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Instituto Superior Técnico, Lisboa, Portugal
November 2016
Abstract
Environmental and economical factors have led the aeronautic industry to pursuit leaner structures
both in terms of manufacturing process and weight reduction to substitute rivet joints. One alternative
put forward is friction stir welding (FSW) joints. FSW is a solid-state joining process, capable
of producing sound welds with small reduction in performance regarding base material properties,
when used in butt configuration. However overlap configuration is desirable in certain designs due
to tolerance management issues. When used in overlap configuration the mechanical performance of
the FSW joints is substantially lower. By combining FSW lap joints with structural adhesives the
limitations of FSW lap joints may be overcome. Single lap joints using this hybrid technology were
produced in this study. Defects were inspected using phased array ultrasonic testing and microscopic
analysis. Lap shear strength, impact and fatigue tests were performed on FSW and hybrid joints.
Phased array ultrasonic testing was capable of detecting major interface defects, however it wasn’t
able to identify correctly welded specimens. The mechanical tests of the hybrid joints cured at room
temperature showed inconsistent results. High temperature cure was implemented, which led to better
mechanical results.
Keywords: Friction Stir Welding, Hybrid joining, Friction Stir Weldbonding, Lap joining, Phased
Array Ultrasonic Testing.

1. Introduction

decrease.

Aircraft industry faces the challenge of meeting the
predicted growth of air transportation while minimizing its environmental impact. Environmental
and economical factors lead the aircraft industry to
explore new, more efficient and cost saving aeronautical technologies. Weight reduction is one of
the solutions to meet environmental and economical goals. The pursuit for leaner structures, both in
terms of manufacturing process and weight reduction, led the aeronautic industry to research innovative alternatives to rivet joints.

Ericsson et al. [4] carried out lap shear strength
tests on AA6082-T6 FSW joints and they presented
55% of mechanical efficiency when compared to the
static strength of the base material. Buffa et al. [5]
also studied the FSW of lap joints and presented
interesting results regarding the different types of
lap joints configurations. There are two ways to
perform a FSW lap joint: advancing side on the
top sheet or advancing side on the bottom sheet,
respectively configuration (A) and (B). Joints produced using both configurations and varying the
Friction stir welding (FSW) represents an alter- process control parameters were tested by lap shear
native for rivet joits. FSW is a solid-state, joining strength tests. The results showed that configuraprocess, environmentally friendly, capable of pro- tion (A) performed better with every set of FSW
ducing high quality joints with small reduction in control parameters used. Configuration (A) maxithe mechanical performance compared to the base mum failure load was almost 100% higher than that
material, when used in butt configuration. Detailed obtained for configuration (B).
characterization of the FSW process is presented in
Several researches have been conducted in order
literature [1, 2, 3].
to understand the fatigue properties of FSW sinIn aeronautic industry butt configuration is not
always the most appropriate joint type due to tolerance issues, although when used in lap joint configuration the mechanical properties suffer a significant

gle lap joints [4, 6, 7]. Fatigue strength of FSW
lap joints were compared to FSW butt joints. Lap
joints presented inferior fatigue strength than the
butt joints, at 105 cycles the fatigue strength of the
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lap joints was 20-30% of the static strength while
the fatigue strength of the butt FSW joints was
over 90% [4]. Infante et al. [7] studied the fatigue
strength of FSW lap joints of AA6082-T6 and compared with the fatigue strength of the base material and the one of FSW butt joints. As expected
the FSW lap joints presented lower fatigue strength
than both base material and butt joints. Reis et al.
[6] compared the fatigue strength of welded lap
joints of AA6082-T6 produced by FSW and laser
beam welding (LBW). They concluded that the
LBW joints presented higher fatigue strength than
the ones produced by FSW. Furthermore it was observed that the crack initiated at an interface defect
of the FSW joint.
In order to correctly bond a FSW lap joint vertical material flow is mandatory, since the surface to
be welded is horizontal. Although vertical material
flow is very important to produce sound FSW lap
joints it’s a complex and not completely understood
subject. The tool geometry plays an important role
in the material flow, since it greatly influences this
process. Generalizations concerning the material
flow during the FSW process must be avoided, or
at least treated carefully, due to its dependence of
the welding parameters. The vertical material flow
is responsible for the creation of interface defects hook defect and lap cold defect - this defects are a
common feature of FSW lap joints. Due to its configuration and orientation these defects act as stress
concentration factors/crack initiation [1, 8].
To overcome the FSW lap joints mechanical properties degraded by the interface defects, the innovative hybrid joining process is proposed friction stir weldbonding. This hybrid joining process onsists in the combination of FSW and adhesive bonding. Braga et al. [9] produced friction
stir weldbonding lap joints of AA6082-T6 using the
Araldite R 420 A/B adhesive. Joint geometry with
60 mm of overlap length were used and different
surface treatment methods were tested - sandblasting and phosphoric acid anodizing. The lap shear
strength results showed that the hybrid joints presented higher strength than the FSW only joints,
but not as strong as the adhesive bonded joints.
Anodizing proved to be the best option for surface
treatment, this process results in the formation of a
thick aluminium oxide layer creating better wetting
and stronger bonds.
This research study successfully manufactured
hybrid friction stir weldbonding single lap joints
of AA6082-T6 and used PAUT to detect defects,
and correlate the obtained results with microscopy
analysis and lap shear strength tests. Lap shear
strength, impact and fatigue tests on several FSW
and hybrid friction stir weldbonding single lap
joints were performed. These joints were manufac-

