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Abstract In this article, the microstructure and mechanical properties of friction stir-welded joints were
evaluated after 15 vol. % of silicon carbide particle (SiCp) were introduced into the joint line, then
compared with another welded joint without using SiC,. The rotational speed of 1750 rpm was applied
during the friction stir welding (FSW) process. The microstructure was assessed at the stir zone (SZ)
using Field Emission Scanning Electron Microscopy (FESEM), and results showed a banded structure of
the particle-rich region of SiCp. The ultimate tensile strength (UTS) was enhanced by 79.6 %, due to the
presence of SiC,. This strength increased significantly due to the pinning effect and enlarged nucleation
sites associated with the SiC,. Furthermore, the reinforced particles induced the fracturing of the primary
grains and showed higher ductility when compared with the SiC, -free specimen.

Keywords: Friction stir welding; 6061 aluminium alloy; Aluminium matrix SiCp; Microstructure;
Mechanical properties.

1. Introduction

Some defects appear in the aluminium alloys after fusion welding, for example solidification
cracks and porosity, which caused reduce in quality of the welded joint [1]. Welding defects are
obtained when using classic fusion techniques in the welding of aluminium matrix composites.
Unwanted chemical reactions between two reinforced surfaces during solidification are
associated with fusion welding [2-5]. FSW is a method to combine dissimilar metals by solid
state (i.e. not dissolved or recasted) and excludes the above problems [1]. The FSW method was
invented at The Welding Institute in the UK in 1991[6]. This welding technique produces an
uneven microstructure characterized by advancing side and retreating side. The path of the
rotational tool is indicated as the advancing side if it is in the same direction as the weld,;
otherwise, it is referred to as the retreating side. This difference in the two sides can lead to
asymmetry in material flow, heat transfer, and weld properties [7].

Several research work has been conducted to study the effect of FSW process parameters on
aluminium alloys. In the reported work, the parameters of FSW process, namely tool rotational
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speed and welding speed were investigated to study the effects of microstructure, tensile
strength, and microhardness on the welding joint [8, 9]. Kim et al. [10] investigated the FSW of
aluminium die casting alloy at different rotational speed. It was found that at different rotation
speed, the size of SiC, at the bottom of the joint was finer than other SZ regions. Moreover, the
effect of rotational speed on the SiC, particle size has no significant effect in the all area of SZ.
Kumar et al [11] analyzed FSW scanning electron microscopy (SEM) of SiC, reinforced 2124
aluminium alloy matrix. Some pores or void formation were observed in the SiC, / matrix
coarse interface in SZ. This is due to the high stirring rates that occur in the SZ of the
composite. SEM observation also revealed the cracking of some coarse SiCp in the SZ. The
authors suggested that the above phenomena may be attributed to the severe stirring of SiC,
with matrix aluminium alloys in the SZ. Storjohann et al [12] studied the microstructure of the
friction stir welded of 2124 aluminium/SiC, and 6061 aluminium/Al.O3 alloys. In both cases,
the reinforcement particles appear to be uniformly distributed and there was no evidence of
adverse reactions in SZ and also agreement with other research conducted in this area.
Furthermore, the hardness measurement showed some difference between SZ and base metals.
Hynes et al [13] studied the effect of SiC, reinforcements employing FSW technique, it has
been reported that the appropriate mechanical properties of the welding joint depend mainly on
the distribution of reinforcement particles. Barmouz et al [14] reported that the grain size of
welded composite layers is finer than the welded specimen without SiCp.

Accordingly, this study aims to investigate the effects of SiCe on the microstructure, tensile
strength and microhardness of friction stir-welded joints of 6061 aluminium alloy.

2. Experimental procedures

The chemical composition of the 6061 aluminium alloy plate with a thickness of 4 mm is shown
in table 1, was measured using an Emission Spectrometer (Q8 Magellan, Model: QM/V/L).
‘Figure 1a’ shows a magnified FESEM micrograph of SiC, as-received. Medium carbon steel
was machined to manufacture the FSW tool, afterward heat-treated to 60 Rockwell Hardness
(HRC) as schematically illustrated in ‘Figure 1b’. The pin tool has a threaded taper was
inscribed in a circle with a diameter of 2 mm, shoulder diameter 20 mm, and pin height 3.7 mm.

Table 1. Chemical compositions of 6061 aluminium alloy (wt %).

Element Al Si Fe Mg Cu Mn

% 97.57 0.525 0.339 1.062 0.120 0.080

-

n  WD=S6mm  EMT=1000KV  SgnalA=SEZ
H Dola 1B Sep 2014 Tene 183734

Figure 1. (a) FESEM micrograph of the as-received SiC, and (b) FSW tool.
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The aluminium plate was cut into strips with dimensions of 210 mm x 200 mm using a
cutting band saw machine. Afterward, 15 vol. % of SiCr was reinforced by the size of the weld
between two strips and tightly pressed using a built fixture. This part of volume fraction was
also considered by Wang et al. [15]. To fix the SiCp along the joint line without dissipation
during the welding process, a tool shoulder without pin was used to submerge the powder before
running the FSW process. The traverse speed of 40 mm/min and rotational speed of 1750 rpm
were then tested[8, 16]. One pass was performed for the FSW process; the specimen data and
processing conditions are listed in table 2. In our study, the rotational speed of 1750 rpm was
adopted, based on the study conducted by Hasan et al. [16]. Furthermore, the reinforcement
particles at this parameter show a continuous uniform distribution (particle-rich regions) over
the interface between two pieces of 6061 aluminium alloy. Thus, friction stir welded of the
specimen at 1750 rpm revealed the highest mechanical properties. Moreover, FSW was
performed under high processing conditions (1750 rpm) but without SiCp to determine the
effects of particle reinforcement on the microstructure and mechanical properties.

