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Featured Application: This work is aimed at the optimization of the friction stir welded joint with
particular attention to the specific material and the specific application of the welded product in
order to widely implement this technology in the industrial field.

Abstract: The aim of this work is to evaluate the difference between the properties of several aluminum
alloy joints welded with the traditional air-cooled friction stir welding process and others obtained by
the combination of the traditional friction stir welding setup with a water-cooling system. In particular,
precipitation-hardening alloys AA2024-T3, AA6082-T6 and AA7075-T6, and a work-hardening alloy,
AA5754-H111, were taken into account. From Rockwell and Vickers hardness maps, it was possible to
observe a clear dependence of the hardness distribution on the cooling systems; joints obtained using a
water-cooling system showed higher values of hardness, reached in the central zone and a narrow area
interested by the hardness reduction for all the tested alloys. From tensile tests executed orthogonally
to the welding direction, it was possible to observe that the alloys have responded differently in
terms of ultimate tensile strength and final elongation when the water-cooling system was used. The
microstructural analysis of the three precipitation-hardening alloys showed a larger average grain
size in the nugget zones for the water-cooled condition. Moreover, in the thermo-mechanically altered
zones of the water-cooled AA6082 and AA7075 joints, the grains were characterized by a smaller
average size than the grains of the same air-cooled welds.

Keywords: friction stir welding; aluminum alloys; precipitation-hardening alloy; work-hardening
alloy; water-cooling system

1. Introduction

Aluminum has proven to be a material of considerable interest in engineering, especially in the
aeronautic and automotive sectors, because of its advantageous ratio between mechanical properties
and weight. Significant importance in these fields is assumed by the aluminum precipitation-hardening
alloys, which can achieve mechanical properties comparable to those of structural steel [1,2].

The precipitation-hardening mechanism is based on the reduction of the solubility of the alloying
elements, which occurs from high temperatures to room temperature [3]. By carrying out a solubilization
quench, that is moving in the solubility field with sudden cooling, the dispersion of the alloy elements
is obtained in the form of clusters. Subsequently, these clusters split up to give nano-metric precipitates
dispersed in the matrix that allow these alloys to reach the mechanical characteristics that distinguish
them, by preventing the movement of the dislocations [4].
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However, these alloys are characterized by a considerable difficulty in welding, since the
achievement of the melting temperature leads to the elimination of this treatment and therefore to the
rapid decline of the mechanical properties.

In fact, the high temperature reached in traditional welding techniques leads to the diffusion of
the heat coming from the welding joint in the surrounding areas, creating a very wide heat affected
zone characterized by an important microstructural alteration. These microstructure changes lead to
an enlargement of the grains, responsible for the reduction of mechanical properties. Hall and Petch
(H-P) have demonstrated that the strength of metallic materials increases when the grain size is smaller,
as shown by this relationship [5]:

oy = oo +ky/ Vd (1)

where oy is the yield strength, oy is a constant for the starting stress for dislocation movement and it
depends on the material, k is H-P slope and d is the average grain diameter.

Furthermore, the heat-affected zone generated by a traditional welding technique is characterized
by various types of defects and problems. For example, porosity can be generated due to any gas
trapped during solidification, or inclusions of slag, such as oxides, remaining in the joint can make it
very brittle. One of the most important welding problems consists of the hot or cold cracks generated
during the weld solidification (due to the presence of impurities) or during the weld cooling (due to
the residual stress generated by the hydrogen trapped in the joint).

For these reasons, over the years, numerous alternative welding technologies have been developed
in order to reduce the amount of heat generated during the process, including Friction Stir Welding
(FSW) [6].

Since FSW is a solid-state bonding technology, it is possible to weld together many and different
materials obtaining a higher level of quality than that achieved with traditional welding techniques [7-9].
In fact, in the FSW joints, the porosity is very low and there is no formation of cracks, due to the limited
contribution of the heat generated during the process. Finally, this limited thermal flux leads to an
important reduction of the residual stress state of the welded joints and of the distortions of the final
products [10].

