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THE INFLUENCE OF GEOMETRICAL PARAMETERS AND TOOLS MATERIAL ON THE QUALITY OF 
THE JOINT MADE BY FSW METHOD IN AA2024 THIN SHEETS

The paper presents the results of theoretical analysis and experimental research on the material’s influence and tool geometry 
on the welding speed and mechanical strength of Al 2024 thin sheet metal joints. To ma ke the joints, tungsten carbide and ceram-
ics tools with a smooth and modified surface of the shoulder were used. The ch oice of the geometrical parameters of the tool was 
adjusted to the thickness of the joined sheet. During welding, the values of axial and radial force were recorded to determine the 
stability of the process. The qu ality of the joint was examined and evaluated on the basis of visual analysis of the surface and 
cross-sections of the joint area and the parent material, and subjected to mechanical strength tests. The t est results indicate that 
both the geometry of the tool shoulder and the tool material have a decisive influence on the quality of the joint and the welding 
speed, making it possible to shorten the duration of the entire process.
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1. Introduction

Fricti on welding FSW is a complex process of joining metal 
sheets by bringing them to the state of plasticizing and stirring 
the material in the joint zone using a suitable tool. This m ethod 
was developed by the TWI Welding Institute at the University 
of Cambridge and allows to join materials from ferrous alloys 
as well as from non-ferrous alloys with particular emphasis on 
materials resistant to welding by traditional methods [1]. FSW 
we lding is used to join virtually all ferrous and non-ferrous 
materials and their combinations in a wide range of thicknesses 
of joined elements. Fricti on welding allows joining solid-state 
materials at a temperature of up to 0.9 of the melting point of the 
combined material [2]. Exceeding this temperature disqualifies 
the joint due to local partial melting, location of high stresses, 
discontinuities or cracks in the weld area. Joining elements takes 
place due to applying a special tool between the joined elements 
and moving it along the contact line. The heat is generated by 
friction between the rotating tool and the surface of joined materi-
als. Simultaneously the materials are stirred with a pin (Fig. 1). 

Weldin g process and final effects depend on many factors 
such as: machine tool, joined material, tool or fastening devices. 
Param eters which have a direct impact on the quality of joints 
include, among others, linear speed of welding, tool rotation 
speed, tool countersink and tool inclination angle. Fricti on stir 
welding (FSW) technology is widely used for joining materials 
such as aluminum and magnesium alloys [4-8] and for joining 
materials with high melting point such as titanium alloys [9-13]. 

There is little available information about joining thin sheets of 
metallic materials. Most authors focus on joining metallic mate-
rial sheets over 2 mm in thickness. So far, there is no adequate 
information of possible application ceramic materials used for 
production of FSW tools.

2. Tool’s geometry

There are two main parts of tools used in the FSW method 
and these are the pin and the tool shoulder. The tool shoulder 
heats the joined material by friction and keeps it in the joint zone, 
preventing the flow of plasticized material from above the tool 
shoulder. The shape of the working surface of the shoulder can be 
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Fig. 1. Schematic illustration of friction-stir welding process [3]
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flat or concave [15]. In addition, the surface of the shoulder may 
contain some features that increase friction, in order to increase 
the degree of stirring of the joined material through the use of 
grooves with a specific geometry [16]. The pin plays the key role 
in the deformation and stirring of the material. The pins may be 
cylindrical or conical in shape, whereas in order to increase the 
stirring of the joined material, modifications are applied through 
the use of various types of threads, cuts and grooves [17].

3. Tool’s material

The properties of the obtained weld and the degree of wear 
of the tool are two important issues taken into consideration 
when selecting the tool material whose properties may affect the 
quality of the weld by generating and dissipating heat during the 
welding process. Additionally, the tool material may affect the 
microstructure of the weld. For joining light materials, such as 
aluminum, magnesium and copper alloys in the FSW process, 
steel tools are most often used, less frequently those made of 
other materials. For joining other materials, tools made of PCBN, 
tungsten carbide, tungsten alloy with rhenium, less frequently 
PCD [18-26] are used. In general, the choice of tool materials 
depends on the hardness of the joined material. The materials 
used for the tools in the FSW process should have the following 
properties: high strength at high temperatures, creep resistance, 
strength and dimensional stability, resistance to thermal fatigue, 
lack of reactivity with joined material, resistance to cracking, 
and low coefficient of thermal expansion. The coefficient of 
thermal expansion of the tool material is particularly important 
in the process of joining thin sheets with thicknesses below 1 
mm due to the small dimensional tolerance of the tool, as the 
tool making a long weld heats up and deforms to such a degree 
that no further welding is possible. In such cases, additional 
equipment is used to remove excess heat from the tool and the 
joined elements, however this solution increases the cost of the 
entire process.

