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ABSTRACT. The main goal of this study is to compare the morphology and
mechanical strength of friction stir spot welded (FSSW) joints and adhesive
bonded stepped joints. The welded joints were produced by friction stir spot
welding, while the adhesive bonded ones used an Araldite 420 A/B adhesive.
All joints were subjected to morphology and microstructure analyses,
microhardness tests, tensile-shear tests and local strain analyses. It was
possible to conclude that the welded joints have higher strength than
adhesive-bonded joints. However, this difference is insignificant, around 5%,
which is covered by the standard deviation. Therefore, FSSW technique
proves to be an alternative to adhesive bonded joints, offering the same
strength. Nevertheless, the friction stir spot welded induces isolated
connection points, which are responsible for stress concentrations.
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INTRODUCTION

the most significant development in the joining technology due to its energy efficiency, environment friendliness

I | riction stir welding (FSW) was invented in 1991 at The Welding Institute (ITWI) of UK and, it is considerate to be

and versatility. Literature even considers this solid-state joining technique as a “green” process, because of no

aggressive radiation emission and no cover gas or flux is used, beyond the lowest energy required when compared to the
traditional ones. On the other hand, in terms of economic aspects, this technique drastically reduces the weld preparation
costs, skilled welder requirements and repair rates [1]. Mishra and Ma [2], for example, report the benefits obtained with the
friction stir welding. Basically, due to the lower temperatures involved, many materials are capable of being joined with good
mechanical properties, low distortions, good surface finish, and high automation potential [3].
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Nowadays, it is well known that FSW has quickly gained acceptance as an efficient method of joining in the maritime,
aerospace, automotive and rail sectors [1]. For example, the Eclipse 500 business jet was the first aircraft that completed the
certification of FSW in detriment of the fasteners [1, 4]. In this aircraft around 7300 fasteners (approximately 60% of the
total) were replaced by 263 friction stir welds. In terms of automotive sector, Mazda Rx-8 sports car use FSW on the
aluminium bonnet and rear doors [1, 4]. However, in these industries adhesive joints are a promising and alternative
technique because they promote several advantages like smaller stress concentration, absence of fretting between materials
to be joined, improved fatigue behavior and easier conformance to complex shapes, amongst many other factors [5]. All
these advantages become more relevant every day with the development of more feasible and durable adhesives [6].
Associated to the adhesive joints is the single lap geometry, because it presents the simplest joint shape. However, due to
the loading eccentricity, the joint’s rotation promote peel and shear stresses with maximum values near to the extremities
of the joint and close of the adhesive/adherends interface [7]. These peak values move into the interior of the joint for
higher loads, and according to Sancaktar and Nirantar [8] the maximum stresses at the overlap edges are determinants on
the failure of such joints. Therefore, literature reports that is possible to improve the final strength of single lap joints by
changing the adherends and adhesive strength [9,10] as well as the elastic modulus of the adhesive [11, 12] and/or adherend
[13, 14], adherend and adhesive thickness [15, 16], overlap length [17, 18] and fillets at the overlap edges [19, 20]. In the last
case, for example, literature even suggests geometries with modified edges in terms of adhesive [21], adherend [22, 23] or
both [24, 25]. Finally, compact solutions of the corner singularity in an adhesively bonded joint were, inclusively, proposed
by Wang and Rose [26].

Keeping the same configuration, but in an attempt to decrease the stress concentration, stepped joints have been found to
exhibit the highest structural efficiency because significant joint load path eccentricities are eliminated when compared with
simple single lap joints [27]. In fact, the stepped lap joint can be considered as a joint to have many single lap joints which
end is bonded with adhesive [28]. However, independently of the success achieved with the stepped lap joints, damage
tolerance principles suggest hybrid joining technologies, in which two or more different joining techniques are combined to
ensure more stringent safety criteria. In such contexts, it is necessary to have a detailed knowledge of each one for a future
hybridization. Therefore, the stepped joint will be used to compare the mechanical performance of friction stir spot welds
against adhesive joints, because, according to the authors' knowledge, this study is not yet reported in the literature. For this
purpose, the considered stepped lap joint includes only three steps and the mechanical strength was compared with resource
to static tensile tests.

MATERIALS AND EXPERIMENTAL PROCEDURE

alloy plate, of 120X120X3 mm size, and an epoxy adhesive Araldite® 420 A/B. This adhesive has very high strength

and toughness and, according to the open literature [3], when combined in FSW+AB joints it reaches a strength
level similar to the adhesive joints. The nominal mechanical properties and chemical composition of the adherends and are
provided in Tables 1 and 2, respectively. The mechanical properties of the adhesive are in Table 3. The geometry and
dimensions of the specimens are shown in Figure 1. The weld was made in the same position that the adhesive, but in only
one spot. For all configurations, alighment tabs were used in order to reduce the singularity of the load and, consequently,
high peel stress in the adhesive.

