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Friction stir welding is a multipurpose solid-state joining
process mainly used for aluminium and steel plates and frames.
Friction stir welded non-ferrous metallic alloys, similar or
dissimilar, in particular aluminium alloys, provide opportunities
for the improvement and developement of new product designs.
This paper investigates the correlation between the mechanical
behaviour and morphological structures of friction stir welded
Al-Mg-Si(Cu) alloy plates in two temper conditions. Micro
Vickers hardness and tensile tests were carried out. Additionally,
morphology was investigated using optical microscopy and
scanning electron microscopy. Samples subjected to the post
weld heat treatment were shown to have the best properties
owing to the formation of a significant number of hardening
particles which, added to the nugget grain refinement, resulted
in the increase of the material strength.
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1. INTRODUCTION

After two decades of research and collection of data on
friction stir welding (FSW), the technological progress achieved
in the area can be logically and fairly said to prove the reliability
of the FSW, especially when it comes to aluminium alloys.

As a solid-state welding process, FSW causes less distortion
and changes in metallurgical and mechanical properties
compared to conventional fusion processes (Mishra and Ma,
2005; Mishra, Partha and Kumar, 2014). The transversal tool
movement produces an intricate material flow pattern, which
varies depending on the following parameters: tool geometry
and workpiece penetration, heat flow, tilt angle, rotational and
transverse speed (Chao et al., 2003; Galvéo et al., 2010; Leal et al.,
2008; Sun et al., 2013; Velichko et al., 2016).

Post-welding aging treatments tend to increase
microhardness in the weld zone. However, in some circumstances
they may also increase or decrease elongation, yield and tensile
strength, as well as the fatigue crack propagation rate (Cerri and
Leo, 2013; Malopheyey, S. et al., 2016; Mishra, Partha and Kumar,
2014).

The research on the FSW process and its weldable alloys
focuses on a wide range of structures. Typical uses are from
window frames to heavily loaded structures, like airframes,
aerospace parts, oil and gas tanks, wagons and for automotive
purposes, as well as different types of ships and ship parts (Chen
et al, 2009; Engler and Hirsch, 2002; Johnson and Threadgill,
2003; Mendes et al., 2016). The FSW process results in high quality
welds, with virtually no solidification cracking, porosity, oxidation
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and other defects commonly found in fusion welding processes
(Chao et al,, 2003; Chen et al., 2009). Due to its energy efficiency,
environment friendliness and versatility, the FSW process is
considered a “green” and efficient technology. The FSW process
therefore uses a non-consumable tool; no cover gas or flux is
used, thus making the process environmentally friendly (Mishra
and Ma, 2005; Thomas, 1998).

Friction stir welds of polymers, mild steel, non-ferrous
metallic alloys, similar or dissimilar, in particular aluminium alloys,
provide opportunities for the improvement and development of
new product designs. In this type of welding, residual stresses,
field distribution and crack propagation require a carefully
thought-out tool design (Fratini and Pasta, 2012; Kallee et al,,
2001), particularly in case of complex joints such as lap, overlap
welds, T-sections and corner welds and welding positions like
overhead and orbital, which are included in the project (ISO
25239-2:2011,2011; Kallee et al., 2001; Thomas, 1998).

Aluminium alloys are suitable for friction stir welding
processdue totheirrelatively low solid-state welding temperature
- approximately 80 % of Al melting point (660°C) (Callister, 2013;
Hatch, 1984; Mishra, Parthaand Kumar, 2014). Al alloys are likewise
suitable for FSW processes due to their corrosion resistance (due
to the formation of an adherent thin film of Al203) and low mass
density (Al-Jarrah et al., 2014, Callister, 2013; Mishra, Partha and
Kumar, 2014; Vargel, 2004).

The purpose of this paper is to analyse the mechanical
behaviour and the microstructure of Al-Mg-Si-Cu alloy plates
which are friction stir welded and heat treated in two different
temper conditions.