tured using different parameters in order to understand which set of parameters optimizes the mechanical properties of the joints.
Phased array ultrasonic testing (PAUT) is a nondestructive test (NDT). The PAUT generates a focused sound beam enabling the detection of defects
located away from the beam axis [? ]. PAUT
was successfully used as an in-line quality control
of FSW butt joints regarding flaw detection [10].
Several NDT (x-ray detection, fluorescent penetrating fluid inspection, ultrasonic C-scan and PAUT)
were used to detect defects on FSW butt joints of
AA2219-T6. PAUT revealed an outstanding performance in inspecting tight void defects by a singlepass scan [11]. Mandache et al. [12] reported that
the PAUT successfully detect lack of penetration
defects on FSW butt joints. Das et al. [13] used
ultrasonic C-scan and B-scan to inspect dissimilar
(aluminium and steel) FSW lap joints and compared the results x-ray radiographies. Das et al.
[13] reported that the ultrasonic testing is useful to
detect interface defects in FSW lap joints.

2. Implementation
2.1. Material Properties
The aluminium alloy 6082-T6 was used as base material through plates of 2 mm thickness. Its chemical composition and mechanical properties are presented in table 1.
The production of hybrid friction stir bonded
joints two types of adhesive were used - Araldite R
420 A/B and RTV 106.

2.2. Joints Production
Single lap joints were manufactured using FSW and
friction stir weldbonding. FSW and hybrid joints
were produced with 20 mm of overlap length, while
only hybrid joints were produced with 40 mm of
overlap length. Hybrid joints with 40 mm of overlap length and 0.2 mm deep channels machinated
on the substrate surface were also produced in order to avoid contact between the FSW tool and the
adhesive and in that way test the effect of mixing
the aluminum alloy and the adhesive material.The
moment arm of the joint was kept constant for every joint - 110 mm - as well as the joint length - 300
mm.
Both types of joints were friction stir welded on a
LEGIOT M FSW 3UL numeric control machine from
ESAB and the welding procedure was performed
under forging force control. A robust clamping system was used to produce high quality joints. The
tool used to weld both types of joints is composed
by a flat scrolled shoulder and a pin. The shoulder used has a diameter of 16 mm. Two types of
pins were used one cylindrical and one conical, both
threaded with 5 mm of diameter. For both types of
2

Table 1: Chemical composition and mechanical properties of the AA6082-T6.
Chemical
Properties

Al [wt %]

Cr [wt %]

Cu [wt %]

Fe [wt %]

Mg [wt %]

Mn [wt %]

Si [wt %]

Ti [wt %]

Zn [wt %]

Others [wt %]

95.2 - 98.3

≤ 0.25

≤ 0.10

≤ 0.50

0.6-1.2

0.4 - 1.0

0.7-1.3

≤ 0.10

≤ 0.20

≤ 0.15

Density [kg/m3 ]

