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ABSTRACT. Dissimilar friction stir welding joints are widely employed in the
industrial field due to the excellent microstructural and mechanical properties
of the resulting joints. Nevertheless, to further enhance the weld properties,
the addition of reinforcement particles on the joint-line during the process
has been proven effective for increasing its mechanical performance. In the
present investigation, the microstructure and the impact behaviour of FSWed
joints between AA2024-T351 and AA7075-T651 aluminium plates were
investigated, considering the effect of different process parameters selected
through a full factorial 2* design of experiments: both the rotational and
translational speed of the tool, as well as the addition of AlLO;-SiC
microparticles, were considered as input parameters. Unnotched 10 x 5 x 55
mm impact specimens were tested through an instrumented 50 J Charpy
pendulum: total impact energy, the two complementary initiation and
propagation energies as well as the peak force were correlated to the adopted
process parameters. From the performed analyses, it was found that joints
with reinforcing particles are prone to form wormhole defects across the stir
zone that not only affect the microstructural development, but also the
impact behaviour since they require less energy at break in comparison with
joints fabricated without particles addition.
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INTRODUCTION

riction Stir Welding (FSW), as a solid-state bonding procedure, is one of the most commonly used techniques to

join different materials able to guarantee suitable microstructural and mechanical characteristics, highly competitive

in industrial sectors such as automotive and aerospace [1-4]. The employment of FSW procedure has been
increasing through the years and its development has promoted innovations in terms of equipment and research studies.
Dissimilar joints are one of these kinds of innovative weld arrangements intended to increase specific mechanical features
of a component with the union of the features of two different alloys. Nevertheless, high-quality welds are the result of
comprehensive control of the process due to the different features of the different materials, which could lead to
inadequate heat generation and material flow, thus affecting the mechanical and microstructural behaviour of the final
joint [5-9]. Recently, not only the use of different alloys, but also the introduction of particles across the joint line during
the welding procedure, has gained attention since a remarkable increase of the mechanical features of the joint can be
achieved.
In literature, the static properties of similar FSWed aluminium alloys have been deeply investigated and several studies
focused on the effect that the addition of reinforcing particles has on the mechanical properties of FSWed joints. Salehi et
al. [10] added SiC nanoparticles into the groove of an AAG061 joint before the friction stir processing, finding that the
volume fraction of the nano-SiC particles has an important effect on the final mechanical properties of the joint with
respect to samples obtained without any kind of reinforcement. More recently, Balaji et al. [11] demonstrated that samples
of FSW AAG6063 similar joints produced with the addition of B4C powder show higher hardness and impact properties
than the un-reinforced ones, while the tensile behaviour worsens when the reinforcement is present. Similarly, Kumar et
al. [12] investigated the effect of reinforcing particles addition into an AA6061 alloy, finding that the size and type of the
particles significantly influence and, in most cases, enhance the hardness and wear behaviour of the joint while decreasing
its tensile properties. Nevertheless, most researchers agree that adding reinforcing particles in similar aluminium joints
improve the static mechanical properties.
In latest years, different researchers focused their studies on the production of reinforced aluminium dissimilar alloys.
Muhamad et al. [13] produced dissimilar AA7075-AISI304 FSW-joints investigating the effect of the addition of a
different amount of Al-Ni powder into the joint-line. The authors detected a metallurgical reaction as an effect of the
reinforcing addition, thus promoting an increase of the tensile properties of the joint; however, they found that the
selection of specific process parameters, in this case low rotational speed, is fundamental to obtain the desired increase in
the static mechanical characteristics. Recently, Vimalraj et al. [14] performed a review on the advantages and disadvantages
of the use of reinforcing particles into the groove of dissimilar joints during the process; they emphasize the remarkable
effect induced by the process parameters on the particles dispersion and, in turn, on the mechanical properties of the
joints. Moreover, the authors pointed out that more studies need to be done in terms of comparison of different dissimilar
joints production and on the optimization of amount, type and size of the reinforcement together with the number of
welding passes.
The Charpy impact test is another very useful and straightforward experimental method to assess the effect of process
parameters and microstructure on the impact strength of metallic materials [15] and, in particular, of aluminium alloys
[16-22]. To the authot's knowledge, to date the impact behaviour of similar and dissimilar FSWed aluminium alloys has
not been deeply studied [12,16,23,24]. In the automotive/aerospace field, the need for high resistant and low-density
joints is very strictly; to this objective, dissimilar AA2024-AA7075 joints have been deeply investigated [25-27] but no
data are available in literature as concern impact strength and the influence of reinforcing particles in the absorbed energy.
The aim of the present work is to study the influence of the addition of Al,O3-SiC reinforcing particles on the impact
properties of FSWed AA2024-AA7075 dissimilar joints. The joints were produced with different process parameters
selected according to a full factorial 25 design of experiments. The microstructural features induced by the different
process parameters were correlated to the experimental findings in terms of total absorbed energy, initiation and
propagation energies as well as the peak force of un-notched Charpy samples drawn from the joints. Furthermore,
microstructural and fractographic analyses were performed to investigate the different or combined role of both the
reinforcing particles and the process parameters on the fracture paths.
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EXPERIMENTAL PROCEDURE