2. TECHNICAL APPROACH
2.1. Aluminium Alloys in Shipbuilding

Recommendations for aluminium alloys used in
shipbuilding, specific for hull construction and marine structures,
are divided into two general groups - rolled and extruded
products. Rolled plates, sheets and strips are manufactured using
Al 5xxx series - AA 5083, 5086, 5383, 5059, 5754, 5454, 5456, 5474
aluminium alloys - usually alloyed with Mg under O, H112, H116
and H321 temper conditions. Extruded products - bars, profiles
and shapes - are made from aluminium alloys AA 5083, 5383,
5059 and 5086 under O, H111, H112 temper conditions. Likewise,
in the Al 6xxx series - AA 6005A, 6060, 6106, 6061, 6063, 6082 —
Mg and Si are the dominant alloying elements used in T5 and T6
temper conditions (ASM Handbook vol 2 and 4, 2001; IACS, 2009;
Hatch, 1984; Sielski 2007; SSC-452, 2007; Vargel, 2004).

Broad aluminium panels manufactured with the FSW
process, used in cruise ships, catamarans and other high-speed
ferrys are the examples of typical applications (Kallee, 2000;
Kallee, Nicholas and Thomas, 2001), as are the FSW of extruded Al

panels used for freezing fish onboard fishing ships, and extruded
Al honeycomb and seawater resistant panels for hulls and decks,
welded using the same process (Johnson and Threadgill, 2003;
Kallee, 2000; Kallee, Nicholas and Thomas, 2001).

AA5xxx and AA6xxx plates and extrusions, and the FSW
process are among the most common marine applications
(Johnson and Threadgill, 2003). AA 6061, 6082 T6, AA 5083 and
H112 and H116 were among the first aluminium alloy FSW joints
to be commercially introduced into shipbuilding (Colligan, 2004;
Johnson and Threadgill, 2003; Kallee, 2000; Kallee, Nicholas and
Thomas, 2001).

The mechanical properties of 5xxx series aluminium
alloys are usually improved by cold working. On the other
hand, mechanical properties of 6xxx series alloys are improved
considerably by the precipitation of coherent second phase
particles after thermal treatment (Hatch, 1984).

Aluminium alloys with Cu additions, more specifically the
AA6xxx and 7xxx-series Al, are used as medium-strength structural
alloys, due to their good corrosion resistance and mechanical
properties owing to the formation of fine intermetallic particles
(Esmaily et al., 2016; Mishra, Partha and Kumar, 2014; Olea et al,
2007). AA5xxx-series aluminium alloys H116 under tempered
condition have shown good corrosion resistance, especially to
exfoliation corrosion (Mishra, Partha and Kumar, 2014; Vargel,
2004).

2.2. Friction Stir Welding Process

Developed by The Welding Institute (TWI), UK, in the
early 1990’s, the FSW process works by plunging a rotating
tool into the joint until the tool’s shoulder touches the joint
line; then traversing the rotating tool along the joint, as shown
schematically in Figure 1 (Mendes et al., 2016; Mishra and Ma,
2005; Thomas, 1991). The rotating tool is usually slightly tilted
during the FSW process, within a tilt angle of maximum 3°, to
ensure the necessary amount of torque and forces needed to
obtain defect-free welds in the initial stages of welding (Banik et
al.,, 2018).

The large plastic deformation around the rotating tool
during the welding process and the friction between the tool and
the workpieces are the two main heat generators in FSW. Both
aspects increase temperature in and around the stirred zone,
although friction is considered the major source of heat (Mishra
and Ma, 2005; Olea, 2008; Mishra, Partha and Kumar, 2014).