Vickers
Hardness
95

Ultimate Tensile
Strength [M P a]
290

Yield Tensile
Strength [M P a]
250

Elongation at
Break [%]
10

Mechanical
Properties

2700

joints different FSW control parameters were used,
chosen regarding previous developed work.
Hybrid friction stir weldbonding joints required
both friction stir welding and adhesive bonding,
some exta procedures must be performed. Since
bonding strength between substrate and adhesive is
critical, a good surface preparation is crucial. Prior
to the adhesive application, surface treatment of the
plates to be weld-bonded was performed - phosphoric acid anodizing was the surface treatment used
(following the standard D3933). FSW process must
be performed immediately after the adhesive application. To overcome this constraint the adhesive
application was done in the workbench of the FSW
machine. After welding the joints are left to cure
the adhesive. Two types of curing were employed:
curing at room temperature (stored for more than
one week at room temperature) and high temperature curing (in a oven for 1 hour at 120 ◦ C).
The joints produced are presented and described
in table 2.
Joints FSW-1, FSW-2 and Hyb-1 to Hyb-5 were
produced to study application of PAUT on the detection of defects. In order to try to maximize
the hybrid joint strength, joints Hyb-6 and Hyb-7
were manufactured using higher forging forces and
20 mm of overlap length. The welds FSW-3 and
FSW-4 were produced changing the pin geometry threaded cylindrical and threaded conical. The hybrid joints produced afterwards - Hyb-8 to Hyb-12
- the overlap was increased to increase the adherent
area, the pin geometry, adhesive and curing method
of the Araldite R 420 A/B were varied keeping the
remaining welding parameters constant. Channels,
0.2 mm depth, were machinated on the substrates
used for the production of Hyb-13 in order assure
the adhesive did not contact the welding tool.

10L10-A0-TOP - respectively with 5 Mhz of frequency and 16 elements, and 10 Mhz of frequency
and 32 elements. Before the PAUT a water-based
couplant was spread in the inspection area in order facilitate the transmission of sound energy from
the probe to the workpiece and a zero-degree wedge
was assembled to the probes during the inspections.
Since the FSW process produces a certain protuberances on the top surface, the probe was placed
on the surface opposite to the protuberances - the
workpiece upside down. The frequency of the probe
used during PAUT has great influence on its capacity to detect defects. Lower frequencies reduce the
attenuation effect on sound, but they also reduce
the sensitivity and the resolution. A compromises
between lesser attenuation and better defects detectability must be made. Figure ?? shows the results of the PAUT using the two types of probes in
the same joint and place. Clearly the images obtained by the 10 MHz probe present less smoother
curves (higher resolution and sensitivity) due to
higher frequency of the probe used. Therefore on
the results section, only the results obtained with
the 10 MHz probe are presented and discussed.
After the PAUT inspection several sections of the
joints were selected, either because a defect was detected or because it was a flawless section of the
joint. Sections highlighted in the PAUT analysis
were then examined under optical microscope to
validate analysis results. The chosen samples were
observed using a stereo microscope Zeiss SteREO
95 Discovery.V8 and an inverted microscope Zeiss
Axiovert 40 MAT. The first one was used to capture
the macroscope images of the joints, while the Zeiss
Axiovert 40 MAT captured the microscope details
of the joints.

2.4. Mechanical Tests
Defects and flaws were inspected using NDT and 2.4.1 Lap Shear Strength Tests
2.3. Defect Inspection

microscopy analysis. The non-destructive testing
employed was the phased array ultrasonic testing
(PAUT).
Phased array ultrasonic testing was performed
at the Aerospace Non-Destructive Testing (NDT)
Laboratory at TU Delft. The OmniScan R SX by
Olympus was used to inspect flaws in FSW only and
in hybrid joints. Two different probes were used Olympus small-footprint probes 5L10-A0-TOP and

Lap shear strength tests were conducted for every
specimen produced. These tests were performed
at IST and FEUP. A testing machine INSTRON R
3369 with maximum load capacity of 50 kN was
used at IST and a servo-hydraulic MTS R machine
with 250 kN of maximum load capacity was used at
FEUP. A constant displacement rate - 1 mm/min was used to perform the tests.
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Table 2: FSW and hybrid produced joints.
Nomenclature

Overlap
[mm]

Adhesive

Pin

Forging
Force [kgf]

Welding
Speed [mm/min]

Rotation
Speed [rpm]

Curing Method

Channels

FSW-1
FSW-2
FSW-3
FSW-4
Hyb-1

20
20
20
20
20

Araldite R 420 A/B

Cylindrical
Cylindrical
Cylindrical
Conical
Cylindrical

400
450
425
425
360

200
200
200
200
200

1000
1000
1000
1000
1000

No
No
No
No
No

Hyb-2

20

Araldite R 420 A/B

Cylindrical

400

220

1000

Hyb-3

20

Araldite R 420 A/B

Cylindrical

350

220

900

Room temperature
for > 1 week
Room temperature
for > 1 week
Room temperature
for > 1 week
Room temperature
for > 1 week
Room temperature
for > 1 week
Room temperature
for > 1 week
Room temperature
for > 1 week
Room temperature
for > 1 week
120 ◦ C
for 1 hour
120 ◦ C
for 1 hour
Room temperature
for > 1 week
Room temperature
for > 1 week
120 ◦ C
for 1 hour