The FSW uses the rotating action of a tool, called a pin, which is interposed between two sheets
to be joined. The mechanical action of the pin leads to mixing of the plasticized metal and to the
achievement of a solid-state solution between the two sheets, so resulting in a considerable variation of
the joint microstructure [11,12].

In the last decade, several research studies have been carried out to analyze the correlation between
the friction stir welding process and the joint microstructure; this affects both the mechanical and
metallurgical properties of the welded products [13-16]. With the aim of limiting these microstructural
distortions inside the joint, other researchers have investigated the possibility of performing some
post-welding heat treatments [15-19]. Indeed, better microstructural control would allow to obtain
even better mechanical properties than those that can be already obtained from a traditional FSW
process. In view of this, the recent development in this field of research is moving towards the
development of friction stir process operations in which a cooling system is present to limit the effect
of the thermal flux on the material during the welding process [20]. This type of system allows the
control of the microstructure of the joints during the welding process, limiting the need for post-process
heat treatments.

Several researchers have studied the response of a specific aluminum alloy to the cooling treatment
during welding in the last years [21-25]. L. Fratini et al. [26] examined the mechanical and metallurgical
effects of in-process cooling FSW of AA7075-T6 butt joints. W.E. Xu et al. [27] studied the FSW of thick
AA2219 sheets considering air-cooling and water-cooling systems. Cho et al. [28] observed the effects
of a cooling system combined with an FSW process on an extruded AA6082 billet. However, little has
been done on the comparison of the effects of a water-cooling approach applied to a different series of
aluminum alloys.
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In the present paper, both precipitation-hardening alloys (AA2024-T3, AA6082-T6 and AA7075-T6)
and a work-hardening alloy (AA5754-H111) have been taken into consideration in order to evaluate
the difference between the properties of the joints welded with traditional air-cooled FSW process and
those obtained by combining a traditional FSW setup with a water-cooling system. The choice of the
studied materials fell on these aluminum alloys, as they are the most used in the industrial field.

The research aims to investigate the effects of a water-cooling system on the mechanical properties
and the microstructural characteristics of the joints for all the alloys studied in order to compare the
effects and to identify the optimal working conditions for each material.

2. Materials and Methods

The chemical composition and the mechanical properties of the base aluminum alloys used in the
experimental procedure are reported in Tables 1 and 2.

Table 1. Chemical composition (% weight) of the base materials.

Alloy Al Si Fe Cu Mn Mg Zn Ti Cr
AA2024—T3 bulk 0.06 0.09 4.50 0.46 1.40 0.08 0.04 0.03
AA6082—T6 bulk 0.9 0.36 0.07 0.42 0.8 0.05 0.03 0.02

AA7075—T6 bulk 0.05 0.10 1.53 0.008 2.54 5.72 0.04 0.20
AA5754—H111 bulk 0.103 0.34 0.059 0.318 2.808 0.019 0.009 0.019

Table 2. Mechanical properties of the base materials.

AA2024—T3 344 464 16

AA6082—T6 281 326 16

AA7075—T6 512 576 13.5
AA5754—H111 84 212 259

Both air-cooled and water-cooled FSW tests were carried out for each material on 200 X 80 x 4 mm
sheets using a FAMUP MC60 CNC machine equipped with a suitable tool for the Friction Stir Welding.
The tool was characterized by a smooth flat shoulder (16 mm diameter) and a frustum of cone pin
(maximum and minimum diameters equal to 6 and 4 mm, height equal to 3.8 mm) (Figure 1).

Due to the considerable forces generated during an FSW welding, it was necessary to fix the
sheets to be welded on a support plate through 6 grips, as reported in Figure 2.