The microstructural changes and the consequential altered
mechanical operation of friction stir welded joints are important
issues to be studied. The influence of the heat flow, rotation and
welding speed on workpiece structure, mainly in the nugget and
thermomechanical affected zone, are evident (Moreira et. al.,
2009; Mishra, Partha and Kumar, 2014). Dynamic recrystallization
is likely to occur due to the temperature and pressure applied
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Figure 1.
Illustration of the FSW process.

during the FSW of aluminium alloys (Heinz and Skrotzki, 2002).
The FSW process also causes a decrease in dislocation density and
in the dissolution of the strengthening precipitates (Mishra and
Ma, 2005; Sidhar et al., 2016). However, the mechanical properties
of a post-weld heat treatment of heat-treatable aluminium alloys
change significantly due to the formation of alloying element
second phase particles, such as CuAl2 — 6 phase, Mg2Si - 8 phase
and Q phase, a quaternary compound of Al-Cu-Mg and Si with
varying stoichiometry and different morphologies (Chakrabarti,
D. J. and Laughlin, 2004; Heinz and Skrotzki, 2002; Murayama et
al,, 2001; Olea et al.,, 2007, Sidhar et al., 2016; Vivas et al., 1997).
According to Hill (2015) and Liu et al. (2018), when alloying
elements such as Fe and Mn are kept at high temperatures, they
might generate second phase particles which increase their
volume fracture and particle size.

The FSW technology was developed using sophisticated
robotic systems and software, facilitating the use of the FSW
process in a wide range of industrial applications and working
conditions (Mendes et al, 2016). Both experimental and
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numerical analysis are important for understanding the heat flow
and the transfer between the steel tool and the workpiece during
the FSW process, and the weld morphology (Chao et al., 2003;
Fratini et al., 2006; Sadeghian, Taherizadeh and Atapour, 2018;
Zhao et al,, 2018). Authors Ku, Ha and Roh (2014) developed
a mobile welding robot and software controls to be used for
welding double hull structures in shipyards. On the other hand,
Cavaliere (2013), using a database obtained from experimental
data, developed a friction stir weld mechanical behaviour
prediction model. The model takes mechanical properties into
consideration.

3. EXPERIMENT

Al-Mg-Si with Cu alloy 4 mm thick rolled plates were friction
stir butt welded using a Tricept 805 robot with a CNC controller.
The FSW was performed at rotational speed of 1600 rpm and tool
transverse speed of 800 mm/min, with a 3° tilt. The investigated
heat treatment conditions are listed in Table 1.
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Table 1.
Description of the plate heat treatement.

Temper condition  Description

PWHT
FSWT6

Vickers microhardness profiles were obtained from the
perpendicular cross section welding direction, using a HMV200
Shimadzu from Struers, with a Vickers indenter having the load
of 100 gf (HV0.1). A 0.5 mm step between indentations was used
along the centerline of the plates.

The tensile tests were performed using a servo-hydraulic
INSTRON model 1195. In the conventional tensile test, full-scale
load was 50 kN, with a test speed of 1 mm/min.

Optical microscopy (OM) samples were etched with Flick
reagent (i.e. 10 ml HF, 15ml HCI and 90 ml deionized water) and
analysed with an Olympus PMGS3.

Table 2.

Composition of the Al-Mg-Si-Cu alloy (wt. %).
Elements Mg Si Cu Mn
Wt. % 0.76 0.92 0.77 0.56

4. RESULTS AND DISCUSSION

The Al-6xxx series alloyed mainly with Mg, Si and Cu, also
contains a fair amount of Mn and Fe. The alloying elements
mostly contribute by increasing material hardness and strength
by forming complex, intermetallic second phase particles and
the substitutional solid solution (Hatch, 1984).

4.1. Mechanical testing

The relationship  between  macrostructure  and
microhardness, taken as a function of position along the weld
cross section, is shown in Figure 1. The macrostructure presented
in Figure 1(a) outlines the base material (BM) and the weld zones
- heat-affected zone (HAZ), thermo-mechanically affected zone
(TMAZ) and nugget zone (NZ). Figure 1(b) illustrates the Vickers

FSW in T4 and heat treatment in an air furnace to T6 at 190°C for 4h (ASM Handbook vol. 4, 2001)
Artificially aged at 190°C for 4h and friction stir welded

The morphologies of the grains and second phase particles
were obtained by SEM, using a Zeiss DSM 962 device in SE and
BSE modes. The chemical composition of the particles was
obtained by energy dispersive X-Ray spectroscopy (EDS) with a
Si-Li detector coupled with SEM.