Thus, it is purposeful to look for such a tool material which 
would have a low coefficient of thermal expansion, which could 
allow for dimensional stability of the tool at high temperatures, 
and a low thermal conductivity coefficient which could increase 
the stability and efficiency of the FSW process. Ceramics seem to 
be a promising material for FSW tools and the results of research 
in this area are presented in this work.

4. Experimental work

The purpose of the work was to study the impact of ad-
vanced tool materials and tool geometry on the parameters of 
the friction stir welding FSW process as well as on the quality of 
the obtained joints. The material for testing the effectiveness of 
the use of tools made of ceramics and tungsten carbide were thin 
sheets of Al 2024 T3 aluminum alloy with a thickness of 1 mm. 
Table 1 contains the physical properties of this aluminum alloy.

TABLE 1

Selected properties of Al 2024 T3 alloy [27]

Properties Al 2024 T3
Density 2,78 g/cc

Hardness, Brinell 120
Hardness, Knoop 150

Hardness, Rockwell A 46,8
Tensile Strength, Ultimate 483 MPa

Tensile Strength, Yield 345 MPa
Elongation at Break 18%

Modulus of Elasticity 73,1 GPa
Poisson’s Ratio 0.33
Fatigue Strength 138 MPa
Shear Modulus 28 GPa

The tools used for the welding process were made of special 
tool CKI 10 tungsten carbide and ceramics. Selected properties of 
carbide are included in Table 2, while Table 3 contains selected 
mechanical properties of SYALON ceramics. 

TABLE 2

CKI 10 carbide properties [28]

ISO K30-K40
WC% 90,0
Co% 10

TiC/Ta (Nb)C % —
Density [g/cm3] 14,45

Hardness [HV30] 1610
Bending strength [N/mm2] 3600

Grain size [μm] 0,6
Thermal conductivity [W/(m*K)] 110

Thermal Expansion Coeffi cient [μm · m–1 · K–1] 5.5 μm· m−1· K−1

Tools for the implementation of the process were designed 
and made of tungsten carbide and special tool ceramics having 
adjusted geometrical parameters (diameter and height of the 
pin) to the thickness of welded sheets using the relationships 
presented in the literature [30-32].

The designed tools were shaped on a multi-axis numerical 
grinder (Fig. 2) with appropriately selected machining param-
eters, taking into account the properties of forming grinding 
wheels, in order to obtain the appropriate dimensional accuracy 
and surface quality of shaped tools.

After grinding, some of the shaped tools were subjected 
to modification of the surface of the shoulder by laser beam 
treatment. 

Non-consumable cylindrical tools were made of tungsten 
carbide and tool ceramics. The geometrical parameters of the 
tools used for testing are shown in Table 4. Modification of 
the tool geometry is based on making a spiral grooves on the 
shoulder surface.

Linear butt joints were made using 100×200 mm sheet 
metal samples. The plates were mounted in a special holder 
bolted to the dynamometer plate (Fig. 3). The welding process 
was carried out on a numerical milling machine, the tool was 
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TABLE 3

Selected mechanical properties of different SYALON ceramics variants [29]

Syalon 050 Syalon 101 Syalon 110 Syalon 201 Syalon 501 Units
Composition α/β-Sialon β-Sialon β-Sialon/BN β-Sialon β-Sialon/TiN —

Density 3.23 3.24 2.65 3.24 4.01 g/cc
Porosity 0 0 10 0 0 %

Modulus of Rapture at 20°C 800 945 500 825 825 MPa
Modulus of Rapture at 1000°C 750 700 400 750 — MPa

Weibull Modulus 12 15 10 10 11 —
Young’s Modulus of Elasticity 290 288 139 290 340 GPa