Hyb-4
Hyb-5

20
20

Araldite

R

420 A/B

Cylindrical

360

180

1000

Araldite

R

420 A/B

Cylindrical

400

200

1000

R

Hyb-6

20

Araldite

420 A/B

Cylindrical

425

200

1000

Hyb-7

20

Araldite R 420 A/B

Cylindrical

450

200

1000

Hyb-8

40

Araldite R 420 A/B

Cylindrical

450

200

1000

Hyb-9

40

Araldite

R

420 A/B

Cylindrical

450

200

1000

Araldite

R

420 A/B

Conical

450

200

1000

Hyb-10

40

Hyb-11

40

RTV 106

Conical

450

200

1000

Hyb-12

40

RTV 106

Cylindrical

450

200

1000

Hyb-13

40

Araldite R 420 A/B

Cylindrical

450

200

1000

2.4.2

Impact Tests

2.4.3

Fatigue Tests

No
No
No
No
No
No
No
No
No
No
No
Yes

failure surface analyze, the specimen studied presented a strange color of the adhesive in the failure
To assess the high strain rate performance of the desurface and the EDS technology was used to idenveloped joints, impact tests were performed on spectify the contamination that was deteriorating the
imens from the Hyb-8 joint. Hyb-8 was produced
joint strength. Regarding the determination of the
using Araldite R 420 A/B cured at room temperafailure mode, EDS was used to+ determine if the
ture for more than a week. Impact tests were perfailure mode was cohesive, adhesive or a combinaformed in a Rosand (Stourbridge, West Midlands,
tion of both.
U.K.) Instrumented Falling weight impact tester,
type 5 H.V.. Test speed and impactor mass was 3. Experimental Results
kept constant at 2 m/s and 26 kg respectively.
3.1. Defect Inspection
Defect inspection results are presented in this section. At the beginning of this study the joints were
inspected using a NDT technique - phased array
ultrasonic testing (PAUT). PAUT was performed
through the joints length and some sections of the
joints were selected depending on the test results.
Apparent defect free weld-bonded sections were selected as well as joint sections presenting defects.
This sections were observed by means of microscopic analysis in order to further study and validate the NDT results. Finally, specimens adjacent
to the sections analyzed were tested by lap shear
strength tests to quantify the joints quality.

Fatigue tests were performed on the hybrid joints
- Hyb-9. The stress-life method was used and
high cycle fatigue (N > 103 cycles) was studied.
The fatigue tests were performed using constant
stress/load amplitude and sinusoidal fatigue cycle
was used. Stress ratio of R = 0.1, was defined and
infinite life criteria was set to be N = 2 × 106 cycles.

2.5. Energy-dispersive X-ray spectroscopy
(EDS)
EDS analysis was used to observe the anodized substrate surface; analyze the failure surface of a specific hybrid joint specimen after a lap shear strength
test; and to determine the failure mode of hybrid joints. The tests were performed at CEMUP,
FEUP. The observations of the substrate anodized
surface was used confirm that a porous surface resulted from the PAA process. In the case of the

3.1.1

Phased Array Ultrasonic Inspection

Firstly the FSW only joints, FSW-1 and FSW-2,
were inspected using PAUT. Figure 1 shows the obtained results. No relevant reflection were observed
along the joint thickness. The results indicate that
4

FSW-1 and FSW-2 are defect-free welds.

(a) Hyb-2
(a) FSW-1

(b) Hyb-4

(b) FSW-2

Figure 1: PAUT results obtained for the simply FS
welded joints.
Hybrid joints - Hyb-1, Hyb-2, Hyb-3, Hyb-4 and
Hyb-5 - were also inspected by PAUT. Regarding
the results obtained two different groups of specimens were identified. The first group of joints revealed a reflection peak approximately at the middle of the joints thickness while the second group
presented a small reflection peak near the back-wall
of the joints.

(a) Hyb-1

(c) Hyb-5

Figure 3: PAUT results obtained for hybrid specimens Hyb-2, Hyb-4 and Hyb-5. The red circumference signalizes the small peak observed.

PAUT results and how to use the PAUT results to
properly evaluate the joints quality. Every image
presented here is upside down (top surface of the
joint on the bottom) to simplify the results comprehension since the PAUT were also performed on
the back surface of the joint.
The macroscopic and respective microscopic images of FSW-1 joint are presented in figure 4. No
defect is present along the weld.