The welding parameters have been defined through a detailed bibliographic analysis, to obtain
the best combination of rotational speed and feed rate for each alloy maximizing the mechanical
characteristics of the welded joints [6,11,13,29-33].

Table 3 shows the parameters used in the experimental campaign.

To realize the water-cooled welded joints, a cooling system was appropriately designed and
implemented, which allows a continuous and controlled flow of water at room temperature in the
welding area. To ensure that no particles of water remain blocked in the joint during the welding
process, the water has been kept away from the not yet welded part of the sheets by the presence of a
bulkhead fixed near the pin (Figure 3).
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Figure 1. Friction Stir Welding (FSW) tool geometry.
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Figure 2. Support plate for the Friction Stir Welding (FSW) process.

Table 3. Parameters used for the experimental setup.

Aluminum Alloy Rotational Speed Feed Ra.lte "l.“ool. T(.)ol Penetration Depth
[rad/s] [mm/min] Inclination into the Sheets [mm]
AA2024-T3 125.7 100 3° 3.99
AA6082-T6 251.4 375 3° 3.99
AA7075-T6 157.1 40 3° 3.99
AA5754-H111 125.7 250 3° 3.99
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Figure 3. Water-cooling system (a) and detail of the bulkhead (b).

The samples were obtained by cutting the welded sheet in the rectangular area underlined in
Figure 4, obtaining a 160 X 20 mm sample, as shown in Figure 5.

Figure 4. Part of the welded sheet on which the samples were cut out.

Figure 5. Appearance and morphology of a longitudinally cut Friction Stir Welded joint.

The mechanical characteristics of both air-cooled and water-cooled joints were evaluated by means
of hardness and tensile tests of the joints.

The authors chose to perform the Vickers hardness tests on the cross-section of the specimen
and the Rockwell hardness on the top surface of the specimens mainly due to the surface preparation
requirements of the ASTM E92-17 standard for performing the Vickers test. In fact, in order to execute
Vickers hardness tests, it is necessary to achieve a surface preparation that was not possible to obtain
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on the whole extension of the top of the samples (160 x 20 mm). Therefore, the authors preferred to
perform Rockwell hardness tests on the entire length of the specimens without losing the data relating
to the outermost parts of the sample. Rockwell tests (HRB) were executed using a 5 mm spaced grid on
the top of the specimen according to ISO 6508, while Vickers tests (HV) were executed using a 1 mm
spaced grid on the transversal section of the specimen according to ASTM E92-17 and using a load
of 1000 gf to limit the elastic recovery of the material that could modify the measured values. Both
hardness tests were carried out moving from the center of the welded joints until the hardness of the
base material was reached.

Tensile tests (5 repetitions) were conducted according to UNI EN ISO 6892-1:2016 using a testing
machine Galdabini with a load cell of 50 kN. The tests were carried out orthogonally to the welding
direction, with the welding center placed in the middle of the specimen, according to EN 10002-1:2001,
under speed control (0.13 mm/s) and with a pre-load equal to 0.5 kN.

The microstructure of both the base materials and the cross-section specimens (Figure 5) was
observed at the optical microscope only for precipitation-hardening alloys since on their microstructure
the welding process is more damaging. The samples were mounted in a cold-working resin, polished
up to 0.05 pm with alumina suspension and etched by Keller (for AA2024 and AA7075) and Weck
solutions (for AA6082). It is important to remark that all the tested specimens were extracted from a
region of the welded sheet in which the steady state conditions of the process were achieved.

The average size of the grain in the base materials and also in correspondence of both the nugget
and the Thermo Mechanically Altered Zones (TMAZs) was determined according to the Heyn lineal
intercept procedure (ASTM E 112-13) on images obtained with an optical microscope with 400x
magnification for the nugget and 200x for the TMAZs and for the base metals.

For each line drawn, the intercepted grain boundaries were counted and then the final average
size of the single grain was calculated according to Equation (2).

d= Ajn/M ()

Aint = line /1 3)

where:

d: average grain diameter;

Ajp: average line length intersected;

M: image magnification;

ljine: length of the line;

n;: average numbers of grain boundaries intersected by the line.