Poisson’s Ratio 0.23 0.23 0.19 0.23 0.31 —
Hardness (HRA) 94 92 88 92.7 90.5 —

Hardness (Vickers HV50) 19.81 (2020) 14.71 (1500) 11.77 (1200) 16.18 (1650) 13.24 (1350) GPa (kg/mm2)
Fracture Toughness K1C 6.5 7.7 3.5 4.5 5.7 MPa*m½

Thermal Expansion Coeffi cient 
(0-1200°C) 3.2×10–6 3.0×10–6 3.0×10–6 3.0×10–6 5.6×10–6 K–1

Thermal Conductivity 20 28 27 21 19 W/(m*K)
Thermal Shock Resistance 600 900 800 600 400 ΔTĺC

Max. Use Temp. 1450 1200 1450 1450 700 °C
Electrical Resistivity 1012 1012 1012 1012 7.2×10–4 Ω * cm

TABLE 4

Geometrical features and material of tools used in FSW process 

Tool number WT1 WT2 WT3 WT4
Tool material tungsten carbide tungsten carbide ceramics ceramics

Shoulder diameter D [mm] 11 11 11 11
Pin diameter d [mm] 3,5 3,5 3,5 3,5

Pin length [mm] 0,94 0,94 0,94 0,94
Pin profi le cylindrical cylindrical cylindrical cylindrical

Shoulder profi le fl at modifi ed fl at modifi ed
D/d ratio of the tool 3 3 3 3

View of the tool

Fig. 2. Shaping tools by grinding on CNC machine to implement the FSW process
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not tilted but worked perpendicular to the surface of the joined 
material.

Welding was performed on a 180 mm long section, under 
different technological process parameters (welding speed, ro-
tational speed of the tool) in order to obtain the best FSW joint.

The preheating time has been changed (Dwell Time – this 
is the time of initial plasticizing of the joined material). During 
welding, the axial force and radial forces as well as the surface 
temperature of the weld were measured using a thermal imaging 
camera. Welding conditions and tool parameters used in the tests 
are included in Table 5.

Fig. 3. View of 3 – axis CNC milling machine adopted for realizing 
FSW process

On the basis of a visual assessment of the surface of the 
welds (face, ridge) obtained, it can be stated that the best joints 
are homogeneous and free of defects, both on the face and ridge 

side of the welded joints. Table 6 shows welds obtained using 
different shaped tools. On the surface at the welds made with 
tools with modified surface geometry (spiral groove on the 
shoulder surface) of the shoulder, there was no occurrence of 
flash on joined material the welding zone (tools T2 and T4). In 
welds made with tools with a smooth surface, the flash is clearly 
visible especially on welds made with the T1 carbide tool. In 
addition, the surface of welds made with modified tools was matt 
(no gloss) which may indicate a better flow of welded material 
during the FSW process.

5. Temperature measurement during 
FSW process

The temperature was measured using a thermal imaging 
pyrometer Sirius SI16. The temperature values at the interface 
surface were dependent on the process parameters and the tool 
material. Figure 4-6 shows the temperature values on the surface 
of the weld measured during tests 2, 6 and 9.

TABLE 6

Close-up view of the lateral butt welds made by designed shaped tools

Tool Face of joint, Ridge of joint

WT1

WT2

WT3

WT4

TABLE 5

Linear FSW technological parameters grouped in relation to welding 
speed for aluminum alloys sheets

Probe 
nr Tool Rotational 

speed [rpm]
Welding speed 

[mm/min]
Dwell 

time [s]
Plunging 
[mm/min]

1. WT2 1750 200 10 6
2. WT1 2000 200 10 6
3. WT1 1750 200 10 6
4. WT4 2000 200 10 6
5. WT3 1000 200 10 6
6. WT3 1200 400 4 6
7. WT3 1200 600 0 6
8. WT3 1400 900 0 6
9. WT3 1500 1000 0 6
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Fig. 4. The temperature value on the surface of the joint AA 2024 T3 
sheet of 1mm thickness using carbide tool with smooth shoulder at 2000 
rpm and welding speed 200 mm/min (No. 2)

Fig. 5. The temperature value on the surface of the joint of AA 2024 
T3 sheet of 1mm thickness using ceramic tool with smooth shoulder 
at 1200 rpm and welding speed 400 mm/min (No. 6)

Fig. 6. The temperature value on the surface of the joint of AA 2024 
T3 sheet of 1mm thickness using ceramic tool with smooth shoulder 
at 1500 rpm and welding speed 1000 mm/min (No 9)

