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Abstract

The paper presents the results of research into the possi-
bility of aluminium alloy lap joint production. The friction
stir welding process is used to weld two aluminium alloy
5754-H111 plates into a lap joint. Friction stir welding
ensures material joining without melting and use of addi-
tional material. By correctly selecting technological parame-
ters of the welding process, the lap joint is successfully
produced. Visual inspection of the face and root side of the
weld metal is presented in the paper. Microhardness HVy 15
was measured at the face of lap joint as well as through the
cross section. Hardness is measured to include all struc-
tural zones of the joint: base metal, heat affected zone,
thermo-mechanically affected zone, and nugget. As expected,
the microhardness of the weld metal has reached the micro-
hardness value of the base metal.

INTRODUCTION

Aluminium alloys are widely used in the aircraft industry,
rail vehicles, automotive industry, military industry, ship-
building and production of process equipment. These mate-
rials have lower ductility compared to steel and are often
difficult to weld or are even non-weldable. In recent years,
the friction stir welding (FSW) process has been proposed
and applied in order to obtain good mechanical and techno-
logical characteristics of joints, including analysis of heat
input effects, /1-5/.

Friction stir welding is a solid-state welding technology
that provides the joining of materials without melting and
without the use of additional materials. Joining of material
is performed by a combined action of heat and mechanical
work. Tool and base material remain in solid-state, while in
the welding zone the base material is slightly softened, i.e.,
plastic-state. This is the result of heat generated by friction
between the tool and base material. Temperatures that occur
during the process do not exceed the melting point of the
base material and reach about 80 % of the melting point.
The welding temperature for aluminium alloys is about
500 °C, /6-10/.
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Kljuéne reci

- zavarivanje trenjem sa meSanjem
« preklopni spoj

« legura aluminijuma

« mikrotvrdo¢a

- vizualna kontrola

lzvod

U radu su prikazani rezultati istrazivanja mogucnosti
izrade preklopnog spoja od legure aluminijuma. Proces
zavarivanja trenjem sa mesanjem je koriscen za zavarivanje
dve ploce od legure aluminijuma 5754-H111 u preklopni
Spoj. Zavarivanje trenjem sa mesanjem obezbeduje spajanje
materijala bez topljenja i upotrebe dodatnog materijala.
Pravilnim odabirom tehnoloskih parametara procesa zava-
rivanja, uspesno je proizveden preklopni spoj. U radu je
prikazana vizuelna kontrola lica i korene strane metala Sava.
Izmerena je mikrotvrdo¢a HVy1s na licu spoja, kao i kroz
poprecni presek spoja. Tvrdocéa je merena tako da se obuh-
vate sve strukturne zone spoja: osnovni materijal, zona
uticaja toplote, zona termomehanickog uticaja i grumen. Kao
Sto je i ocekivano, mikrotvrdoca metala Sava dostigla je
vrednost mikrotvrdoce osnovnog materijala.

A lap joint produced by FSW process obtained by join-
ing two or more working plates is discussed in /11/. Lap
joints are widely used in the assembly of parts and products
of aeronautic industries. Lightweight alloys and in particu-
lar aluminium ones are often called non-weldable materials
since conventional welding processes, such as GTAW or
even advanced ones, such as laser welding, produce joints
characterised by tensile properties at the level of 60 % or
even 50 % of the parent material. It should be observed that
such decrease in joint strength is fundamentally due to metal-
lurgical aspects, namely the increase of the average grain
size observed in the melted material is up to 10 times with
respect to the parent material. Figure 1 shows a simplified
example of the welding tool position and working plates for
the production of a lap joint by FSW process, /13/.

A lap joint was successfully produced by choosing the
optimal technological parameters of the welding process.
Visual inspection of the face and root of the weld metal was
performed after welding. Microhardness HVq .15 testing was
measured on the face of the lap joint as well as through the
cross-section of the joint which is normal to the welding
direction. The microhardness was measured to include all
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structural zones of the joint: the base metal, the heat-af-
fected zone (HAZ), the thermo-mechanically affected zone
and the nugget.

F5W tool

pin
Figure 1. Simplified representation of the FSW lap joint, /12/.

EXPERIMENTAL WELDING

The work plates to be welded are made of aluminium
alloy 5754-H111. The chemical composition is shown in
Table 1. This aluminium alloy has medium strength, good
corrosion resistance, represents a typical alloy of Al-Mg series
of alloys. The basic mechanical properties are as follows:
Rpo.2 = 80 MPa, Ri = 190-240 MPa, HB 52, A = 18 %.

Table 3. Chemical composition of AA 5754-H111 /6/.

% Mg | Mn | Si | Cu | Fe | Zn Ti Cr
min. | 2.6 0 0 0 0 0 0 0
max. | 36 | 05 ][04 ]01]04]02] 0015 |03

Welding was done on a tool milling machine. The geom-
etry and material selection of welding tools, clamping tool,
and backing plate were made on the basis of theoretical
knowledge and acquired practical experience /11/. The spe-
cial tool used for welding is made of tool steel. The pin of
the tool is of conical shape and has an engraved round coil
that encourages better mixing and secondary flow of the
softened material. The clamping tool is made of stainless
steel. The experimental setup, i.e., the clamped working
plates on the worktable of the milling machine and the posi-
tion of the welding tool are given in Fig. 2.

Figure 2. The experimental setup.

