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Friction stir welding is one of the most modern methods of joining metals and their alloys in the solid state. Ensuring the
stability of working parameters requires a determination of the optimal welding parameters such as the rotational speed of the
tool and the feed rate. This article presents the results of tests on welding of 1-mm-thick 2024-T3 aluminium sheet metal
conducted in accordance with a PS/DK32 test plan. The welding tests were conducted on a universal milling machine, and the
static strength tests were conducted on a static tensile-testing machine. In order to decrease the deformation of the joined sheets,
some welding trials were also conducted with initial heating of the sheet metal. Therefore, a special fixture with a heated bed
was developed. The tests show that the pre-heating of thin sheets that are friction stir welded leads to a reduction in the
deformation size of the joined sheets. It was found that the smallest deformation of the joined sheets was observed in the case of
joining sheets heated up to a temperature of 200 °C. Pre-heating of the joined sheets decreased the size of the deformations by
57.62 %.
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Vrtilno-torno varjenje je ena od najbolj modernih metod spajanja kovin in njihovih zlitin v trdnem stanju. Zagotavljanje
stabilnih delovnih parametrov dolo~ajo optimalni parametri varjenja, kot sta hitrost vrtenja orodja in hitrost pomika varjencev. V
pri~ujo~em ~lanku avtorji podajajo rezultate preizkusov varjenja 1 mm debele plo~evine iz Al zlitine 2024-T3 v skladu s
preizku{evalnim planom PS/DK32. Preizkuse varjenja so izvajali na univerzalni stru`nici. Mehansko trdnost zvarnih spojev pa
so dolo~ili s pomo~jo standardnega trgalnega stroja. Zato, da bi zmanj{ali deformacijo spajane plo~evine so nekaj preizkusov
varjenja izvedli na predgreti plo~evini. V ta namen so morali razviti posebno dr`alo z ogrevano posteljico (uporovno ogrevano
pe~ico). Preizkusi so pokazali, da predgrevanje tanke plo~evine zmanj{a deformacijo vrtilno-torno varjenega spoja. Ugotovili so
tudi, da najmanj{o deformacijo dose`ejo, ~e je plo~evina pred varjenjem predgreta na 200 °C. Predgrevanje plo~evine zmanj{a
deformacijo za 57,62 %.

Klju~ne besede: zlitina na osnovi aluminija, vrtilno torno varjenje, nosilnost, trdnost varjenega spoja

1 INTRODUCTION

Friction stir welding (FSW) is an environmentally
friendly solid-state technique for joining metals and their
alloys (at temperatures lower than the melting tempe-
ratures of the based materials). It is especially useful in
the joining of materials that are traditionally considered
to be difficult to weld, such as steel and high-strength
aluminium, copper and titanium alloys, and even some
alloys of nickel, zirconium, and copper.1–4 The FSW
joining process avoids the formation of solidification
cracking and porosity.

The main idea of FSW relies on introducing a
rotating cylindrical tool into the contact with the joined
elements and moving it along the seam of the joint. As a
result, the friction, which generates heat, plasticizes the
material to create a mechanical-plastic joint. In these
conditions, the materials penetrate each other in the solid
state by rotating around the axis of the tool, ensuring
stirring in the area of the joint without reaching the

melting point. After making the joint, the tool is removed
from the work zone.5–7

The ability to join elements made of aluminium
alloys allows this method to be used in the manufacture
of aircraft structures, while lowering the workload, costs,
and weight, maintaining strength parameters that are
comparable to or better than those obtained by traditional
joining methods with the use of joining elements. The
FSW process offers the advantages of ensuring:3

• elimination of the need to bevel sheet metals,
• higher resistance to brittle cracking of the joint than

the parent material,
• high static and dynamic strength properties, higher

than those achieved by conventional methods,
• the possibility of conducting the process on conven-

tional milling machines,
• simple tooling technology
• no overheating of the heat-affected zones, which are

consequently not weakened,
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• lack of heat cracking as a result of welding.
In order to ensure that the joining conditions are

stable, it is necessary to determine the optimal welding
parameters such as the geometry and tool rotational
speed,8,9 feed rate, tool inclination angle, downward
force, and tool pin depth (Figure 1). During the FSW
process, the joined materials are mechanically stirred,
and this stirring is accompanied by the generation of a
large amount of heat. The heat generated by the friction
between the tool and the sheets leads to material flow.
The large temperature gradients, like in traditional weld-
ing, generate thermal stresses. This is one of the flaws
that occur during the process of linear sheet metal
welding. Undoubtedly, the diameter of the flange and the
downward force play an important role in the heating of
the material. The amount of heat generated is greater due
to an increase of these parameters. Using an insufficient
downward force results in the material being insufficient-
ly stirred, which results in voids within the weld.