To consider the anisotropy of the TMAZs, three lines of 300 mm parallel to the rolling direction
and three lines of 200 mm perpendicular to the rolling direction were drawn. Due to the presence of
equiaxial grains in the nugget zone, the evaluation of the average grain size in this zone was performed
by tracing three parallel lines having a length equal to 100 mm.

3. Results

3.1. Microstructure Analysis

The microstructures of AA2024, AA6082, and AA7075 base metal are reported in Figure 6.
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Figure 6. Microstructure of the base alloys: (a) AA2024, (b) AA6082, and (c) AA7075.

The microstructures of both nugget and TMAZs for AA2024, AA6082, and AA7075 under
air-cooled and water-cooled conditions are reported in Figures 7-9. For all the alloys and for both
the cooling conditions, it is possible to detect the typical microstructure characterizing the friction
stir welded joints. In particular, in the nugget (Figure 7a,b, Figure 8a,b and Figure 9a,b), fine and
equiaxial grains are present due to the thermo-mechanical action of the pin, which causes the crushing
of the elongated grain detectable along the rolling direction in the base alloy. At the same time, with
the breaking of the grains, even the precipitates are crushed. These particles are responsible for the
mechanism that causes the reinforcement in precipitation-hardening aluminum alloys. The smaller
crushed precipitates are usually distributed preferentially on the grain boundary, weakening the
structure of the nugget, since the reinforcing particles are no longer uniformly distributed.

On the contrary, in the TMAZ (Figure 7c,d, Figure 8c,d and Figure 9¢,d) the elongated grains in
the rolling direction present in the base metal are still detectable, due to the lack of direct mixing and
the limited amount of heat reaching the area.

As already stated, the grain size has been determined according to Heyn lineal intercept procedure
(Figure 10).
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Figure 7. Microstructure of the nugget (a,b) and the Thermo Mechanically Altered Zones (TMAZ) (c,d)
of AA2024 air-cooled (on the left) and water-cooled (on the right) welded joints.

Figure 8. Microstructure of the nugget (a,b) and the Thermo Mechanically Altered Zones (TMAZ) (c,d)
of AA6082 air-cooled (on the left) and water-cooled (on the right) welded joints.
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Figure 9. Microstructure of the nugget (a,b) and the TMAZ (c,d) of AA7075 air-cooled (on the left) and
water-cooled (on the right) welded joints.

Figure 10. Example of the Heyn lineal intercept procedure.

For each line drawn, the intercepted grain boundaries were counted, and the results are reported
in Table 4.

The average grains sizes in correspondence of both the nugget and the TMAZs for all the
precipitation-hardening alloys and for both the cooling conditions are reported in Tables 5-7.
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Table 4. Counts of the grain boundary intersections with the drawn line for each alloy.

AA2024
Base alloy FSW
Air-cooled Water-cooled
Nugget TMAZ Nugget TMAZ
/4 L 7 L 7 L
Line 1 3 22 46 10 11 39 7 10
Line 2 6 19 45 12 11 38 9 18
Line 3 4 16 44 9 11 41 11 19
AA6082
Base alloy FSW
Air-cooled Water-cooled
Nugget TMAZ Nugget TMAZ
/ 1 / 1 / 1
Line 1 8 13 41 12 16 35 12 14
Line 2 9 16 51 12 18 37 13 12
Line 3 11 14 44 10 16 30 14 13
AA7075
Base alloy FSW
Air-cooled Water-cooled
Nugget TMAZ Nugget TMAZ
/ 1 / 1 / 1
Line 1 4 21 43 9 31 37 12 25
Line 2 6 20 36 13 25 35 17 26
Line 3 9 21 39 9 22 37 12 22

Table 5. Average grain size in the base alloy, in the nugget and in the TMAZ of air-cooled and

water-cooled AA2024 welds.