Specimens were not etched in SEM analysis. The macro-
and microstructures of the weld were revealed with Flick reagent
(i.e. 10 ml HF, 15ml HCl and 90 ml deionized water) and analysed
with an Olympus PMG3 optical microscope (OP).

The chemical composition of the base material in weight %
is given in Table 2.

Fe Zn Ti Zr Pb Al
0.24 0.19 0.012 0.11 0.003 bal.

microhardness profile of Al-Mg-Si-Cu plates in FSW T4, FSW T4 +
PWHT and FSW T6 conditions, measured along the centerline of
the cross section.

The macrostructure of the weld is a source of information
on the retreating and advancing sides, and facilitates clear
identification of the NZ (coloured with a darker tone after
etching). Also, the U-shape of the weld zone broadens at the top
due to the firm contact between the shoulder of the tool and the
upper surface — Figure 1(a).

The hardness profile of the plates showed that the hardness
of the PWHT increased compared to the FSW T6, especially the
TMAZ and NZ zones. Taking into consideration the lowest TMAZ
and the highest NZ hardness values, the hardness of PWHT
plates increased by approx. 20 HV in TMAZ and 40 HV in NZ when
compared to FSW T6 hardness results — Figure 1(b). HAZ is not
significantly affected by the FSW process.
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(a) Macrostructure of the weld cross section and (b) Microhardness profiles of FSW PWHT and FSW T6.

Uniaxial tensile tests were performed at room temperature.  the mechanical properties of the base material and welded
The results for both base materials (BM) with welded components  specimens under T6 temper conditions.
are given for an average of three specimens. Table 3 illustrates

Table 3.
Results of uniaxial tensile tests for the base material and welded specimens under given temper conditions.
WF WEF
Material: R0z R, WF
' Al%] Rp - R,
Al-Mg-Si-Cu [MPa] [MPa] ' Al%]
(%] [%]
BMT6 339 353 7 -- -- --
PWHT 318 329 1 94 93 14,3
FSWT6 218 299 4 64 85 57
R, - yield strength; R - tensile strength; A - elongation.

WF - weld/joint efficiency (i.e. WF ratio between the static properties of the weld and of the BM).
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A failure pattern was observed in TMAZ in the retreating
side of the welds - Figure 2(a). Except in the welded tested
specimens in T6 temper conditions, the value of WF exceeded
85 % for R ,,andR , confirming the high strength of joints made
by friction stir welds.

The yield strength (Rp »,) and tensile strength (R ) of PWHT
tested specimens are in the range of the mechanical properties
required for hull construction and marine structures. The results
of the SSC-452 (2007) guide have shown that an AA 6082 T6
base material yielded 286 MPa and 301 MPa of R o, and R,
respectively. The same AA 6082 Al alloy, friction stir welded in T6,
delivered the yield strength of 160 MPa and tensile strength of
254 MPa. The PWHT results for the same alloy delivered 285 MPa
and 310 MPa of R, ., and R , respectively. The elongation % of
the AA 6082 T6 base material and the T4 FSW, aged to T6, were
approx. 10 % and 9 %, respectively (SSC-452, 2007).

5-50 mm thick sheets and plates for marine applications,
made from 5xxx series aluminium alloys yielded R, ,, between
195and 270 MPaand R  between 250 and 438 MPa (Sielski, 2007).

The extruded products of Al 6xxx series alloys having the
thickness of 3 and 50 mm require 170-200 MPa and 260 MPa
of yield strength and 260 and 310 MPa of tensile strength in T6
temper conditions (IACS, 2009; Sielski 2007; SSC-452, 2007).

4.2. Morfology

Figure 4 shows the microstructure of the Al-6xxx alloy
PWHT and FSW of the friction stir welded specimens from the
SEM perspective. SEM image - Figure 4(a) shows the details of the
interface between TMAZ and NZ, while Figure 4(b) shows NZ with
small equiaxed recrystallized grains.

Figure 3.

OP images of the (a) base material grain morphology, and (b) interface between the nugget zone and the thermomechanically

affected zone. Flick reagent.

