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Abstract: The aim of this research was to investigate the effect of friction stir welding (FSW) parameters
on microstructure and mechanical properties of Sc-modified AA2519 extrusion joints. The workpiece
was welded by FSW in non-heat-treated condition with seven different sets of welding parameters.
For each obtained joint macrostructure and microstructure observations were performed. Mechanical
properties of joints were investigated using tensile test together with localization of fracture location.
Joint efficiencies were established by comparing measured joints tensile strength to the value for
base material. The obtained results show that investigated FSW joints of Sc-modified AA2519 in the
non-heat-treated condition have joint efficiency within the range 87-95%. In the joints obtained with
the lowest ratio of the tool rotation speed to the tool traverse speed, the occurrence of imperfections
(voids) localized in the stir zone was reported. Three selected samples were subjected to further
investigations consisting microhardness distribution and scanning electron microscopy fractography
analysis. As the result of dynamic recrystallization, the microhardness of the base material value
of 86 HVO0.1 increased to about 110-125 HVO0.1 in the stir zone depending on the used welding
parameters. Due to lack of the strengthening phase and low strain hardening of used alloy the lack of
a significantly softened zone was reported by both microhardness analysis and investigation of the
fractured samples.
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1. Introduction

Friction stir welding (FSW) is a solid-state welding process invented by The Welding Institute
(TWI), which provides many advantages compared to conventional welding processes [1-3]. Using
FSW it is possible to obtain high-quality joints of aluminum alloys, what makes this technology
very attractive for the automotive, aerospace, and shipbuilding industry [2,4,5]. Recent research
indicates that this technology also provides wide possibilities in the manufacturing of light-alloy
based metal-ceramic composites, welding of dissimilar alloys, and modification of surface [6-10].
The main idea of the FSW process is affecting a workpiece with a rotating tool consisting of pin and
shoulder [1-3,11]. The friction between the workpiece and the shoulder of the tool generates heat
which causes the plasticization of material and at the same time, the pin forms the joint by mixing the
plasticized material of the workpiece [2,11]. This welding technique has many advantages compared to
traditional welding technologies in terms of joining aluminum and its alloys. Since an aluminum alloy
does not undergoes melting during joining there is no problem of porosity and no shielding gases are
needed [3]. Additionally, considering a solidification of high-strength aluminum-copper alloys in the
traditional welding process the very important matter is the difference in the solidification temperature
of aluminum (660 °C) and Al/Al,Cu eutectic (548 °C), what causes a high risk of hot cracking [12-16].
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In the case of friction stir welding, this problem does not occur because the temperature of the
process is lower than Al/Al,Cu eutectic temperature [2,17-19]. For this reason, FSW has a great
potential in terms of joining high-strength aluminum alloys having high copper concentration, such as
AA2219 and AA2519 [10,18,20-22]. AA2519 is an alloy with great interests, particularly in military
applications due to its high specific strength and good ballistic performance [10,23,24]. This alloy also is
a component of some of light-alloy laminated composite plates with excellent ballistic resistance [25,26].
The modification of AA2519 alloy used in this research consists of the addition of scandium and has
been developed by the Institute of Non-Ferrous Metals, Light Metals Division in Skawina (Poland).
Al3Sc precipitates improve properties of aluminum alloy in many ways including an increase of
mechanical properties and recrystallization temperature as well as grain refinement [27-30]. Previous
research performed by authors of this paper reveals that Alj (Sc,Zr) precipitates do not dissolve due
to the FSW process and form dispersion of fine precipitate in the stir zone [10]. Additionally, the
increase of recrystallization temperature allows to limit the grain growth in the heat-affected zone
during welding process.