AA2024
Base alloy FSW
Air-cooled Water-cooled
Nugget TMAZ Nugget TMAZ
/7 L /7 L /7 L
n; 4.33 19 45.00 10.33 11.00 39.33 9.00 15.67
mstandard ) 53 3 1 153 0 153 2 493
Aint 69.28 10.52 2.22 29.03 18.18 2.54 33.33 12.77
d [um] 346.42 52.63 5.56 145.16 90.91 6.36 166.67 63.83
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Table 6. Average grain size in the base alloy, in the nugget and in the TMAZ of air-cooled and
water-cooled AA6082 welds.

AA6082
Base alloy FSW
Air-cooled Water-cooled
Nugget TMAZ Nugget TMAZ
/) L /) L /) L
n; 9.33 14.33 45.33 11.33 16.67 34.00 13.00 13.00
“‘ii:‘tfi‘:t‘ii;;d 1.53 1.53 513 115 1.15 3.61 1 1

Aint 32.15 13.96 2.21 26.47 12.00 294 23.08 15.38

d [um] 160.77 69.78 5.51 132.35 60.00 7.35 115.38 76.92

Table 7. Average grain size in the base alloy, in the nugget and in the TMAZ of air-cooled and
water-cooled AA7075 welds.

AA7075
Base alloy FSW
Air-cooled Water-cooled
Nugget TMAZ Nugget TMAZ
n; 6.3 20.67 39.33 10.33 26.00 36.33 13.67 24.33
“;:?::il:;d 252 0.58 351 231 458 115 2.89 2.08
Aint 47.62 9.68 2.54 29.03 7.69 2.75 21.95 8.22
d [um] 23810  48.38 6.36 14516 3846 6.88 109.76  41.10

3.2. Rockwell and Vickers Hardness Distributions

Figure 11 shows the area where the Rockwell hardness were measured.
/4

Figure 11. Specimen surface on which Rockwell hardness tests were performed.

The distributions of Rockwell hardness measured on the top of the specimens are reported in
Figure 12.
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Figure 12. Rockwell hardness maps.
Figure 13 shows the area where the Vickers hardness were measured. The distributions of the

hardness measured along the transversal section for the different cases considered are reported in
Figure 14.

yt

Figure 13. Specimen surface on which Vickers hardness tests were performed.

3.3. Tensile Tests

The ultimate tensile strength (UTS), elongation (A) [%] and their standard deviation, calculated for
all the alloys and for all the tested conditions according to the type of cooling, are reported in Table 8.



Appl. Sci. 2019, 9, 5069 130f 19

AA2024 S1200 F100 HV AAB082 S2400 F375 HV

-30 -25 20 -15 -10 -5 0 S5 10 15 20 25 30 30 -25 20 15 -10 -5 0 5 10 15 20 25 30

Distance from the center of the weld [mm) Distance from the center of the weld [mm]
AA7075 S1200 F40 AAS5754 S1200 F250

30 25 20 -15-10 -5 0 5 10 15 20 25 30 30 2520 -15-10 -5 0 5 10 15 20 25 30
Distance from the center of the weld [mm) Distance from the center of the weld [mm]

Figure 14. Vickers hardness maps.

Table 8. Average ultimate tensile strength (UTS) data, real elongation (A) and standard deviations of
all the tested conditions.

UTS Standard o A Standard
Alloy UTS [MPal Deviation [MPa] A [%] Deviation [%]

Air-cooled 289.59 17.24 0.91 0.28

AA2024
Water-cooled 278.23 22.79 1.11 0.31
Air-cooled 220.73 3.62 3.91 0.47

AA6082
Water-cooled 217.27 6.06 2.62 0.21
Air-cooled 352.46 44.02 0.96 0.87

AA7075
Water-cooled 370.33 40.71 2.16 1.34
Air-cooled 198.80 8.07 14.11 4.47

AA5754
Water-cooled 201.21 4.39 17.36 2.01

The UTS and elongation data obtained from the tensile tests for the different cases are reported in
Figure 15 for analyzing the effect of the cooling system.
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Figure 15. Ultimate tensile strength (UTS) versus elongation [%] data obtained from tensile tests for all
the alloys and for all the tested conditions. The continuous line indicates the UTS value of the base alloy.