When the temperature is too low, the joint is a result
of adhesion, which can be characterized as having low
strength. When the pressing force is too large, the weld
is concave and its transverse section is smaller.10 The
temperature during the welding process has a direct
effect on the quality of the joint. When high-melting-
point alloys are processed, they are initially heated in
order to decrease their yield stress. The tests presented
by J. Tang and Y. Shen11 show that an increase in the
rotational speed of the tool leads to an increase in the
process temperature as well. On the other hand, an in-
crease in the feed rate lowers it. At low tool rotational
speeds, the flange generates the majority of the heat,
while an increase in rotational speed causes the role of
the pin in the heating of the material to become greater.

In the aviation industry, it is especially important to
develop technology that decreases the deformation of
thin sheet metal during welding, while maintaining a
good joint strength. In this paper the FSW technique is
used to join aluminium alloy sheets. A special fixture

with a heated bed is developed in order to decrease the
deformation of the joined sheets. Further, a series of tests
on the effect of process parameters on the load capacity
of the joint were conducted. The tests were conducted
using a static three-level plan. On the basis of this, a
mathematical model was developed. For the process
parameters that ensured the greatest load capacity of the
joint, additional tests were conducted with initial heating
of the sheet metal. The effect of feed rate and tool rota-
tional speed on the load capacity of joints is analysed.
Due to the technological limitations regarding the ability
to control the tool’s downward force, the feed rate and
tool rotational speed were selected as the variable
parameters of the FSW. The goal of the tests was to
develop a suitable mathematical model in the form of a
second-degree polynomial with a significance level of
� = 0.05:

y b b x b x b x x= + + +∑ ∑ ∑0 k k kk k
2

kj k j (1)

where xk and xj are the initial factors, bo, bk, bkk, and bkj

are regression function coefficients, and y is the result
factor (measured value).

In order to achieve a correct model, the main focus
was placed on the values of feed rate (40–80 mm/min)
and tool rotational speed (900–1500 min–1). The results
of the measurements and some of the calculations are
presented in Table 1.

Table 1: PS/DK32 test logic matrix and experimental results

No. x0 x1 x2 x1
2 x2

2 x1 x2 y y S2(y)i

1 + + + + + + 4.31 4.38 0.01045
2 + + 0 + 0 0 4.62 4.59 0.0189
3 + + - + + - 4.54 4.53 0.001033
4 + 0 + 0 + 0 4.77 4.76 0.06305
5 + 0 0 0 0 0 4.81 4.79 0.00445
6 + 0 - 0 + 0 4.61 4.57 0.0443
7 + - + + + - 4.70 4.79 0.0039
8 + - 0 + 0 0 4.54 4.65 0.0021
9 + - - + + + 4.37 4.25 0.0079

2 METHODOLOGY

Initial tests showed that the factors with the greatest
effect on the FSW process were the feed rate vf, tool
rotational speed n, and downward force. The remaining
parameters did not have a significant effect on the quality
of the joint. Due to the technological limitations regard-
ing the ability to control the tool pressing force, the tests
were conducted at different values of feed rate and tool
rotational speed. In order to attain reliable information
from the trials conducted at a minimum workload, the
tests were conducted in accordance with a static three-
level PS/DK32 test plan.12
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Figure 1: Diagram of friction welding process



3 EXPERIMENTAL PART

3.1 Material

The tests on the FSW welding process were con-
ducted on a universal vertical milling machine. The
subject of the tests was butt joints in 1-mm-thick
2024-T3 aluminium sheet, which belongs to the unweld-
able group of materials, characterized by poor oxidation
resistance. The chemical composition of this material is
listed in Table 2. The nominal mechanical properties of
the joined material are an ultimate tensile strength of Rm

= 360–425 MPa, yield stress of Rp0,2 = 250–290 MPa,
hardness of 104–123 HB, elongation of A5 = 12–14%.
The thermal conductivity of the 2024-T3 aluminium
alloy is 137–170 W/m K. The 2024–T3 alloy is used to
manufacture aircraft equipment, transmission shafts,
bolts, parts of hydraulic valves and pistons, and worm
drives.

3.2 Experimental procedure

A rotational tool with a helix pin (Figure 2a) was
made of high-speed steel and heat treated to increase its
hardness to 55 HRC. The dimensions of the tool are
presented in Figure 2b. In order to improve the welding
process, a special fixture was designed, which ensured
constant pressure and a repeated position of the joined
sheet metal relative to the tool. When considering
additional heating of the welded sheets, a fixture with a
heated work bed (Figure 3) was designed and produced.