In this work authors aim to investigate the effect of the friction stir welding process on mechanical
properties and microstructure of Sc-modified AA2519 extrusion. AA2519 used in this investigation is
non-heat-treated condition, so it consists of soft aluminum matrix and hard Al,Cu precipitates. Such
system subjected to the friction stir welding results in the dissolution of Al,Cu precipitates in the stir
zone forming the supersaturated solution [10]. In contrast to an alloy subjected to the precipitation
hardening process, the microhardness of non-heat-treated alloy increases in the stir zone due to grain
refinement and in the microstructure, there is no strengthening phase (e.g., 8) to dissolve, coarse
or overage [31-33]. Furthermore, in this investigation the alloy in the form of extrusion is used, in
which the effect of material work hardening is minimal. The material in this condition is easy to form
and to weld by FSW. This solution allows to weld AA2519 with the possibility of further forming of
the obtained joint before the final heat treatment of precipitation hardening. Literature consists of
research concerned with forming of FSW joints including stamping, rolling, or equal channel angular
pressing (ECAP) [4,34-37]. However, before that, it is important to establish appropriate parameters of
the welding process and to investigate the properties of the joint. The relationship between welding
parameters and joint properties was the subject of many studies involving both experimental and
simulation methods a.i. Artificial Neural Network [2,22,38-40]. Properties such as microhardness
and ultimate tensile strength of the joint strongly depend on parameters of the process which finds
their reflection in the amount of heat affecting the welded material [41]. The joint properties are
mainly determined by heat input of the process being a function of i.a. tool rotation speed and
tool traverse speed [38,42]. Although the most commonly aluminum alloys used in industry were
widely examined in terms of the parameters-properties relationship, publications on the Sc-containing
aluminum alloys are still a significant research gap [1,2,5,10,33,38,40]. In the case of AA2519 alloy, only
a few investigations are concerned with the influence of friction stir welding on the properties of the
joint [10,20,43].

This paper focuses on the examination of AA2519 FSW joints in terms of the relationship
between welding parameters (tool rotation speed and tool traverse speed) and properties of the
joints. The investigation involves examination of the mechanical properties and microstructure of
welded material using light and scanning electron microscopy observations, tensile test, microhardness
analysis, and fracture surface analysis, in which the results allow to identify the imperfections in
the weld, determinate joint efficiency, and as a consequence to establish the optimal parameters of
the process.

2. Materials and Methods

The workpiece to be joined was 5 mm thick Sc-modified AA2519 extrusions with dimensions of
80 x 250 mm. The alloy was used in as-extruded non-heat-treated condition. Chemical composition
and mechanical properties of as-extruded Sc-modified AA2519 are presented in Tables 1 and 2,
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respectively. It is worth noticing that this specific version of AA2519 developed by the Institute of
Non-Ferrous Metals, Light Metals Division in Skawina has high concentration of both scandium
and zirconium.

Table 1. Chemical composition of AA2519 extrusion to be welded.

Fe Si Cu Zn Ti Mn Mg Ni Zr Sc A\ Al
0.11 0.08 632 005 008 017 033 002 019 016 0.10 Base

Table 2. Mechanical properties of AA2519 extrusion to be welded.

Yield Strength Tensile Strength Elongation
207 MPa 293 MPa 16.1%

The friction stir welding process was performed by using ESAB FSW Legio 4UT machine (ESAB,
Warsaw, Poland) with an axial force equal to 17 kN and the tilt angle of MX Triflute tool set to 2°
for seven different sets of welding parameters. The dimensions of the tool and the used welding
parameters are given in Tables 3 and 4 respectively. Due to constant axial force (17 kN) the heat input
ratio can be expressed as the following equation (Equation (1)):

Q«x

w
=, 1

- M
where Q is the total heat input (J/mm), @ (rpm) is the tool rotation speed and v (mm/min) is tool
traverse speed [42]. Welding parameters were chosen according to previous own research results [10].
The main assumption of proposed parameters was to maximize the tool traverse speed (what is a

desirable factor in the industry use) without lowering the heat input ratio below 1 to avoid insufficient
plasticization of the workpiece.

Table 3. The dimensions of the MX Triflute tool used.

Shoulder Profile Spiral
Shoulder diameter 19 mm
Pin profile Threaded and tapered with three spiral flutes
Pin length 4.8 mm
Pin diameter 6.5-8.7 mm

Table 4. Welding parameters for each sample with designation.

Sample Designation Tool Rotation Speed (w)  Tool Traverse Speed (v) Heat Input (Q) Ratio

(rpm) (mm/min) w/fv
A41 400 100 4
A42 400 200 2
Ad4 400 400 1
A81 800 100 8
A82 800 200 4
A84 800 400 2
A88 800 800 1

Basic mechanical properties of the joints were examined by tensile testing according to ASTM
standard E8/E8M-13a [44]. The scheme of sample is presented in Figure 1. Tensile tests were carried
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out on INSTRON 8802 MTL universal testing machine (INSTRON, Warsaw, Poland) with WaveMatrix
computer software. The strain extensometer (2620-604, INSTRON, Warsaw, Poland) with a gauge
length of 50 mm was used to measure deformation. During the test, the values of load, position, and
strain were recorded. For each sample, three tensile tests were performed. The average values of
tensile strength and elongation together with their standard deviations were established. The joint
efficiency was calculated as a percentage ratio of joint tensile strength to base material tensile strength.