through a CNC machine (VM-2, HAAS, Oxnard, CA) and employing a triangular H13 tool steel. Fig. 1a shows

the CAD draws of the geometry and dimensions of the employed tool, while Fig. 1b depicts its real features.
The chemical composition of the plates, listed in Tab. 1, was determined by Optical Emission Spectrometry (OES) (PMI
Master Smart, Oxford Instruments, UK).

D issimilar joints of AA2024 and AA7075 aluminium alloys of 5 mm of thickness were produced via FSW process,
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Figure 1: H13 FSW tool employed to produce the welds: a) CAD draws, b) real tool.

Material Cu Mg Zn Mn Si Fe Al
AA2024-T351 4.80 1.62 0.047 0.653 0.0786  0.224 Bal.
AAT7075-T651 1.59 2.85 5.82  0.0202 0.0696  0.189 Bal.

Table 1: Chemical composition (wt. %) of aluminium alloys.

Figure 2: (a) Plates arrangement for joints production (b) Design of the groove machined on the adjoined sides of the plates
(dimension in [mm]).

Given that the arrangement of the joint is of high importance in dissimilar joints, during the friction stir process AA2024
and AA7075 plates were placed on the advancing-retraining sides, respectively (see Fig. 2). This configuration was chosen
considering that the process surely induces materials mixing and stirring, so significantly affecting the final microstructure
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of the joint. Hence, to decrease the opposition of the material to flow, the metal with higher resistance was put on the
retraining side while the one with lower resistance was arranged on the advancing side. This layout generally promotes a
better mixing of both materials and, in turn, better quality joints [7]. Both un-reinforced and reinforced joints were
performed; ALO3; powder mixed with 2 wt.% SiC micropowder was employed as a reinforcement. In order to efficiently
add the reinforcing particles into the joints the powder was preliminarily dissolved in alcohol and then added into the
groove machined on the adjoined side of each plate.

The process parameters selected to produce the investigated joints were established using a full factorial 2¢ design of
experiments. Both rotational and translational speeds, together with the addition or not addition of the reinforcing
patticles, were considered as input parameters. Central and axial points proposed by Minitab® were used in order to have
external values (low and high) for each factor. The full adopted parameters are summarized in Tab. 2; in particular, joints
from FSW_1 to FSW_7 were fabricated without particles addition, while joints from FSW_8 to FSW_14 were produced
by adding Al,O3-SiC particles.