T his study involves a series of adhesive single lap joints (SLJ) using adherends from an AA5083- H111 aluminium

Alloy AA5083 - H111
Tensile Strength 270-345 MPa
Proof Stress 115 MPa Min
Hardness (Brinell) 75 HB
Elongation A 12 % Min

Table 1: Mechanical properties of the adherends [29].

Alloy Si Fe Mg Mn Cr Zn Ti Al

AA5083-H111 [%] <0.40 <0.40 4-49 0.4-1.0 0.05-0.25 <0.25 <0.15 Balance

Table 2: Chemical composition of the adherends wt. (%) [30].
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Adhesive Gurs [MPa] Gys [MPa] Strain 0.2% Young’s Modulus, E [GPa] & [%0] Y%
Araldite® 420 A/B 35 27 1.85 8.5 0.3

Table 3: Mechanical properties of the adhesive [31].
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Figure 1: Specimen geometry (dimensions in mm).

The samples were split in two groups: adhesive joints and FSSW joints. Relative to the adhesive joints, and before bonding,
some superficial oxides were removed from the surfaces to bond with 220-mesh water sandpaper and cleaned with acetone
to remove any contaminants. After bonding, the adhesive was cured at 50°C for 4 h in a muffle PJ Selecta Model Digithead.
In order to ensure a constant bondline thickness, the specimens were compressed with a constant pressure of about 0.12
MPa, uniformly applied by a weight loading system for specified curing time. This pressure value was selected according to
previous works [32, 33], and an optical microscope with a micrometric base was used to measure the bondline thickness.
An average value of 0.11 mm was obtained without significant dispersion (standard deviation (SD) of 0.009 mm). In terms
of the FSSW joints the tool used has a shoulder diameter of 14 mm and a conical pin of 6 mm diameter in the base and 3
mm in the tip and a height of 2.7 mm. The tool rotational speed was of 500 rpm and the tool plunge depth of 3.1 mm.
These parameters wetre chosen based on previous experiments. Two strings of six equally spaced spots were placed on each
pair of plates, as shown in Fig. 2 a). The welds were placed in the same places of the adhesive bonded areas. These welds
were carried out in a Cincinnati Milacron machine, Model 207MK.

()

Figure 2: a) General view; b) Tool.
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A universal tensile testing machine, Instron - Model 4206, was used to carty out tensile/shear tests according to the standard
ASTM D 1002-01. At least five tests were performed at room temperature in each condition, using a cross-head speed of 1
mm/min. The global strain data for the specimens wete evaluated by means of an Instron 50 mm gauge length clip-on
extensometer, Model Ex2630-112. Local strain data acquisition was achieved using an Aramis 3D 5M optical system (GOM
GmbH) with Digital Image Correlation (DIC) [34]. The full-field displacements of the overlap region were assessed with
this system. Before the tests, all the specimens were prepared by applying a random black speckle pattern over the previously
painted mat white surface of the samples before testing, in order to enable displacement data acquisition.

After the tensile/shear tests a metallographic analysis were performed. For this purpose, the specimens were obtained from
the bonded and FSSW plates, mounted in epoxy resin and ground with silicon carbide papers with a particle size ranging
from P600 to P2500. As it is necessary to a correct analysis the final polishing was done with a diamond suspension of 3
um particle size and the samples were etched with Keller's reagent (50 ml H20, 1 ml HNO3, 2 m]l HCI, 2 ml HF) for 10
sec and analyzed with an optical microscope, Leica DM 4000 M LED. Hardness measurements were also performed using
the equipment SHIMADZU HMV-G, with a load of 1.96 N, for 15 seconds, and 80 indentations were made. The spacing
between each indentation used was 1 mm away from the welding zone, and 0.5 mm close to the welding zone. Only the
welding specimens were analyzed, because the bonded specimens do not show any changes in hardness compared to the
base material.

RESULTS AND DISCUSSION

and FSSW. No significant difference in the maximum load, about 5%, is achieved. However, in terms of

displacement this difference is about 29%. Regarding Figure 3a, it is possible to observe that the failure in bonded
joints occurs essentially by adhesion, while in the welded joints (Figure 3b) the plastic deformation of adherents is visible,
before the final break. According to Sun et al. [35] one of the disadvantages of spot FSW technique is the presence of a
keyhole generally at the center of the stir zone, which is observed in Figure 3b. Therefore, the main limitation of the keyhole
is the possibility of corrosion appearance, but the mechanical properties may be unaffected. So, both joints have advantages
and disadvantages. For example, according to [36] adhesive-bonded joints guarantee a homogeneous stress distribution and,
thus, absence of stress concentrations within the adhesives, but are sensitivity to temperature and aging, which can affect
its use. In case of welded joints by FSSW materials are joined below melting point temperatures, which is an advantage of
enabling the joining of previously difficult to weld materials with good mechanical properties and low distortions but
inducing local stress concentration.