(b) Hyb-3

Figure 2: PAUT results obtained for hybrid specimens Hyb-1 and Hyb-3. The red circumference
signalizes the middle peak observed.
Figure 2 reveals a great reflection approximately
at the middle of the joints thickness - Hyb-1 and
Hyb-3. This peak reveals material discontinuity
along the joints thickness, meaning that an adhesive layer is present in the joints interface. This
means that the FSW production parameters used
to produce these joints resulted in low heat input
leading to non-welded joints.
Specimens Hyb-2, Hyb-4 and Hyb-5, shown in
figure 3, don’t reveal any reflection at the middle of
the joints, but a small echo is present near the back
wall reflection. These small peaks observed indicate
material discontinuity. During the FSW process it’s
common that the interface of the joints is pushed
upward due to the pin movement leading to the
formation of an hook defect. In these observations,
the small echo present near the back-wall are a clear
indication of the presence of interface defects in the
specimens Hyb-2, Hyb-4 and Hyb-5.

Figure 4: Macroscopic and microscopic figures of
the FSW-1 weld cross section; a) center of the weld,
b) retreating side and c) advancing side.

Hybrid joints Hyb-1 and Hyb-3 macroscopic and
microscopic figures are presented in figure 5. These
observations show a continuous adhesive layer along
the weld zone of both specimens. The PAUT results
for these specimens presented a reflection peak near
the middle of the joint which is explained by the
adhesive layer observed along the weld zone.
The joints Hyb-2 and Hyb-4, figure 6, show a
3.1.2 Microscopy Analysis
massive adhesive flow to the top of the joints both
Microscopy analysis were performed on the same located on the retreating side of the weld. This
joints and locations previously inspected through adhesive flow is in fact an interface defect filled with
PAUT in order to understand the meaning of the adhesive.
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Figure 7 shows the macroscopic and microscopic
images obtained for joint Hyb-5. A small adhesive
flow to the top of the joint is observed on the retreating side of the weld.

(a) Hyb-1

Figure 7: Macroscopic and microscopic figure of the
Hyb-5 weld cross sections; a) center of the weld, b)
retreating side and c) advancing side.
Clearly joint Hyb-3 was produced with the set
of parameters that lead to lower heat input and
(b) Hyb-3
joint Hyb-5 was produced with the set of parameters that generated more heat. The joints can be
Figure 5: Macroscopic and microscopic figures of
listed in terms of heat generation (from the highest
the Hyb-1 and Hyb-3 weld cross sections; a) center
heat input to the lowest): Hyb-5, Hyb-4, Hyb-2,
of the weld, b) retreating side and c) advancing side.
Hyb-1 and Hyb-3. This list helps to explain the results, Hyb-5 specimen was the only joint to present
a correctly welded. On the other hand, Hyb-1 and
Hyb-3 presented non-welded joints, as consequence
of the poor set of FSW control parameters used.
Hyb-2 and Hyb-4 presented a great interface defect
however showed a small welded zone, which Hyb-1
and Hyb-3 didn’t show.

3.1.3

Lap Shear Strength Tests

Lap shear strength tests were conducted in order to
quantify the joints quality and determine the me(a) Hyb-2
chanical strength of the joints. Figure 8 shows the
maximum strength and maximum displacement of
the specimens tested.
FSW only specimens - FSW-1 and FSW-2 - presented similar strength. The lap shear tests performed on the hybrid joints showed three different
groups of results. The highest performing joint was
specimen Hyb-5 since it presented higher ultimate
tensile strength (UTS) and displacement than the
FSW only specimens. Hyb-5 specimen showed 62%
of joint efficiency when compared with the base
material. Specimen Hyb-4 presented UTS similar
(b) Hyb-4
to FSW-1 and FSW-2 specimens. The remaining
Figure 6: Macroscopic and microscopic figures of specimens - Hyb-1, Hyb-2 and Hyb-3 - showed conthe Hyb-2 and Hyb-4 weld cross sections; a) center siderably lower strength than the FSW only specof the weld, b) retreating side and c) advancing side. imens. Specimen Hyb-2 presented UTS 56% lower
than FSW-1 and 68% lower than Hyb-5.
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retreating side of the weld and a correctly welded
joint. The small adhesive movement observed is
a small interface defect produced during the FSW
process. This kind of defect is a feature of the friction stir lap welding process. Although showing a
small interface defect, the observed sample appears
to be correctly bonded by the FSW process.
Phased array ultrasonic testing successfully detected non-welded specimens - Hyb-1 and Hyb-3.
However using PAUT it was impossible to distinguish specimens with major interface defects (such
as Hyb-2 and Hyb-4) from the Hyb-5 specimen
which is correctly welded, as the microscopy images
and the lap shear strength demonstrates.