The impact behaviour of the welds was evaluated by machining 10 mm X 5 mm X 55 mm unnotched Charpy impact
specimens across the joints. Charpy impact tests were performed at room temperature (25 °C) by means of a CEAST
Resil Impactor (Instron-CEAST, Pianezza, Italy) instrumented pendulum with 50 ] of available energy. Three specimens
for each condition were tested. Force-displacement data were recorded using a CEAST DAS 64K acquisition system and
analysed using a tailored Matlab® code to remove noise and calculate the characteristic impact parameters according to
the ISO 14556:2015 standard. The total energy was calculated as the integral of the force-displacement curve and the peak
force F [kN] as the maximum load during the test. The energy absorbed at the peak force was calculated as initiation
energy Ei []], while the complementary energy from the peak force to the end of the test, estimated when the force
reached the 2 % of its peak, was computed as propagation energy Ep [J]. Such parameters from cach sample were
correlated to the process parameters. Fig. 3a depicts the equipment employed to perform the impact tests as well as the
arrangement from where they were obtained, Fig. 3b. Besides the impact behaviour, microstructural analyses were carried
out by stereomicroscopy (SMZ 345T Infinity1l, Nikon, Tokyo, Japan) on samples drawn from the joints for the detection
of possible discontinuities and to measure the superficial area of wormhole defects identified across some welded joints.
The microstructural features of the different characteristic zones of the FSWed joints as well as the reinforcing particles
distribution were studied by optical microscopy (OM) (Eclipse MA20, Nikon) and by image analysis. Moreover,
microstructural and fractographic analyses were also performed by Zeiss EVO MA 15 (Zeiss, Oberkochen, Germany)
scanning electron microscopy (SEM) to investigate the combined role of the reinforcing particles and the process
parameters on the propagation of fracture during Charpy tests and, in turn, their role in affecting the impact behaviour of
the joint materials.

. . Rotational Translational
Microparticles

ot addition zf;;c)l (miflj(:llin)
FSW_1 1000 54
FSW_2 1000 40
FSW_3 1000 40
FSW_4 No 1000 26
FSW_5 1000 40
FSW_6 1071 40
FSW_7 929 40
FSW_8 1050 50
FSW_9 950 50
FSW_10 1050 30
FSW_11 Yes 1000 40
FSW_12 1000 40
FSW_13 950 30
FSW_14 1000 40

Table 2: Designation of joints and corresponding process parameters according to the 2* factorial design of experiments
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Figure 3: (a) CEAST Resil Impact instrumented pendulum and (b) machining position of the Charpy samples.

. Mean defect area
Joint

(mm?)

FSW_1 0.01 +0.02
FSW_2 /
FSW_3 /

No FSW_4 0.20 £ 0.02
FSW_5 /
FSW_6 /
FSW_7 2.10 £ 0.03
FSW_8 2.86 + 0.04
FSW_9 0.77 £ 0.01
FSW_10 2.33 4 0.02

Yes FSW_11 1.42 £ 0.03
FSW_12 1.02 £ 0.03
ESW_13 1.49 £ 0.01
FSW_14 1.26 £ 0.03

Table 3: Wormhole defect area analysis of the investigated joints.

RESULTS AND DISCUSSIONS

Macrostructural and microstructural analysis

different discontinuities preferentially asctibed to wormhole defects and mainly localized at the bottom of the

D ] acrostructural analysis of joints produced with the addition of the reinforcing particles showed the presence of

stir zones in most of the joints. In Tab. 3 the wormhole defects areas measured via image analysis in samples
drawn from all the joints are reported; data are the mean values of the measurements performed on at least three samples
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drawn from each joint. Despite the different employed process parameters, all the joints obtained with the addition of
reinforcing particles showed the presence of wormhole defects in different sizes. Distribution and agglomeration of the
reinforcing particles play a powerful role in the formation of these discontinuities, more crucial than the control of other
process parameters. Joints obtained without any reinforcement, from FSW_1 to FSW_6, showed the almost absence of
this kind of defect. Conversely, in joint FSW_7 the size of wormhole defects was found to be like most of the joints
obtained with the addition of the reinforcing particles; macrostructural evidence of the joints' quality from FSW_1 to
FSW_7 can be observed in Fig. 4. In Fig. 5 a comparison between two samples drawn from FSW_3 and FSW_§,
respectively, is shown: sample FSW_3 presents the best quality among the ones drawn from un-reinforced joints, while
sample FSW_8 obtained with the addition of particles and with the highest rotational and translational speeds exhibits the
biggest wormhole defect. In accordance with different studies [14], [28], [29], the presence of a wormhole defect is due to
a wrong managing of the process parameters, such as the rotational speed and advancing speed, since its bad control
promotes an insufficient material flow and with this a lack of consolidation arousing the formation of the after-mentioned
flaw.