6. Tensile testing of FSW joints

The obtained FSW joints were the basis for making samples 
to assess the quality of the joints made. The effects of joining 
the Al 2024 T3 alloy sheets with the tested tools were evaluated 
on the basis of measurements of axial force and radial forces as 
well as by measuring the surface temperature of the weld. In ad-
dition, the macro and microstructure of the obtained joints were 
analyzed and the joint strength was measured in a static tensile 
test on a Zwick / Roell Z100 testing machine at room temperature 
in accordance with ISO 6892-1: 2009. The ratio of the maximum 
breaking force of the joint to the parent material was determined, 
which determines the efficiency of the joint made.

Figure 7 shows the tensile test diagram of selected samples 
obtained using tools made of cemented carbide and tool ceramics.

The technological parameters of the FSW process, the 
properties of the welds obtained and the average temperature on 
the surface of the weld during the process are included in table 7.

TABLE 7

Linear FSW technological parameters, joints and parent material 
mechanical properties and experimental results for  AA 2024 T3 

1 mm thickness

Probe 
nr Tool Tool 

material
Tool 

geometry

Ultimate 
tensile 

strength 
[MPa]

Joint 
effective-
ness [%]

Joint 
surface 
temp.

1. WT2 tungsten 
carbide fl at 386 79,91 390

2. WT1 tungsten 
carbide modifi ed 425 87,99 370

3. WT1 tungsten 
carbide modifi ed 423 87,57 370

4. WT4 ceramics modifi ed 392 81,15 370
5. WT3 ceramics fl at 393 81,36 380
6. WT3 ceramics fl at 341 70,60 366
7. WT3 ceramics fl at 387 80,12 350
8. WT3 ceramics fl at 386 79,91 310
9. WT3 ceramics fl at 309 63,97 300

Parent material 483

7. Micro-hardness tests of FSW joints

The microhardness of the weld was determined by the HV 
method at 3N load. Measurements carried out on cross-section 
of the FSW joint. The results of micro-hardness measurements, 
in case of all welded samples, regardless of the tool, show an 
increased value in the weld area. In the interface area of the weld 
the hardness is smallest, however, the decrease in value is small 
(<5%) in comparison to parent material. Fig. 8 presents diagram 
of micro-hardness measurement of joints made using carbide 
tools. The results of microhardness measurements of joints made 
with ceramic and carbide tools have not differed significantly. 
There was no difference in microhardness of the joints made with 
tools with a smooth and modified surface of shoulder.

It is visuable small difference in microhardness in the region 
of FSW joint and parent material area. 

Fig. 7. Tensile test diagram of selected samples of obtained joints of 
AA 2024 T3 1 mm thickness made by tungsten carbide and ceramic 
tools with smooth and modified surface of shoulder
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Fig. 8. Diagram of micro-hardness measurement of joint for AA 2024 
T3 sheet of 1 mm thickness made by tungsten carbide tool with modi-
fied surface of shoulder

8. Microstructure of FSW joints

In order to investigate the microstructure, samples were 
cut perpendicularly to the welding direction. All received joints 

were examined. Differences in cross sections of welds made by 
ceramic tools in relation to welds made by carbide tools were 
noted. The cross-sectional view of the obtained samples is shown 
in Figures 9 and 10.

There are no significant differences between the appear-
ance (shape and size) of welds made using different tools. For 
each sample, the surface of the weld is clean, metallic on the 
face side and slightly oxidized from the side of the ridge. On 
the surface of the ridge, in the area of the weld axis, the effects 
of the welding process are visible, consisting of oxidation and 
plastic deformation.

In the case of samples made with a carbide tool the shape of 
the weld in the cross-section is symmetrical with respect to the 
axis, and the heat affected zone (HAZ) is clearly visible (Fig. 9). 
In the case of samples made with a ceramic tool the shape of the 
weld in the cross section shows unsymmetrical (Fig. 10). From 
the side of the weld in the area directly adjacent to the heat af-
fected zone, there is an area of increased plastic deformation of 
the alloy, with high density of the flow line. This is most likely 
related to the conditions of the welding process. The heat affected 
zone (HAZ) is “fuzzy”, poorly visible. 