The fixture allows pre-heating of the whole volume of
the sheet and makes it possible to control the sheet
temperature during the welding process. The clamps of
the fixture were designed to allow observation of the
temperature distribution and to absorb a minimal amount
of heat (small contact area). The frame was made from a
channel section attached to an aluminium plate, where
12 heating coils and five sensors with CP-03 converters
were placed. Due to its temperature range and
measurement precision, the PT100 sensor was selected.
The heating system was controlled by a Siemens
LoGoV8 PLC controller. The system was divided into
three circuits. In order to ensure faster temperature con-
trol, two coils were placed in each channel of the
aluminium alloy plate. In order to reduce the temperature
gradient, the circuits were placed symmetrically relative
to the centre of the plate. A temperature sensor was
placed directly below the place where the welding was to
occur and this sensor was surrounded on both sides by a
circuit. The following two circuits were placed sym-
metrically and PT100 sensors were placed between
them. The heating bed was thermally insulated from the
steel fixture base.

3.3 Tensile testing

The maximum tensile strength of the welded joints is
determined in a uniaxial tensile-strength test conducted
on a Zwick/Roell Z100 universal testing machine. The
samples (Figure 2c) used in the strength tests were cut
from the butt jointed sheets perpendicularly to the weld
seam. The width of the samples was 12.5 mm.

The tensile force F was measured with an initial ten-
sion of 5 N and a speed of 0.2 mm/s. During the uniaxial
static tensile tests, the maximum load capacity of the
welded joint was measured.
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Table 2: Chemical composition of the 2024-T3 aluminium alloy, in mass fractions (w/%)

Cu Si Fe (max) Mn Mg Zn (max) Cr Ti
Others

Al
Each Total

3.80–4.90 0.50 0.50 0.30–0.90 1.20–1.80 0.25 0.10 0.15 0.05 0.015 Bal.

Figure 3: FSW fixture with heated bed

Figure 2: a) View and b) dimensions of the tool used for welding
sheet metal, and c) a sample used in the tensile strength test



4 RESULTS

4.1 Effect of feed rate

The results of the tests on the FSW joints show that
the destructive forces F attain a value of 4.31 kN for
samples welded at a rotational speed of 1500 min–1 and
feed rate of 80 mm/min and a maximum value of
4.81 kN for a rotational speed of 1200 min–1 and feed
rate of 60 mm/min. These values represent 75.61–84.38 %
of the force required to destroy a sample made of the
base material (5.7 kN). An analysis of the change in load
capacity of the joint as a function of feed rate (Fig-
ure 4a) shows the nonlinear character of the effect of the
feed-rate change on the amount of load carried by the
joint. The similarity of the curves determined for the tool
rotational speeds of 1200 min–1 and 1500 min–1 is visible.
Both curves exhibit an initial tendency to increase the
load capacity with the increase of feed rate and then
reach a maximum value followed by a slight decrease in
the load capacity of the joint. This decrease is more
evident in samples made with a rotational speed of
1500 min–1. In the case of samples made at a rotational
speed of 900 min–1, a nearly linear increase in strength
with an increase in feed rate is observed.

4.2 Effect of tool rotational speed

In the case of the graph presenting the relationship
between the maximum load carried by the joint as a
function of rotational speed (Figure 4b), the curves of
the respective feed rates show the same tendency.
Regardless of the adopted feed rate, the greatest joint
strength was observed for those joints made with a
rotational speed of 1200 min–1. All of the characteristics
are nonlinear and visualize the trend of decreasing
strength with increases in the tool rotational speed. In the
case of the curve representing the feed rate of
40 mm/min, it can be observed that the maximum load of
4.61 kN is achieved at 1200 min–1, after which an
increase in rotational speed lowers the strength of the
joint. The largest decrease of joint strength was recorded
for samples made with a feed rate of 80 mm/min.

It should be noted that this type of analysis is
insufficient to determine the complete effect of changing
the working parameters on the quality of the welded joint
created. A correct analysis requires the development of a
mathematical model in the form of a function (Equation
(1)).

4.3 Statistical analysis

The assessment of repeatability (stability) of the con-
ditions in which the experiments were conducted was
carried out with the use of Cochran’s C test.13 This test is
used to decide whether a single estimate of a variance (or
a standard deviation) is significantly larger than a group
of variances (or standard deviations) with which the
single estimate is supposed to be comparable. In order to
verify the hypothesis of repeatability of the variance, a
coefficient G was determined in Equation (2):

G
s y

s y

i

i

N=
=∑

2

2
1

( )

( )

max
= 0.3794 (2)

which was compared to the critical value based on the
assumed significance level of � = 0.05 and the number
of degrees of freedom determined based on the relation-
ships in Equations (3) and (4):

f N1 9= = (3)

f r2 1 2= − = (4)

where r is the number of repetitions and N is the number
of experiments.