Grain size and the morphology of friction stir welded
plates in NZ, TMAZ and HAZ of PWHT and FSW T6 did not show
significant changes.

The grain morphology along the weld zones of the Al-Mg-
Si-Cu alloy PWHT changes under FSW T6 conditions — Figure 2(a).
The BM represents elongated, pancake-shaped, 100-300 um long
grains on the BM - Figure 3(a) equiaxed 5.6 - 2.8 um grains at NZ
- Figures 3(b) and 4(b). Between the TMAZ and the NZ, there is
a distinct interface of elongated grains twisted at 90° and small
equiaxed grains - Figures 2(a), 3(b) and 4(a).

Figure 5 shows evenly distributed second phase particles
— white spherical, oval and rod-shaped, having the average size
between 100 and 500 nm - and coarse irregular micrometric
particles. The SEM/EDS particle analysis from Figure 5 indicates
the presence of Al-Cu-Mg-Si-Mn and Fe, suggesting the
formation of Mg-Si, Al-Cu, Al-Cu-Mg-Si, and Al(Mn,Fe)Si second
phase particles (Chakrabarti, D. J. and Laughlin, 2004; Hill, 2015).
Previous work on Al-Mg-Si-Cu alloys using transmission electron
microscopy (TEM) and the selected area diffraction pattern
(SADP) indicate that the greatest contribution to alloy hardening
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Figure 4.

SEM images of the weld (a) interface between NZ (small recrystallized grains) and TMAZ (elongated grain), and (b) nugget zone.

Figure 5.
SEM image - TMAZ zone under PWHT temper condition,
with the sizes of several second phase particles.

and strengthening occurs in the Q phase (Al-Cu-Mg-Si particles)
(Chakrabarti, D. J. and Laughlin, 2004; Olea et al., 2007; Gallais,
2008).

The grain refinement in NZ under the FSW T6 condition
does not have the main role in material strengthening. For
example, the BM T6 condition yields the strength of 339 MPa,
which is considerable higher than the FSW T6 yield strength of
218 MPa. Under this condition, the extra heat generated by the
high temperature of the FSW process (approximately 80 % of
melting point) dissolved the strengthening precipitates in the Al

Trans. marit. sci. 2019; 08: 75-83

matrix. In addition, the contribution of coarse particles to alloy
strengthening is low (Hill, 2015; Mishra and Ma, 2005; Sidhar et al.,
2016). On the other hand, the PWHT - FSW in T4 and the 4-hour
heat treatment of T6 at 190°C, resulted in only a minor decrease
in hardness in comparison with BM yield strength. In this case,
the heat treatment after friction stir welding greatly contributes
to the precipitation of the strengthening Q phase precipitates
(Chakrabarti, D. J. and Laughlin, 2004; Heinz and Skrotzki, 2002;
Murayama et al., 2001; Sidhar et al., 2016).

The results of the microhardness profile correlate very well
with the tensile test results. Hardness in NZ and TMAZ increased
with the PWHT. FSW T6 small grain size in NZ compared with BM
did not effectively contribute to the increase in hardness.

5. CONCLUSIONS

The results indicate there is a correlation between the
mechanical properties and the microstructural evolution
associated with the FSW solid-state welding process using the Al-
Mg-Si-Cu alloy under PWHT and FSW T6 temper conditions.

The FSW joint had four distinct zones - BM, HAZ, TMAZ
and NZ. BM and HAZ did not show significant alterations either
in grain morphology and size, nor in mechanical properties in
either of these temper conditions. The BM elongated pancake-
shaped 100-300 um long grains and the NZ equiaxed and 5.6-
2.8 um recrystallized grains were found. SEM also identified and
measured second phase particles sized 100 nm - several um.

The evaluation of the microhardness profile and tensile
tests indicated that the TMAZ and the NZ of a joint welded
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under the PWHT condition increased the strength along the
joint, giving better results than FSW T6. These results indicate
that the PWHT propitiated the formation of a significant amount
of strengthening precipitates in the NZ, which increased the
strength of the material. However, the decrease in grain size did
not translate into a significant increase in material strength.
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