3.5

UTS and Maximum Displacement of joints FSW-1, FSW-2
and Hyb-1 to Hyb-5

180

3
160

Remote Stress [MPa]

120

2

100
1.5

80

60

Displacement [mm]

2.5

140

UTS
Maximum
Displacement

1

40
0.5
20

0

0
FSW-1

FSW-2

Hyb-1

Hyb-2

Hyb-3

Hyb-4

Hyb-5

Figure 8: uTS and maximum displacement comparison of every specimen tested.

3.2. Mechanical Tests

In the current section the results regarding lap
shear strength, impact and fatigue tests are preRegarding the FSW only specimens, the PAUT sented. Several joints were tested, including FSW
results were validated by the microscopy images only and hybrid joints using different adhesives and
and revealed correctly welded joints. The lap shear tool geometries. Every joint was tested by lap shear
strength results of FSW-1 and FSW-2 showed 45% strength tests, while for impact and fatigue tests
only some joints were selected to be tested.
and 41% of joint efficiency, respectively.
The PAUT results concerning specimens Hyb-1
and Hyb-3, in figure 2, showed a reflection in the 3.2.1 Lap Shear Strength Tests
middle of the joint. The specimens microscopy Initially the FSW only joints were tested using 20
shown in figure 5 revealed the existence of an ad- mm of overlap length. Then hybrid joints with the
hesive layer in the weld zone of the joints, validat- same overlap were tested but the results were uning the PAUT results. This adhesive layer is ex- satisfactory. The overlap length was increased but
plained by the use of a combination of low heat at first the results were still inconsistent. The curinput parameters in the FSW process. This defect ing method employed, for the Araldite R 420 A/B
explains the low strength presented by this spec- adhesive joints, was adjusted and the results considimens. The defects were also correctly identified erably improved. Finally, the remaining joints were
using the PAUT results.
tested in order to compare the obtained results.
Specimens Hyb-2 and Hyb-4 PAUT results, in figure 3, showed a reflection near the back wall, cre- FSW Lap Joints Two types of FSW joints were
ated by vertical movement of the adhesive during tested - FSW-3 and FSW-4. The UTS and maxithe FSW process. Microscopy results, figure 6, re- mum displacement obtained for joints FSW-3 and
vealed a major adhesive flow from the middle of FSW-4 are presented in figure 9.
the weld to the top of the weld. The adhesive flow
observed is an interface defect filled with adhesive.
In both cases the adhesive flow have been created
by poor or incomplete FSW process, although in
Hyb-4 specimen the adhesive appears to be better
stirred. In fact, the production of specimen Hyb-2
used high welding speed, probably leading to the
very poorly stirred specimen since the rotating pin
stayed a small amount of time in each segment of
the joint. Hyb-4 specimen was produced with a
more balanced set of FSW parameters, although using a low forging force the low welding speed used
balanced the process leading to a better joint than
the Hyb-2 joint.
Figure 9: UTS and maximum displacement of joints
Specimen Hyb-5 also showed a small reflection FSW-3 and FSW-4
near the back wall during the PAUT examination,
Ultimate tensile strength of joint FSW-4 was
in figure 3. The microscopy analysis showed a small
evidence of vertical movement of the adhesive on the 13.4% lower than the one presented by joint FSW7

3, although the maximum displacement of FSW4 specimens was 60% higher than FSW-3. The
scatter of UTS and displacement obtained for both
joints is very reduced, indicating good consistency
of the manufacturing process.

surfaces present light green color. On the advancing
side of specimen T2 yellow particles and greenish
sections can be observed, which is a clear evidence
of a contamination during the production process.
Contamination of the adhesive layer can explain the
inconsistency of the hybrid joints as well as the low
Hybrid Lap Joints: 20 mm overlap Hybrid strength of the joints. During the production projoints with 20 mm of overlap length were produced cess, a refrigerant liquid leak was observed, possibly
using the Araldite R 420 A/B adhesive. Initially being the source of the contamination.
Hyb-6 joint was produced with forging force of 425
kgf. Due to the lap shear strength results obtained
Hyb-7 joint was produced changing the forging force
to 450 kgf.
The UTS and maximum displacement of both
joints are presented in figure 10. These joints show
(a) T1
(b) T2
high scatter of the UTS results. Both joints presented lower UTS than FSW-3 joint.
Figure 11: Hyb-8 failure surfaces obtained from the
tensile tests. The advancing side of the welds is on
the top of the figures.
To prove the existence of contaminations in the
adhesive layer and try to identify its source EDS
analysis were performed on specimens failure surface. Figure 12 shows the results regarding the specimen Hyb-8-T1.

