temperature in the region
near the pin. In the residual stress, the region near the pin
presented values lower than in the adjacent regions.
Regarding microhardness, the regions near the pin pre-
sented higher values as compared to the adjacent regions.

» Through the tensile test, welds with resistance limit were
verified above the resistance limit of AA2024. This was
due to titanium plate, which had the reinforcement func-
tion for the weld.

F 1g 27 Force curve by' Tensile test curve
displacement of the tensile test. 15000 AAT4TS
Source: author ieeseseseseessessssnsesasetacenaas .
— goveeeetet AA2024 .
10000 - - e e = — = -
%‘ .'. - == - : !
o A . |
S 5000 &, .
s, Specimen 18 . |
0 T T T T T T :l T . 1
0 1 2 3 4 5 6 7 8
Displacement [mm]
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