Sample FSW_1 Sample FSW_2 Sample FSW_3 Sample FSW_4

Sample FSW 6 Sample FSW 7

2024 As 7075 RS

o —

2024 AS 7075 RS

Figure 5: Macrographs comparing the joint quality between FSW_3 and FSW_8 samples.

Microstructural analyses performed by OM demonstrated the presence of the typical zones characterizing these solid-state
joints, as well as the evolution of the microstructure across them. The onion ring shape on the stir zone (§Z), the flow of
the metal in the thermo-mechanical zone (TMAZ) and at the interface between TMAZ and SZ, as well as the growing of
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the microstructural features in the heat affected zone (HAZ), were clearly detected. In Fig. 6 the expected microstructural
zones for representative samples of joints FSW_3 and FSW_11 is labelled and clearly identified.

Sample FSW_3

Figure 6: Typical microstructural zones of two FSWed samples: (a) FSW_3, (b) FSW_11

As mentioned before, it is well known that the distribution and agglomeration of the reinforcing particles play a very
important role in the formation of discontinuities in FSWed joints. In Fig. 7 some details at high magnification of a
sample drawn from joint FSW_11 have been highlighted: the blow-up SEM micrograph clearly shows how reinforcing
particles agglomerated in the SZ during the process. A non-optimized mixing of the particles can promote the formation
of clusters in the SZ causing both; an inefficient distribution of the particles inside the two joining materials and
inadequate consolidation of the stirred metal, thus facilitating the formation of the wormhole defect.

2024 AS

Figure 7: Details at high magnification of agglomeration of particles in sample FSW_11.

Tmpact properties

The average impact energies of the tested unnotched Charpy specimens are summarized in Fig. 8. According to the results
and their low standard deviations, it is observed that specimens drawn from un-reinforced joints (FSW_1 to FSW_7)
show higher total energies than the ones obtained with the addition of reinforcing particles (FSW_8 to FSW_14). This
finding is clearly related to the presence of the wormhole defect, which significantly decreases the toughness of joints.
Moreover, it can be observed that the impact energies of specimens drawn from un-reinforced joints are highly dependent
on process parameters.
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Figure 8: Total impact energies (green histograms refer to un-reinforced joints, red histograms refer to reinforced joints).

Fig. 9 shows the mean peak forces reached by the specimens during the tests. From these results it can be noticed that, as
for total energies, joints FSW_1 to FSW_7 displays peak forces that are very sensitive to the process parameters. The
highest values are observed for joints produced with 1000 rpm of rotational speed and 40 mm/s of translational speed.
Conversely, for specimens with reinforcing particles, peak forces are quite independent from the combination of the
process parameters; nevertheless, their peak values are lower than the ones characterizing the un-reinforced joints.
Different authors ([30,31]) demonstrated that a homogeneous distribution of the reinforcing particles as well as their size
and finesse are key factors to enhance the resistance of FSWed joints; hence, the agglomeration of reinforcing particles
found in this investigation surely had a negative effect on the impact resistance of the joints. The formation of
discontinuities, which negatively affect the impact properties, seems to be strictly correlated with the inhomogeneous
distribution of the reinforcing particles.
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Figure 9: Peak forces (green histograms refer to un-reinforced joints, red histograms refer to reinforced joints).

Total absorbed energy was split into the two main complementary contributions, initiation energy (Ei) and propagation
energy (Ep) and reported in Fig. 10 as a percentage of the total impact energy. In general, specimens drawn from joints
produced without the addition of reinforcing particles show the highest contributions of Ei to the total energy, while
reinforced joints display lower values of Ei % for most of the used process parameters. For two specific combinations of
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rotational and translational speeds (FSW_10 and FSW_13) the two complementary contributions of the total energy are
quite the same.
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Figure 10: Percentage of absorbed energy during crack initiation (Ei %) and propagation (Ep %).