Figure 10: UTS and maximum displacement of
joints Hyb-6 and Hyb-7 compared to joint FSW-3.
The results dispersion of these hybrid joints is
very high when compared with FSW-3. This is a
clear evidence of, either the lack of control of the
production process, or a concept limitation for the
overlap length used, 20 mm. Furthermore the in- Figure 12: EDS analysis of specimen T1, joint Hybcrease in forging force didn’t improve the strength 8, failure surface.
of the joints.
In zone Z2 high concentrations of K and Cl are
Hybrid Lap Joints: 40 mm overlap Friction present, which can mean the presence of potasstir weldbonding lap joints with 40 mm of overlap sium chloride (KCl). Zone Z3 indicates high
length were produced. The adherent area was in- concentration of several elements, such as O, Si,
creased in order to improve the joints performance. N a. The presence of this elements can point to a
Initially, joints using the same parameters used compound belonging to the sodium silicate family
for joint Hyb-7 but with increased overlap length (N a2 (SiO2 )n O). These compounds are used in wawere produced - Hyb-8. The UTS and maximum ter treatment, for example to prevent corrosion in
displacement obtained are presented in figure 13. water lines. In the zone Z4 there is a high concenAlthough the UTS of the Hyb-8 joints was higher tration of N a and Cl, this can mean the presence
than that of Hyb-7 joint (this is mainly due to the of sodium chloride (N aCl). Different patents were
higher adherent area), the results continue to show found where sodium chloride and potassium chloride are used in heat-transfer fluids [? ? ]. This fact
high dispersion.
Regarding the failure surfaces obtained, shown points to the refrigerant liquid leak as the source of
in figure 11, it is possible to observe that the color the contamination.
In order to overcome this problem, more Hyb-8
of the adhesive is inconsistence (the adhesive when
cured showed be dark green), sections of the failure joints were produced without using the refrigeration
8

system of the FSW machine. The UTS and maximum displacement are presented in figure 13. The
results continue to present high levels of dispersion.
In order to improve the hybrid joints performance, a new curing cycle was employed. Joints
produced using the Araldite R 420 A/B adhesive
were cured at 120 C◦ for 1 hour. Hyb-9 joints were
produced using the same parameters as Hyb-8, but
using the new curing method. Figure 13 show the
UTS and maximum displacement of joint Hyb-9.
From joint Hyb-8 to Hyb-9 the UTS of the joints
increased and the results scatter decreased significantly. Compared to FSW-3 joint, Hyb-9 joint presented 82 % higher UTS.
Using the same curing cycle Hyb-10 joints were
produced. Hyb-10 joints were produced using a
threaded conical pin. Maximum displacement and
UTS are presented in figure 13. Joint Hyb-10 presented 108.8 % higher UTS and 67.7 % higher maximum displacement than the FSW-4 joint. Compared to hybrid joint Hyb-9, the use of a threaded
conical pin didn’t led to any major improvement.
Both joints present similar UTS and displacement.
Two more joints were produced and tested using
the same pins and a different adhesive - RTV106.
Joint Hyb-11 were produced using a threaded conical pin and Hyb-12 using a threaded cylindrical pin.
Regarding joint Hyb-11, during the production
of this joint the tool achieved the machine security limits and it was impossible to complete the
full hybrid joint. Joint Hyb-12 was produced, but
presented very low UTS. The results of both joints
are showed in figure 13. The results of joints Hyb11 and Hyb-12 revealed that the RTV106 adhesive
negatively affected the FSW process.

this joints.
The results show very high dispersion. One specimen presented the best results achieved by hybrid
joints in this study. Approximately 47% higher
than Hyb-9 specimens and 174% higher than FSW3 specimens, in terms of UTS. These results show
that probably it’s possible to achieve higher UTS
than Hyb-9 joint. Optimizing the welding manufacture of this joint geometry may lead to lower
dispersion and higher mechanical strength.