The lap joint is produced by welding two plates in one
pass of the tool. The dimensions of the working plates are
80x200x3 mm. The length of the produced weld metal is
170 mm. The technological process parameters for lap joint
are given in Table 2, while the process included:

— selection of welding tool, special clamping tool, and weld-
ing machine,
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— placing the tool in the machine main spindle and setting
the tool tilt angle, placing the clamping tool on the work-
table of the machine, positioning and clamping the back-
ing and working plates in the clamping tool,

— setting the rotation speed of the tool and presetting the tool
on the machine (length correction of the tool),

— with the given speed of penetration of the tool, raising the
worktable to contact with the tool (Fig. 1),

— penetration of tool into working plates until the moment
of contact of the upper surface of the working plate with
the face of the tool with the specified penetration speed
and depth of immersion of the tool (duration 90 s),

— keeping the rotating tool in that position for 10 s,

— setting the welding speed (translational motion of the
machine's worktable, duration 11 min., Fig. 3),

— interruption of translational motion,

— vertical movement of the machine table (tool extraction
from the welded joint, Fig. 4),

— stopping the rotational motion of the tool and removing
the welded lap joint from the clamping tool.

Table 2. Process parameters for lap joint.

Tool-plunge depth
5.6 mm

Vrot Vi Tool tilt-angle
950 min-! | 15 mm/min 0°

Figure 3 shows the tool movement, i.e., the worktable of
the machine. Speed of translational motion is called the
welding speed, v = 15 mm/min. The tool rotates at a con-
stant speed during this motion with vrt = 950 mint. The
vertical movement of the machine table (tool extraction from
the welded joint) is shown in Fig. 4.

Figure 4. Tool extraction from the welded joint.
VISUAL EXAMINATION AND DISCUSSION

Non-destructive testing of the lap joint was done by visual
inspection according to SRPS EN-970 standard, /14/. A
visual inspection of the face and root side of the weld metal
was performed. Figure 5 shows the smooth surface of the
weld metal face, and the presence of material flash, as well
as the hole due to tool exiting from the working plates mate-
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rial. The flash is a phenomenon that with a proper choice of
tools can be minimised but not eliminated.

Visual inspection of the root side of the weld metal clearly
identifies the welding zone under the tool face, Fig. 6. Also,
the surface of the material under the tool pin is expressed.
Considering that the height of the pin is 5.5 mm, we chose
that the penetration of the tool into the plate material should
be 5.6 mm. The total height of the worktops is 6 mm and
we originally thought that this phenomenon would not occur.
For future welding, we can use a slightly larger thickness of
work plates, with the same technological parameters.

Figure 6. The face of weld metal.

e

Figure 7. The root side of the lap joint.
MICROHARDNESS MEASUREMENTS

The Vickers method was used to measure microhard-
ness. Measurements were performed on the ‘PMT 3’ micro-
hardness testing machine. Samples’ surfaces were ground
and polished before measurement. All tested samples were
prepared in the same way. The measurement procedure is
performed by pressing a diamond pyramid into the surface
of the sample. An indentation force of 1.4709975 N (150
gr.) was used. Standards defining Vickers hardness and the
microhardness measurement are EN 1SO 6507-1:2018 or
ASTM E384, /15/.

Microhardness measurement was done at two places. It
was measured to include all structural zones of the joint: the
base metal (BM), the heat-affected zone (HAZ), thermo-
mechanically affected zone (TMAZ), and the nugget. First,
the microhardness was measured on the surface normal to
the face and root, and in the cross-section of the weld metal.
Microhardness was measured close to the weld metal surface,
at a distance of 1.5 mm from the weld metal surface. Then
the microhardness was measured on the surface of the lap
joint where the weld metal face is. Figure 8 shows measure-
ment locations in the lap joint cross-section. Comparative
values of microhardness measured in the cross-section (blue)
and on the face side of the weld metal (red) are shown in
Fig. 9.

Figure 8. Measurement locations on the surface normal to the face
and root side of weld metal.

INTEGRITET | VEK KONSTRUKCIJA
Vol. 24, br.1 (2024), str. 83-86

ooy
. [\ W\
45 -
NEVAW. \ A
LY VAN
” -35 73‘0 —2‘5 fZIO 71I5 —1‘0 !‘3 lIJ ."5 1‘0 1‘5 ZIO 2‘5 3‘0 3I5

Distance from weld centre, mm
Figure 9. Microhardness distribution at weld face and root side.

Microhardness HVo.15

Measuring the microhardness in the nugget zone makes
sense only in the first case (blue line), indicating the highest
hardness value in nugget zone and minimum values in HAZ,
as expected, because increasing temperature leads to the
increase of grain size in the structure. This hardness change
in the nugget is due to recrystallization and fragmentation
of structures.

In the second case, when the hardness is measured on the
face of the weld metal (red line), high hardness values can
be seen just in the zone below the tool shoulder of diameter
25 mm (in the range from -12.5 to 12.5 mm), and that is
actually the weld metal zone. There, the working plates mate-
rial is well mixed and under the influence of the tool shoul-
der.

The appearance of the impression after Vickers micro-
hardness test is shown in Fig. 10.

Figure 10. Impression on the sample after measuring the
microhardness by Vickers method.

CONCLUSION

The selection of welding parameters established the suc-
cessful production a lap joint by friction stir welding. The
tool milling machine was simply adapted for this welding
process. Visual examination did not detect the presence of
defects, but further macroscopic examination is necessary.
Presence of material flash formation can be removed by fine
post-processing.
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The highest microhardness value is present in the nugget
zone. This change in hardness is expected due to recrystalli-
zation and fragmentation of structural grain. The minimum
hardness values are found in HAZ, as expected, because
increase in temperature leads to an increase in the grain size
of the structure.
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