415
K% i : .
Q'/ Welding direction
4 = S
bl S~

50

160

Figure 1. Scheme of sample for tensile testing. All dimensions are in mm.

The welded joints were sectioned perpendicular to the welding direction where metallurgical
examinations and hardness measurements were carried out. In order to investigate the macrostructure
of the joints, samples were examined using a digital light microscope (Olympus LEXT OLS 4100,
OLYMPUS, Warsaw, Poland) and scanning electron microscope (Jeol JSM-6610, JEOL., Warsaw, Poland).
As the part of metallographic sample preparation, samples were cut along the axial direction using a
precision diamond saw and then mounted in resin, grinded with abrasive paper of 80, 320, 600, 1200,
and 2400 gradations, and polished using diamond pastes (3 and 1 um gradation). The samples were
etched by using Kroll reagent (20 mL HpO + 5 mL HNOj3 + three drops of HF) with etching time equal
to 15 s. The Vickers microhardness of selected welds were measured on the cross-section of polished
samples by applying load of 0.98 N. The distribution of microhardness was performed for the upper,
middle, and lower part of the cross-section: 0.6, 2.5, and 3.9 mm from the top, respectively.

3. Results and Discussion

The light microscopy images of macrostructure of the obtained AA2519 FSW joints are presented
in Figure 2. In all analyzed samples the advancing and retreating side are localized on the left and the
right side of the cross-section, respectively.

Figure 2. Cont.
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Figure 2. Light microscopy images of the 2519 friction stir welding (FSW) joint: (a) A41, (b) A42, (c)
A44, (d) A81, (e) A82, (f) A84, (g) A88. AS—advancing side, RS—retreating side.

Macroscopic observations of the joints do not show any visible imperfections in the form of cracks
or large voids. It can be observed that the tool rotation speed determines the shape of stir zone. In the
case of joints obtained by the 400 rpm tool rotation speed, their stir zones exhibit an oblique shape
with an angle about 45° on the advancing side. For 800 rpm joints, the rounded shape of this area
is reported. Microscopic observations of the joints allow to identify imperfections in A88 and A44
samples localized in the upper part of stir zone next to the advancing side (Figure 3a,c respectively).
These imperfections have the form of voids and are present on the top of contrasting bands (so-called
“onion rings”). The voids have a larger size in the A88 sample. The visible inhomogeneities of the
stir zones in samples A42, A44, and A88 may be partly an effect of Al,Cu dissolution in this area.
Therefore, the supersaturated solution is more affected by Kroll reagent than the equilibrium solution
because of higher chemical potential. At the same time, these samples have the lowest ratio of the
rotation speed to the traverse speed what results in low heat input compared to the other samples
and can lead to the insufficient plasticization of the welded material. This phenomenon can be mostly
observed in the A88 sample, where bands are very irregular and some areas have a visible deformation
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texture what is indicated on the incomplete process of the dynamic recrystallization (Figure 3b). The
presence of the similar areas is noticed in the A44 sample (Figure 3d).

Figure 3. Light microscopy image of (a) voids in the A88 sample, (b) bands in the A88 sample, (c)
bands in the A44 sample, and (d) stir zone of the A44 sample. Voids are indicated by yellow arrows.

These observations allow to draw a conclusion that samples A44 and A88 suffered insufficient
plasticization during the friction stir welding process. The most visible consequence of this phenomenon
is the presence voids in the stir zone close to the advancing side, which receives a lower heat input
compared to the retreating side [45,46]. At the same time, the samples obtained with a higher ratio of
the tool rotation speed to the tool traverse speed are free of voids and are characterized by ultrafine,
equiaxial grain microstructure formed by dynamic recrystallization process (Figure 4a,b). It can be
observed that even for samples with the different heat input as A42 (Figure 4a) and A81 (Figure 4b) the
grain refinement is on a similar level and no presence of deformed non-recrystallized areas is reported.
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Figure 4. Light microscopy image of the stir zone in the (a) A42 sample and (b) A81 sample.

In the stir zone of samples A41, A81, and A82 it is possible to observe characteristic areas distinctive
from the rest of stir zone microstructure (Figure 5a). These areas occur mostly in the upper parts of
onion rings on the weld advanced side with a tendency to increase their size together with approaching
the stir zone center (Figure 5a). They reach their largest size in the center part of the stir zone (Figure 5b).

Figure 5. Light microscopy image of the stir zone with the distinctive areas in the (a) A41 sample and
(b) A81 sample.