Figure 16 reports the fracture locations on the tensile test specimens for each alloy and for each
cooling condition. The reported images refer to the most representative situation of each condition
drawing a direct comparison between the different cooling methods. It is possible to observe that, for
each studied condition, the break occurred near the welding, while the only substantial difference is
represented by the water-cooled welding of the AA5754.

-

Figure 16. Fracture location for each alloy and for each cooling condition.
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4. Discussion

The alloys belonging to the 2xxx series are normally supplied in the T3 or T4 state, abbreviations
indicating respectively solubilization and natural aging heat treatment. The T3 heat treatment involves
a cold processing step between solubilization and aging. The cold plastic deformation allows to obtain
superior mechanical properties compared to aging alone.

Natural aging involves maintaining the alloy for a long time, at room temperature or at a slightly
higher temperature. During this period, there is the spontaneous formation of a structure characterized
by the presence of Guinner-Preston zones (G.P.), which are areas of the crystalline matrix where the
clusters of precipitates and solutes are aggregated. The areas thus formed oppose greater resistance
to the path of the dislocations than the crystalline matrix of the base metal, generating the desired
increase in mechanical strength.

Natural aging appears to be an extremely slow process and, for some alloys, such as those
belonging to the 6xxx and 7xxx series, it does not guarantee the achievement of stable conditions.

For this reason, the AA6082 to AA7075 alloys are usually supplied in the T6 state, which provides
solubilization, tempering and artificial aging.

Artificial aging involves exposing the alloy to temperatures above room temperature for obtaining
the transition phase starting from the equilibrium precipitates; this form of transition remains consistent
with the matrix of the solid solution and therefore contributes to precipitation-hardening. However, as
the aging temperature increases, the precipitate particles grow and reconvert to the state of equilibrium,
which is generally inconsistent. These changes produce a loss of mechanical characteristics with respect
to the untreated base metal. This phenomenon is called over-aging.

The control of the temperatures to which these alloys are subjected is therefore of fundamental
importance for the mechanical properties of both the base material and the friction stir welded one.
Consequently, the presence of a water-cooling system plays a key role in controlling the thermal cycle to
which these alloys are subjected during welding. Furthermore, each point of the weld, in relation to its
distance from the center of the nugget, has a microstructure strongly influenced by the welding process.

Therefore, in the weld region, where the material is stirred at solid-state, dissolution, coarsening
of strengthening precipitates and formation of wide precipitate free zone take place.

From the measurements made on the joints, a clear dependence of the average grain size from the
cooling system is detectable. In particular, in the water-cooled nugget, the grains are characterized by
an increase in the average size compared to the air-cooled nugget being 14% in AA2024 (Table 5), 33%
in AA6082 (Table 6) and 8% in AA7075 (Table 7). It is possible to notice how the percentage growth of
the average dimensions present in the nuggets of the single alloys, is significantly different from each
other. This is attributable to the mechanical characteristics of the base alloys. In fact, hardness and
mechanical strength of AA7075 result in greater resistance to the breakage action of the grains by the
pin. This is also reflected by the average size of the grains present in its air-cooled welded nugget,
which are already on average larger than those present in the other two alloys (Figure 8).

On the contrary, the alloy with the highest percentage growth is the AA6082, which has the
mechanical characteristics on average lower than the other two alloys and it is also characterized by
grains with average lower dimensions in the air-cooled welded nugget (Figure 7).