The force-displacement curves of the specimens which have absorbed the highest impact energies without and with the
addition of reinforcing particles, respectively, are depicted in Fig. 11. These specimens, drawn from joints FSW_2 and
FWS_12, wete both produced with 1000 tpm and 40 mm/min. In sample FSW_2 the initiation enetrgy and the peak force
are significantly higher than in sample FSW_12. In sample FSW_2 the force drops down quite steeply after the peak force
has been reached, while in sample FSW_12 after the initiation of the crack the material is initially able to resist its
propagation dropping down just at the end of the test. Most of the specimens drawn from the reinforced joints show an

increase of the contribution of Ep to the total energy, particulatly the ones produced with a rotational speed higher than
950 rpm.

Force-displacement
T

Force [kN]

0 05 1 15 2 25 3
Displacement [mm]

Figure 11: Force-displacement curves of two representative specimens drawn from FSW_2 and FSW_12 joints.

Fracture surface analysis

Fig. 12 and Fig. 13 show the most significant features of the fracture surface of specimens drawn from joints FSW_2 and
FSW_12, whose impact behaviour was analysed in the previous paragraph. Firstly, at low magnification, it is possible to
observe the macroscopic appearance of the fracture surfaces, that is the different zones interested by the propagation of
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the crack during the impact strength test; in the blow-up SEM micrographs more details about the fracture mechanisms
can be noticed. In specimen FSW_2 SZ and TMAZ are involved in the crack path and in both the presence of dimples
can be ascribed to the formation of microvoids, which is the predominant fracture mechanism. In specimen FSW_12 are
clearly visible different zones: in the top the typical SZ nugget, characterized by the presence of agglomerated reinforcing
particles, in the middle the SZ with low density of reinforcing particles, and in the bottom the wormhole defect generated
during the friction stir welding process. The presence of the wormhole defects along the crack path is mainly responsible
for the lowest values of both the initiation energy and the peak force of reinforced specimens. The inhomogeneous
distribution of the reinforcing particles also contributes to the peak force decreasing during the crack initiation. initiation
of the crack.

S0

Figure 12: Fracture surface analysis of specimen FSW_2

(W S0um
e e e e ]

Figure 13: Fracture surface analysis of specimen FSW_12

513



4
f'(l
C. Morales et alii, Frattura ed Integrita Strutturale, 60 (2022) 504-515; DOI: 10.3221/1GF-ES1S.60.34 s

CONCLUSIONS

a reinforcement, were developed using process parameters obtained from a 2k design of experiments approach.
Microstructural characterization was performed and correlated with the impact properties of unnotched Charpy
impact samples machined from the joints. From the experimental findings, the following conclusions can be drawn:

D issimilar AA2024-T351/7075-T651 FSWed joints, with and without the addition of Al,O3-SiC powder acting as

e Welded joints obtained with the addition of reinforcing particles are prone to produce wormhole defects mainly
related to insufficient material flow and to the unsound distribution of the reinforcement into the stit zone;
agglomeration of particles was detected on the top of the stir zone in all the produced joints;

e Charpy specimens drawn from reinforced joints show lower impact absorbed energy and peak force than
specimens machined from joints produced without the addition of reinforcing particles and their impact
properties are less sensitive to process parameters. Although their lower impact properties, in reinforced
specimens, the contribution of the propagation energy to the total energy is higher;

e According to the adopted 2+ design of experiments, a 1000 rpm rotational speed together with a 40 mm/s
translational speed seem to be able to guarantee the best impact properties for the investigated dissimilar
AA2024-T351/7075-T651 FSWed joints;

e The fracture surfaces analysis confirmed that the presence of the wormhole defects along the crack path, together
with the inhomogeneous distribution of the reinforcing particles, is mainly responsible for the lowest impact
properties of reinforced joints.
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