Each of the tested welds, regardless of the tool used, is 
free from any defects such as pores, cracks or other types of 
discontinuities that could affect the quality of the joint. The 

Fig. 9. Transverse view of a weld made with a carbide tool WT1 joint of AA 2024 T3 sheet of 1 mm thickness using carbide tool with smooth 
shoulder at 2000 rpm and welding speed 200 mm/min (No. 2)

Fig. 10. Transverse view of the weld made with a ceramic tool WT3 joint of AA 2024 T3 sheet of 1 mm thickness using ceramic tool with smooth 
shoulder at 1000 rpm and welding speed 200 mm/min (No. 5)

a) b) c)

Fig. 11. View of the microstructure a) parent material, b) stir zone of the joint, c) heat affected zone of the joint of AA 2024 T3 sheet of 1 mm 
thickness using carbide tool with smooth shoulder at 2000 rpm and welding speed 200 mm/min (No. 2)
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welding process did not cause significant changes in the alloy 
microstructure in the area of the weld and adjacent areas. In 
comparison to the microstructure of the parent material, only 
a slight increase in grain size in the area of heat affected zone 
(HAZ) and small fragmentation in the weld area was observed. 
This phenomenon, however, is a natural effect of processes oc-
curring during welding using FSW technology.

Fig. 12. View of the material flow lines in joint of AA 2024 T3 sheet of 
1 mm thickness using ceramic tool with smooth shoulder at 1000 rpm 
and welding speed 200 mm/min (No. 5)

The microstructure is oriented in terms of the shape of grains 
and molecules reinforcing the inter-metallic phase (Al-Mg-Cu ) 
according to the plastic flow lines only when the ceramic tool is 
used in the areas of increased plastic deformation of the alloy.

9. Force measuring during FSW process

The measurements of axial force (Z) and radial forces 
(X, Y) were made using a specially constructed piezoelectric 
dynamometer, on which a device for fixing the joined sheets 
was mounted. Figure 13 shows the results of the measurement 
of axial and radial forces measured during the welding of of 
1 mm thickness using ceramic tool at 1000 rpm and welding 
speed 200 mm/min (No. 5) due to the highest strength of the 
joint made by a ceramic tool. The welding was performed using 

ceramic tool with smooth shoulder at 1000 rpm and welding 
speed 200 mm/min. Figure 14 shows the results of the meas-
urement forces for weld of AA 2024 T3 alloy sheet of 1 mm in 
thickness (No 9) using ceramic tool with not modified shoulder 
at the 1500 rpm and welding speed 1000 mm/min. The sample 
was selected due to the highest welding speed.

Fig. 14. The welding forces for AA 2024 T3 sheet of 1 mm thickness 
using ceramic tool at 1500 rpm and welding speed 1000 mm/min

Analyzing the results of force measurements, a significant 
increase in axial force was observed from approximately 5000 N 
for the welding speed of 200 mm/ min to almost 9000 N for 
welding speed of 1000 mm/ min. Increasing the welding speed 
brings with it increased welding axial force.

10. Conclusions

Based on the analysis of the research results, the following 
conclusions were drawn.
1. The shape of the weld in the cross-section is almost sym-

metrical for carbide tools, for ceramic tools the shape of 
the weld in the cross-section shows asymmetry on the 
advancing side, HAZ is “fuzzy”, poorly visible;

2. There is a significant difference in the selection of FSW 
process parameters for tools made of different materials. 
The type of tool material and tool geometry have a decisive 
influence on the effect of joining thin sheets from Al alloys 
in the FSW process;

3. The applied parameters of the welding process did not 
affect the quality of the weld in terms of microstructure 
and hardness distribution. In case of each tested sample, 
in all separated areas, outside the TMAZ zone, the grain 
is homogeneous, equi-axial, very fine (a diameter of 3 to 
10 μm).

4. FSW welding of thin sheets requires application:
– the use of a tool with a fl at shoulder and thus no tool tilt 

angle
– precisely adjusted technological parameters for a given 

material and sheet thickness
5. The use ceramics for the FSW tool allows for a significant 

increase in the welding speed and the elimination of dwell 
Fig. 13. The welding forces for AA 2024 T3 sheet of 1 mm thickness 
using ceramic tool at 1000 rpm and welding speed 200 mm/min
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time to zero while maintaining a welding efficiency of 80% 
compared to the parent material

6. Increasing the welding speed has significantly increased 
the welding loads in Z direction (tool axis).
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