Regarding the TMAZs, AA6082 and AA7075 show grains characterized by smaller average
dimensions in the rolling direction in water-cooled welds. Contrariwise, perpendicularly to the rolling
direction, in water-cooled joints, the grains are slightly larger (Figures 7 and 8). The percentage decrease
was around 13% in AA6082 and 25% in AA7075 parallel to the rolling direction. The percentage
increase perpendicularly to the rolling direction was about 28% in AA6082 and 7% in AA7075 (Tables 6
and 7). These dimensional variations make the grains present in water-cooled welds smaller than
those present in the same position for air-cooled welds.

On the contrary, in AA2024, the average grain size increases by 15% in the direction parallel to the
rolling direction and decreases by 30% in the perpendicular direction (Table 5).
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As a general observation, it can be seen that in each alloy, the grain size in the TMAZ is much
closer to that of the base material in the direction perpendicular to the rolling direction in water-cooled
welds. In the case of AA6082, perpendicularly to the rolling direction, the water-cooled TMAZ grains
are characterized by an average size even greater than those of the base alloy. This is further proof of
how the material responds differently to the cooling system in microstructural terms and, consequently,
in the mechanical characteristics.

In fact, from the mechanical tests data, it is possible to observe a behavior common to all the
precipitation-hardening alloys (AA2024, AA6082, and AA7075). In particular, for all the welded
conditions, the specimens have specific zones characterized by hardness lower than the one of the
base materials. This characteristic trend of the hardness values in precipitation-hardening alloys
is mainly due to the thermo-mechanical action of the pin that acts on the alloy modifying its
microstructural characteristics.

In fact, for these alloys, it is possible to identify a clear microstructural change caused by the
welding process (Figures 6-8). The heat generation and the mechanical action of the stirring generate a
dynamic recrystallization that particularly affects the nugget. In TMAZs, the dynamic action of the pin
and the heat generated are not sufficient to modify the microstructure of the base material. Therefore,
in these zones, the grains are similar to the original ones (Figure 5) maintaining an elongated shape
along the rolling direction (Figure 6¢,d, Figure 7c,d and Figure 8c,d).

Even the precipitates are influenced by the FSW process in two ways. In fact, depending on the
action of the pin and the heat input, it is possible to have both the crushing of large precipitates by the
mechanical action and the coalescence of the precipitates in sub-micrometric dimensions.

These are the reasons why the lower hardness areas are concentrated in the TMAZs, where the
grain recrystallization is not complete and where the alloy-hardening-precipitates are partially crushed.
On the other hand, in the nugget, the dynamic recrystallization is complete and the precipitates are
fully crushed reaching the sub-micrometric dimensions suitable for strengthening the matrix formed
by the micrometric grains (Figure 6a,b, Figure 7a,b and Figure 8a,b).

Besides, AA5754 presents a completely different behavior and a different hardness map. In fact,
since AA5754 is a work-hardening alloy, the thermo-mechanical action of the pin has led to a hardness
increase in the nugget area, where the solid-state mixing has completely taken place.

By comparing the hardness maps measured on air-cooled and water-cooled welds, it is possible
to observe how the effect of water-cooling is twofold on each alloy (Figures 11 and 13). The first effect
can be traced in the numerical value of the hardness achieved in the TMAZs, as regards the three
precipitation-hardening alloys and in the nugget for the work-hardening alloy. In these areas, for all the
alloys and for all the considered conditions, the hardness is higher than those measured in air-cooled
welds. This effect is less noticeable on AA2024 joint. Moreover, AA6082 Rockwell tests showed an
increase in the hardness values at the nugget in water-cooled welds.

The second effect is the narrowing of the area characterized by the lower hardness values.
Regarding the precipitation-hardening alloys, the extent of the zone characterized by the lower
hardness is considerably reduced in the water-cooled specimens. On the contrary, in AA5754, the
extent of the area characterized by a greater hardness is almost constant for air-cooled and water-cooled
welds (Figures 11 and 13).