The value of Cochran’s statistic was less than the
critical value Gkr = G(�,f1,f2) = 0.4775 (0.3794 < 0.4775).
As a result, the repeatability of the experimental condi-
tions can be considered satisfactory. The assessment of
the significance of the coefficients in the regression
equation was conducted by comparing its values with the
critical value determined from the formula:

b t
s y

Nrkr f= =( , )

( )
.�

2

0 0105 (5)
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Figure 4: Maximum load carried by a welded joint as a: a) function of
feed rate and b) as a function of tool rotational speed



where t(�,f) = tkr = 2.1009 is the test value of the t
coefficient from the t-Student chart.

Because the absolute values of all the equation re-
gression coefficients were greater than the critical value
|bk| > bkr, it was assumed that they affect the regression
function value significantly. After substituting the deter-
mined values of the coefficients bo, bk, bkk, and bkj into
Equation (1), the following regression equation was
achieved:

y x x x x= − − − − −
−

4 794 0 031 0 0956 0 0178 013

0 0174
1 2 1

2
2
2. . . . .

. x x1 2

(6)

After decoding Equation (6), the regression equation
modelling the effect of the FSW parameters on the load-
carrying capacity F (Figure 5) takes the following form:

F = –1.483 + 0.0786 vf – 0.000325 v f
2 + 0.00639 n –

0.000029 vf n – 1.981·10–6 n vf (7)

To determine how adequate the regression equation
is, a Fisher–Snedecor test was used. During the first
stage of the analysis, the adequacy of the variance was
determined in Equation (8):

( )
s

r y y

N k

i i
i

N

ad
2 1

2

1
0 0368=

−

− −
==

∑
. (8)

Where y i is the average value of the measurement
results in the i-th experiment, y i is the value calculated
from the regression equation for the input and output
factors of the i-th experiment, k is the number of regres-
sion equation expressions (without a free expression)
after rejecting insignificant expressions, r is the number
of repetitions, and N is the number of experiments.

Then, the value of the F-test coefficient was deter-
mined in Equation (9):

F
s y

s y
= =ad

2

2 2126
( )

( )
. (9)

This value has been compared with the critical value
from the Fisher-Snedecor distribution Fkr = F(�,f1,f2) =
F(0.05,3,18) = 3.1599. Because the value of the test coeffi-
cient was smaller than the critical value F < Fkr (2.126 <
3.1599), the resulting regression Equation (13) was
accepted as adequate at a significance level of � = 0.05.
The maximum error of the regression function (Fig-
ure 6) does not exceed 2.36 %; however, the mean
square error of the research results and the mathematical
model was 0.41 %.

4.4 Effect of sheet pre-heating

In order to determine the amount of joint deformation
after welding, a grid (Figure 7) was placed on the
welded sheet metal. Next, the joints were measured with
a height calliper.

The values of these deformations for non-heated and
pre-heated joints are presented in Figures 8a and 8b,
respectively. During the welding of the samples made
with the parameters ensuring maximum joint strength (n
= 1200 min–1, vf = 60 mm/min), a maximum temperature
of 350 °C was registered. On this basis, the bed-heating
temperatures of (150, 180, and 200) °C were selected for
further analyses. Next, the welding tests were conducted
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Figure 6: Theoretical and experimental load capacity of the joint

Figure 5: Effect of welding parameters on the load capability of the
joint Figure 7: Grid placed on welded sheet metal



and the amount of sheet deformation was measured. The
best results were achieved for the pre-heating tempera-
ture of 200 °C, which resulted in the smallest deforma-
tion (Figure 8b). A further increase in temperature did
cause a decrease in the amount of sheet-metal deforma-
tion of 4.8 mm.

The results show that the pre-heating of the thin FSW
sheet metal leads to a decrease in the amount of defor-
mation, which can be observed by comparing the results
shown in Figures 8a and 8b. The difference between the
amounts of deformation is significant. The maximum de-
formation of sheet metal without pre-heating was 11.6 mm
(Figure 8a), while introducing pre-heating into the pro-
cess decreased this value to 4.8 mm (Figure 8b).

5 CONCLUSIONS

The results of the FSW joining experiments on
2024-T3 alloy sheets show that the best results that gave
the greatest load capacity of the joint were achieved by a
joining process realized at a rotational speed of
1200 min–1 and a feed rate of 60 mm/min. The strength
of the joint was equivalent to 84.38 % of the force
required to destroy the sample of base material. With the

use of an additional heat source that ensures pre-heating
of the whole volume of the joined sheets and main-
tenance of the temperature during welding, a much more
evenly spread temperature gradient was achieved. The
tests show that pre-heating of FSW thin sheet leads to a
reduction in the amount of deformation due to the heat
generated during the FSW process. In the case of the
tests conducted, pre-heating of the sheet metal to a tem-
perature of 200 °C decreased the amount of deformation
by 57.62 % compared to the non-preheated sheets.
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and b) with pre-heating