Although, the reported areas on the macroscopic level look like large-grain structures (Figure 2d),
the microscopic observations reveal their sub-grain microstructure (Figure 5b). The presence of such
structures in the stir zone can be an effect of the geometric dynamic recrystallization [47]. This process
takes place during flattening of the original grains to the diameter of the subgrain size without the
phenomenon of subgrain rotation recrystallization [48]. At high temperatures and low strain rate this
process can occur, but the presence of grain growth inhibiting precipitates in the microstructure shifts
its kinetic towards a higher strain rate [47,49]. As was mentioned in the previous part, the investigated
alloy contains a high concentration of zirconium (0.19%) and scandium (0.16%), which form Als (Sc,Zr)
precipitates pinning subgrain boundaries [50]. Previous research performed by authors of this paper
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confirmed that Alz (Sc,Zr) precipitates do not dissolve in the stir zone and form dispersion of particles
with the diameter about 1 um [10]. The influence of Al; (Sc,Zr) particles on the process of geometric
dynamic recrystallization can explain the fact that subgrain structures were found in the samples A41,
A81, and A82, having the highest ratio of the tool rotation speed to the tool traverse speed resulting
also in the highest heat input.

The obtained tensile curves together with the established tensile strength and elongation for
samples obtained with 400 and 800 rpm tool rotation speeds are presented in Figures 6-9. The estimated

values of joint efficiency together with fracture location in the representative samples are provided in
Table 5.
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Figure 6. Tensile curves for joints obtained with the tool rotation speed of 400 rpm.
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Figure 7. Tensile curves for joints obtained with the tool rotation speed of 800 rpm.
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Figure 8. Established mechanical properties for joints obtained with the tool rotation speed of 400 rpm.
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Figure 9. Established mechanical properties for joints obtained with the tool rotation speed of 800 rpm.

Table 5. Established joint efficiency and fracture location of examined samples.

Sample Joint Efficiency Fracture Location
A41 88.9%
A42 91.2%
A44 90.5%
A81 87.5%
A82 95.4%
A84 91.8%
A88 94.3%

Despite the used welding parameters, the estimated joint efficiency contains within the range of
87-96% with the highest values of 94.3% and 95.4% reported in the samples A88 and A82 respectively.
The lowest values of joint efficiency correspond to the samples A81 (87.5%) and A41 (88.9%). Although,
in the same samples fracture location occurs far from the stir zone, the heat of the process affects the
workpiece the most due to the low value of the tool traverse speed (100 mm/min). The initial increase
of the welding speed also results in increasing joint efficiency, especially in the samples obtained with
800 rpm tool rotation speed. Samples A42, A44, A84, and A88 do not show such differences in their
joint efficiency considering the scatter of tensile strength results. At the same time, the established
elongation of the investigated joints has a lower fluctuation of values and is contained within the
range of 6-10% with the highest differences occurring between the samples A81 (6.6%) and A82 (9.3%).
The presence of the imperfections in the joints of samples A44 and A88 does not cause the failure in
the stir zone during the tensile test (Figure 3a,c and Table 5). For microhardness analysis and fracture
surface observations the following samples were chosen: A42 (the highest value of joint efficiency
from 400 rpm series), A81, and A82 (the highest differences in joint efficiency). The microhardness
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distributions of the selected samples with indicated advancing sides (AS), retreating sides (RS), and stir
zones (SZ) are presented in Figures 10-12.
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Figure 10. Distribution of microhardness in the A42 sample with respect to the distance from the top of
the joint.
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Figure 11. Distribution of microhardness in the A81 sample with respect to the distance from the top of
the joint.
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Figure 12. Distribution of microhardness in the A82 sample with respect to the distance from the top of
the joint.
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In all analyzed samples the affecting of the tool resulted in increasing of the microhardness from
circa 86 HVO0.1 (base material) to 110-125 HVO0.1 in the stir zone. This increase depends on performed
welding parameters and in the case of the A42 sample, the value of the stir zone microhardness is
mainly 110 HV0.1, while for A81 it is around 115 HVO0.1. At the same time, in the sample A82 in the
upper part of the joint, the value of 125 HVO0.1 was reported and 117 HV0.1 for lower parts of the
analyzed cross-section. By comparing the distribution of microhardness for A81 and A82 samples,
it can be observed that increasing the tool traverse speed results in narrowing of the stir zone from 8.5
to 7 mm, maintaining the characteristic distribution for the thermo-mechanically affected zone for both
the advancing and the retreating side. This phenomenon can be explained by shorter time of acting of
the tool on the workpiece in the sample with higher value of the tool traverse speed. Although, sample
A42 is characterized by the most significant fluctuations in the microhardness distribution from all
three samples subjected to the microhardness analysis, the obtained results are mostly compatible with
the macrostructure observations (Figure 2b). The shape of the stir zone is more oblique than in case
of A81 and A82 samples. The fluctuations in the microhardness within the stir zone are the result of
the low heat input since the forming of the joint involves many heat-activated phenomena including
grain recovery and recrystallization when the plastic deformation is not supported by the sufficient
amount of heat, and the mentioned processes cannot be completed [51,52]. The high values of the
microhardness (126 HV0.1) exceeding the measurements in the stir zone (110 HV0.1) are the result of
hard Al,Cu precipitate’s presence in the non-heat-treated alloy. This differences in the distribution of
hard precipitates between the stir zone and base material are possible to observe by scanning electron
microscopy (Figure 13a,b).