T ab. 4 shows the average results (average of five specimens) obtained by the tensile/shear tests for each series, bonded

Failure Load Displacement at Failure
Joint
Average [N] Std. [N] Average [mm] Std. [mm]
Bonded 5994 535 1.47 0.08
Welded 6301 638 2.07 0.11

Table 4: Average values of the two different joints.

The tensile-shear behavior of the welded joints depends on the welding morphology. So, the microstructure of the base
material and the morphology of the welded joints was evaluated. In the case of the bonded specimens the microstructure is
the same as the base material. Figure 4 shows the microstructure observed for the base material, and Figure 5 the
macrographs for the welded joints.

As observed in Figure 4 the microstructure of material base consists of grains with very irregular geometry, with an average
dimension of approximately 18 um, which is in accordance with other results obtained in the same material [37]. In terms
of welded joints, Figure 5a shows three different zones, the nugget (N), the thermomechanically affected zone (TMAZ) and
the thermally affected zone (TAZ), as well as the final hole of the tool. These zones are shown in more detail in Figure 5b
and are in accordance with the results obtained by Rodriguez et al. [38]. The nugget is the region of equiaxed grain with the
smallest size (5pum), Figure 5 c. It is the region where the grains are submitted to large plastic deformation and the highest
temperature is reached during the welding process, due to the frictional energy coming from the contact of the tool with
the joint material. Consequently, the grains recrystallize but do not have time to grow, obtaining a refined and equiaxial
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structure [39]. The plastic deformation promoted by the tool in the TMAZ, zone which is also affected by the thermal
gradients generated, induces the grain elongation, see Figure 5d. In this study the tool penetrates only the upper plate, so
the most common metallurgical defects like hooking, partial bonding and bonding ligament [40] are reduced.

=
LEoE AR e b SRR

Figure 4: Microstructure of the base material.

The mechanical behavior of the adherents can be influenced by the welding, principally in the vicinity of the welds. Figure
6 illustrates the hardness profile in a plane that crosses one weld completely and the other partially, measured at half
thickness of both plates. Consequently, it is possible to observe two welded zones, identified as 1 and 2. The horizontal line
(grey) represents the hardness of base material, the aluminum alloy AA5083-H111.

In both welds there is an increase in hardness in the vicinity of the weld, which can be justified due to the areas near to the
welding center correspond to zones that suffer greater plastic deformation, resulting from the contact of the FSSW tool
with the sample. It can be also observed a decrease in the hardness at the TAZ, caused by the annealing effect [41]. It is also
verified that the hardness values in weld series 2 are lower than in weld series 1, because the plates suffer some heating due
to the first series of welds. It is found that there is no hardness recovery in the upper right-hand plate, which can be justified
because the heat loss on the right side of this plate, corresponding to its end, occurs only by convection, as represented
schematically in Figure 7.
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3 mm

Figure 5: (a) Macrographs of welded joint; (b) Weld zone; (c) Nugget; (d) TMAZ.
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Figure 6: Hardness profile of welded joints.
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Figure 7: Schematic representation of heat dissipation from the overlapping joint’s top plate.

The local strains along the thickness during tensile shear testing was evaluated using an optical extensometer with digital
image correlation. The results for a adhesive bonded joint are present in Figure 8, while in the case of a welded joint in
Figure 9. From Figure 8a, it may be observed that the deformation starts at the end of the ovetlapping zone. At the maximum
load signs of moderate cleavage and pullout are shown, see Figure 8b. These phenomena are the result of some flexion of
the specimen during the tensile/shear tests, which translates into tensile stresses located at the joint ends [42]. In the case
of the welded joint, the joint started opening at one end of the overlapping zone, and it occurs relatively early. In fact,
observing the deformation caused at middle load, the plates are already separated. Again, moderate pullout and cleavage
were observed. In both cases it can be detected a small flexion of the plates, which leads to the appearance of pull-out loads

at the joint.
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Figure 9: Local strains on the surface of a welded specimen at: a) middle load stage; b) maximum load stage.

Comparing the performance of both joints it can be verified that no significant differences occur in the strength values,
which can be justified by the small hook size, which is a natural fracture trigger, reducing the strength [36]. Although both
joint series collapse at similar maximum loads, the adhesive bonded joints show lower displacement at fracture.

CONCLUSIONS

Comparing the two types of joints, it is possible to draw the following conclusions:
e  No significant differences in terms of strength between adhesive bonded joints and welded joints were found;
e Welded joints show elongation at break slightly higher than adhesive bonded joints;

e  Adhesive boded process does not introduce any structural and mechanical change in the adherends, unlike the friction
stir spot welding process;

e  Adhesive bonded joints require curing time unlike welded connections that can be used immediately.
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