These effects are mainly due to the presence of the local water-cooling during the welding process
that leads to a better dimensional control of the grains in the joints, which is closely related to the
mechanical properties of the piece.

Also, the hardness is closely related to the microstructure of the materials. As a consequence, it is
possible to correlate the increase in hardness in the TMAZ of AA6082 and AA7075 welded with the
water-cooling system to the smaller dimensions of the grain present in these areas. On the contrary, it
has already been noted that AA2024 has mitigated the effect in increasing the hardness in the TMAZ of
water-cooled welds. This characteristic of AA2024 finds its explanation in the further elongation that
the grains undergo in the TMAZ of water-cooled welds, as reported in Section 3.1.
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By observing the Vickers hardness maps (Figure 13), it is possible to draw the same considerations
made for the Rockwell hardness maps (Figure 11). In fact, it is possible to notice, also in the cross-section
of the specimens, an increase in the hardness in the central areas of the specimens, except for AA6082,
and a reduction in the extent of the area characterized by lower hardness values for the hardening
alloys. Concerning the AA6082, the decrease in Vickers hardness recorded in the cross-section could be
related to the considerable increase in the average grain size at the nugget of the water-cooled welds.
In fact, this alloy has proved to have the highest average percentage growth rate of the grains present
in the water-cooled weld nugget, as already reported in Table 6. Finally, it is possible to observe, for
AAB754, a significant increase in the hardness values in correspondence of the nugget.

Also, in the tensile tests, it is possible to observe different behaviors between the studied alloys
(Figures 14 and 15). In particular, for the AA2024, the values of ultimate tensile strength and percentage
of elongation are almost comparable for both cooling methods and are much lower than those of the
base metal. Both cooling conditions led to breakages in the nugget during the tensile tests.

In regard to the tensile tests of the AA6082, the average values of UTS and percentage elongation
are comparable between air-cooled and water-cooled welds. But the cooling system seems to affect the
fracture locations of the tested joints. In fact, the air-cooled joints showed fractures at the interface
between the nugget and TMAZ, while the water-cooled joints broke especially at the nugget. Moreover,
the AA7075 has shown a benefit in water-cooling in the UTS but both cooling conditions led to
breakages in the interface between the nugget and TMAZ during the tensile tests.

However, it is possible to recognize the welding obtained from the AA5754 joints as the welding
that has reached the value of UTS and of percentage elongation closer to those of the base alloy both
in the air-cooled and water-cooled process. Finally, for this work-hardening alloy, the percentage
elongation was found to be on average higher for water-cooled welds than those air-cooled and, in
particular, it was possible to observe that in the water-cooled joints the point of failure is placed in the
base material, away from the welded area. On the contrary, in the air-cooled joints, the breakages were
found in the nugget. This peculiarity of AA5754 could be explained by the benefit that a water-cooling
performed during the friction stir processing would lead to a work-hardening aluminum alloy.

5. Conclusions

The paper reports the results of the investigations of the effect of a water-cooling system on
the mechanical properties and microstructural characteristics on FSW joints made of different alloys:
precipitation-hardening alloys AA2024-T3, AA6082-T6 and AA7075-T6, and work-hardening alloy
AA5754-H111. All these alloys showed a different behavior. In fact, AA2024 proved to be the least
affected by the cooling system. Moreover, a clear dependence between the cooling systems and
the average value of percentage elongation was detectable in AA6082, although the Rockwell tests
showed an increase in the hardness values at the nugget in water-cooled welds. The AA7075 alloy was
characterized by an increase in hardness distributions and an improvement in the breaking load in
water-cooled welded joints. Regarding the AA5754, it reached the value of UTS and of percentage
elongation closer to those of the base alloy both in the air-cooled and water-cooled process; it was
possible to observe that only in the water-cooled joints, the point of failure is placed in the base material,
away from the welded area.
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