Table 2. Review the properties of FSW joints.

Rotational speeds (rpm)  Grain size Percentage of Average UTS (MPa)
(um) elongation microhardness
value (Hv)
1750 1.8 5.8 105 283.158
1750 (without SiCy) 7.371 4.8 88 151.035

The upper surfaces of the FSW joints were ground to remove delayed scratching and oxide
film and were then prepared for metallographic and tensile testing. The metallographic
specimens were chemically etched for 15 min using 1% NaOH, afterward a preliminary analysis
was performed using FESEM apparatus (FEI Nova NanoSEM 450). The average grain size was
measured according to a linear intercept method (ASTM:E112-96) by [17]. According to
ASTM: E8/E8M-11, B557: ETD 2013, tensile specimens of sub-size were mechanically
machined and normal to the welding direction. The microhardness of the SZ was tested by
employing Vickers microhardness (Hv) tester using 1 kgf load for 15 sec.

3. Results and discussions

3.1 Microstructural investigation

The FSW process typically involves four different regions, namely, base metal (BM), heat-
affected zone (HAZ), thermo-mechanically affected zone (TMAZ), and nugget zone (NZ) [18].
The micrographs of SZ from fabricated joints with and without SiCp at 1750 rpm are shown in
‘Figure 2’ (a and b).
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Figure 2. FESEM micrographs of SZ welded at (a) 1750 rpm with
particle-rich regions of SiCp and (b) 1750 rpm without SiCp.

During the FSW process, fine grains are formed when the material undergoes severe plastic
deformation at high temperature. This event is known a dynamic recrystallization [19-21]. SiCp
reinforcements act as fences adjacent to grain boundaries to prevent grain growth by limiting
grain activities, and this phenomena is known pinning effect [21, 22]. SiCr reinforcements
could break up the initial grains during plastic deformation. As mentioned earlier, the rotational
speed of 1750 rpm in current work was considered as higher processing parameter [23]. The
welding parameters during FSW process for the specimen performed at 1750 rpm without SiCp
were similar to the welding specimen at 1750 rpm with particle reinforcement. The purpose of
this work is to demonstrate the impact of SiCp enhancements on the SZ microstructure. Grain
size measurements showed that grain refinement in specimen friction stir welded at 1750 rpm
with SiCp was better than specimen performed without SiCp. This result is due to the thermal
conductivity of SiCp, which dissipates high-heat flow and causes a rapid loss of temperature
compared to the fabricated joint without particles reinforcement. The larger grain size of the
welded specimen without reinforcement particles is related to the high heat input [24]. An
excellent distribution of particles has been observed in specimen friction stir welded with SiCp;
thus, this specimen was referred to as the best heat input specimen.

3.2. Mechanical properties

3.2.1. Tensile properties

The results of the tensile test of friction stir-welded joints are shown in ‘Figure 3’. The results
showed FSW specimens with and without SiCp reinforcement, gives a higher and lower
threshold of UTS values. Higher UTS of the specimen was achieved at 1750 rpm with SiCp,
most likely due to the size of finer grains. According to Hall-Petch relationship, a decrease in
grain size improves tensile properties [25]. Relative to BM, UTS of specimens performed with
and without SiCp was improved by 79.6% and 42.4%, respectively, [12].
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Figure 3. Comparison of tensile strain-stress curves of reinforced specimens with SiCp and
without SiCp.

3.2.2. Vickers Microhardness

The average microhardness of 6061 aluminium alloy BM was found after a hardness test of
about 94 Hv. The behavior of microhardness specimens is depicted in ‘Figure 4’ and a declined
in microhardness distributions along the SZ can be realized. The microhardness of the SiCp
reinforced joint is extremely correlated with the grain size, the presence of particles reinforcing,
dislocation density and heat input. According to the Hall-Petch equation, smaller grains are
associated with higher microhardness values [26].

H, =H,+K,d™"? 1)

Where Hy is the hardness, Hy, and Kn are the appropriate constants associated with

the hardness measurements, and d is the grain size. Reinforcing particles have double
effects on microhardness due to SiCp pinning effect on grain boundary [26]. The greater
microhardness of SZ compared to BM is due to the excellent bonding behavior between SiCe
dispersant and aluminium matrix composites. However, the reduction of microhardness may
occur due to the annealing effect associated with the heat input [27].
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Figure 4.Microhardness behavior of specimens welded at 1750 rpm with SiCp and without
SiCp.

4. Conclusions
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In this study, SiCp was used during FSW to improve the mechanical properties of the
specimens. The microstructure and mechanical properties, namely tensile strength, and
microhardness behavior, were examined. The 6061 aluminium alloy matrix reinforced with
SiCp was developed in the SZ. At 1750 rpm, the particle distribution was enhanced due to pin
stirring action. The SiCp reinforcement decreases the size of grains by preventing grain growth
and segmentation original grains during deformation. The UTS of the specimen friction stir-
welded with SiCp was 37.2 % greater than the specimen friction stir-welded without SiCp
reinforcement.
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