Figure 13. Scanning electron microscopy images of the (a) stir zone and (b) base material.

In all analyzed samples the heat-affected zone (which can be identified by the lower value of the
microhardness comparing to the base material) is difficult to distinguish. During the welding process,
the heat-affected zone is an area in which undesirable heat-activated process took places including
grain growth, overaging of strengthening phase (in case of precipitated hardened aluminum alloys),
and as an additional factor, this zone has the highest value of residual stress [3,20,53]. The overaging of
0’ phase is the main reason for the softening of the heat-treated AA2519 in the heat-affected zone [20,54].
The alloy used in this investigation was in the non-heat-treated condition and for this reason, there is
no 0’ phase to overage. Furthermore, the used extrusion has a very low value of microhardness (86
HVO0.1) compared to the same material after the rolling process (circa 105 HVO0.1) [10], what suggests a
significantly lower level of the strain hardening of the extruded AA2519. For all the above reasons,
it is difficult to unequivocally identify the heat-affected zone in the investigated joints. A lack of the
significant softening of the joined material finds its reflection in the fracture location of the samples
subjected to the tensile testing, as well as in the results of fracture surfaces analysis (Table 5, Figure 14).



Metals 2019, 9, 1024 12 0f 15

SEL 18RV < WD2Bmin 9845, ' 800 - 20ui g gt \
e T2 . : 0151 08/ Jul 2019

o .
S?EI sk : B . SEl  15kV’  WD10mm SS45 20)ag | =e——
RN — . Q148 08 Jul 2019 A82 0154 08.Jul 2019

Figure 14. Scanning electron microscopy images of fracture surface of the (a) base material, (b) A42
sample, (c) A81 sample, and (d) A82 sample.

The analysis of the fracture location shows that failure occurs at a 45° angle corresponding to the
maximum shear plane. The fracture surface of base material exhibits mixed ductile and brittle mode
with the predominance of ductile fracture (Figure 14a). The characteristic dimple structure is the result
of the presence of hard Al,Cu precipitates in the alloy microstructure. Although fracture surfaces of
A81 and A82 samples seem to be more similar to each other in terms of dimple structure, the structure
itself is only determined by the size of precipitates, which causes the larger size of dimples in the A42
sample (Figure 14b-d). Despite these differences, the character of fracture remains the same for all
analyzed samples and base material, confirming the results of microhardness analysis.

4. Conclusions

The performed research on friction stir welding of Sc-modified AA2519 extrusion allowed the
following conclusions to be drawn:

1. Friction stir welding allows to obtain a high-quality joint of non-heat-treated Sc-modified AA2519
with the joint efficiency reaching 87-95%.

2. The microstructure of the stir zone performed with the low ratio of the tool rotation speed to
the tool traverse speed is characterized by the presence of defects (voids) and areas of deformed
non-recrystallized grains.

3. As the result of dynamic recrystallization, the microhardness of the joined material value
of 86 HV0.1 increased to about 110-125 HVO0.1 in the stir zone depending on the used
welding parameters.
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4. Due to lack of the strengthening phase and low strain hardening of used alloy, the heat-affected
zone is difficult to identify. The investigation of the fractured samples confirmed no presence of a
significantly softened zone.

In this investigation, the highest joint efficiency of 95% was achieved for joints obtained using
the tool rotation speed of 800 rpm, the tool traverse speed of 200 mm/min, the axial force of 17 kN,
and the MX Triflute tool. This joint is also characterized by the highest elongation (9%) and has a
defect-free microstructure, confirming high suitability of the mentioned parameters in terms of joining
Sc-modified AA2519 extrusion in non-heat-treated conditions.
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