3.2.2

Fatigue Tests

Fatigue strength of joint Hyb-9 was studied and
compared to adhesive bonded (AB) and FSW joints
fatigue strength. During this research study, due to
lack of time, the joints were only studied under few
load levels and it was impossible to perform test
repetitions for each load levels. Sufficient data was
collected to present a supported trend of the behavior of the hybrid joint.
Figure 14 shows the S-N curve obtained for joint
Hyb-9 and is compared to the results obtained by
? ] for adhesive bonded (20 mm and 40 mm of
overlap) and FSW (20 mm of overlap) joints.

Figure 14: S-N curve of joint Hyb-9 compared to
those of AB and FSW joints presented by ? ].

3.2.3

EDS Analysis

The anodized surface observed, in figure 15,
presents a porous configuration, as expected, showing that the PAA process provides a proper anodizing method.
In figure 15 a failure surface of a hybrid joint after
lap shear strength test is showed. Both zones analyzed present an adhesive layer, this observations
shows that the failure mode is cohesive.

Figure 13: UTS and maximum displacement of
joints Hyb-8, Hyb-9, Hyb-10, Hyb-11 and Hyb-12.

Hybrid Lap Joint: 40 mm overlap with
4. Conclusions
grooves New joints with 40 mm of overlap length
This research study led to several conclusions:
and grooves for the adhesive were produced and
tested - joint Hyb-13. The curing method applied
• Hybrid and FSW only joints were successfully
to joint Hyb-9 and Hyb-10 was employed to produce
manufactured;
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Figure 15: EDS analysis of the anodized aluminium
surface.
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Figure 16: EDS analysis of an hybrid joint failure
surface.
• PAUT was able to identify correctly welded
FSW joints;
• Hybrid joints with major interface defects, either in the middle or in the top of the joint,
were identified by PAUT;
• A limitation of the PAUT inspection applied
to friction stir weldbonding was found. PAUT
wasn’t able to distinguish joints with major
interface defects on the top of the weld from
joints correctly welded with minor interface defects;
• Curing of the adhesive in hybrid joints at room
temperature for more than a week led to inconsistent joints. When curing for 1 hour at 120
◦
the consistent hybrid joints were produced
leading to higher UTS of the joints and less
dispersion of the results;

[7] Infante, V., Braga, D., Duarte, F., Moreira, P., de Freitas, M., and de Castro, P. Study of the fatigue behaviour of dissimilar aluminium joints produced by friction stir welding. International Journal of Fatigue, 82,
Part 2:310 – 316, 2016. ISSN 0142-1123. 10th Fatigue
Damage of Structural Materials Conference.
[8] Babu, S., Ram, G. J., Venkitakrishnan, P., Reddy,
G. M., and Rao, K. P. Microstructure and mechanical properties of friction stir lap welded aluminum alloy
aa2014. Journal of Materials Science & Technology, 28
(5):414 – 426, 2012. ISSN 1005-0302.
[9] Braga, D. F., de Sousa, L., Infante, V., da Silva, L. F.,
and Moreira, P. Aluminum friction stir weldbonding.
Procedia Engineering, 114:223 – 231, 2015. ISSN 18777058.
[10] Bird, C. Ultrasonic phased array inspection technology
for the evaluation of friction stir welds. Insight - NonDestructive Testing and Condition Monitoring, 46(1):
31–36, 2004.
[11] Li, B., Shen, Y., and Hu, W. The study on defects in
aluminum 2219-t6 thick butt friction stir welds with the
application of multiple non-destructive testing methods.
Materials & Design, 32(4):2073 – 2084, 2011. ISSN
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• When manufactured with the proper parameters, hybrid joints presented higher strength
and more ductile single lap joints than FSW
[12] Mandache, C., Levesque, D., Dubourg, L., and
only lap joints;
• The EDS analysis proved that the anodizing
method employed is effective. This analysis
also showed that some hybrid joints presented
strong contaminations due to a refrigerant liquid leak of the FSW machine;
• Although only a few load levels were studied for hybrid joints, they show higher fatigue
strength than FSW joints and slightly lower
fatigue strength than adhesive bonded joints
with 20 mm of overlap.

References
[1] Mishra, R. S., De, P. S., and Kumar, N. Friction Stir
Welding and Processing. Springer, 2014.

10

Gougeon, P. Non-destructive detection of lack of penetration defects in friction stir welds. Science and Technology of Welding and Joining, 17(4):295–303, 2012.

[13] Das, H., Kumar, A., Rajkumar, K. V., Saravanan, T.,
Jayakumar, T., and Pal, T. K. Nondestructive evaluation of friction stir-welded aluminum alloy to coated
steel sheet lap joint. Journal of Materials Engineering
and Performance, 24(11):4192–4199, 2015. ISSN 15441024.

