Aleksandar Zivkovié', Andrijana Purdevié’, Aleksandar Sedmak’®, Srdan Tadié?, Ivan Jovanovié’,

Porde Purdevic?, Kenneth Zammit’

FRICTION STIR WELDING OF ALUMINIUM ALLOYS - T JOINTS
ZAVARIVANJE TRENJEM SA MESANJEM ALUMINIJUMSKIH LEGURA — T SPOJEVI

Originalni nauéni rad / Original scientific paper
UDK /UDC: 621.791.1:669.715
Rad primljen / Paper received: 11.12.2015

Adresa autora / Author's address:

! Gosa FOM Company, Smederevska Palanka, Serbia

? University of Belgrade, Innovation Centre of Faculty of
Mechanical Engineering, Belgrade, Serbia, email:
andrijana.miler@yahoo.com

*) University of Belgrade, Faculty of Mechanical Engng.
» Tehnikum Taurunum - College of Applied Engineering
Studies, Belgrade, Serbia

> Malta College of Art, Science and Technology, Paola,
Malta

Keywords

* friction stir welding (FSW)
* T-joints

* defects

* microhardness

Abstract

The paper presents results of research on the possibility
of producing T-joints of aluminium alloys without defect by
friction stir welding process. Friction stir welding process
is applied in welding T-joints of aluminium alloys 5052-
H32 and 5754-H111. These relatively new welding tech-
nologies produce high quality welded joints, where strength
of the joint can reach the strength of the base material.
Visual and macrostructural examination and microhard-
ness measuring of the welded T-joints are processed.

INTRODUCTION

Friction Stir Welding (FSW) is a solid-state welding
process which enables joining of materials without melting
and without the use of additional materials. Joining of
material is performed by combined action of heat and
mechanical work. Tool and base material stay in solid-state,
while in the welding zone the base material is slightly
softened. Temperatures during the process do not exceed
the melting point of the base material, and those are about
80% of the melting point. Welding temperature for alumin-
ium alloys are in the interval 400-500°C, /1-2/.

Relative to the traditional welding technologies, FSW
offers a number of advantages, /3/. The introduction of
FSW joining technology, simplifies the production scenario
of particularly shaped profiles. In the aircraft and aerospace
industries complex profiles and joining of so-called ‘skin
and stringers’ are very often used for flying body structures.
In recent years a few results have been presented that inves-
tigate the development of welded T-joints made of light-
weight alloys, by using FSW, /4-5/. Here, experimental
welding of aluminium plates is performed in order to obtain
T-joints without defects.
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Kljuéne reci

* zavarivanje trenjem sa meSanjem (ZTM)
» T spojevi

* greske

* mikrotvrdoca

Izvod

Predstavijeni su rezultati istrazivanja mogucnosti proiz-
vodnje T spojeva od aluminijumskih legura zavarivanjem
trenjem sa meSanjem bez greSaka. Postupak zavarivanja
trenjem sa mesanjem je koriscen za zavarivanje T spojeva
od aluminijumskih legura 5052-H32 i 5754-HI111. Ova
relativno nova tehnologija zavarivanja daje visoko kvalitet-
ne zavarene spojeve kod kojih ¢vrstoca spoja moze dostici
¢vrstocu osnovnog materijala. Uradeno je vizuelno i makro-
strukturno ispitivanje i merenje mikrotvrdoce T spojeva.

EXPERIMENTAL RESEARCH

Experimental welding is performed on the milling
machine, type AG-400 MINA. Rated power of the machine
is 12 kW, the maximum rotational speed is 2500 min "', the
maximum feed rate is 4500 mm/min and working space is
x =600 mm, y =400 mm and z = 300 mm.

The tool for friction stir welding is of H13 tool steel. The
welding tool has a typical geometry for the FSW process,
cylindrical shoulder and tapered probe with a cone angle of
20°. The probe is an etched curvaceous right coil whose tilt
is 5°, which promotes better mixing and secondary flow of
softened material. Height of the probe is 5.5 mm. Diameter
of shoulder is 25 mm. Top of shoulder is concave.

Experimental research had two phases because there
were two different aluminium alloys. During the first
experimental welding phase T-joints were produced by
friction stir welding of three plates of aluminium alloy
5052-H32 of dimensions 30x180x5 mm. Chemical compo-
sition and mechanical properties of T-joints produced in the
first phase of experimental welding are given in Tables 1
and 2, respectively. The following limits are given accord-
ing to EN 485-2 and EN 573-3 standards.
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Table 1. Chemical composition of AA5052-H32, /6/.

% Cu | Mn | Mg Si Fe | Zn Ti Cr
min. 0 0 2.2 0 0 0 0 0.15
max. | 0.1 [ 0.1 | 2.8 | 0.25 | 04 | 0.1 | 0.01 | 0.35

Table 2. Mechanical properties of AAS052-H32, /7/.
Property R0, (MPa) R, (MPa) A (%) | HVS
Value 130 210-260 12 67

In the second welding phase T-joints are produced by
welding three plates of AA 5754-H111, of dimensions 30x
180x5 mm and chemical composition, as given in Table 3,
and mechanical properties given in Table 4. The following
limits are given according to standards EN 485-2 and EN
573-3.

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

Table 4. Mechanical properties of AA 5754-H111, /7/.
Property R0, (MPa) R, (MPa) A (%) | HB
Value 80 190-240 18 52

The design of the clamping tool for working plates is the
same for both welding phases and is given in Fig. 1.
Radiuses of backing plates are 2 mm. However, for welding
of the T-joints of AAS5052-H32, the material of clamping
tool was carbon steel S355, according to EN 10025/2004
standard. Material of the clamping tool for welding T-joints
of AA5754-H111 was stainless steel 1.430.

Figure 1. Simplified representation of the clamping tool.

There are five welding parameters that affect the quality
of welded joints and control of the FSW process: the speed
of rotation of the tool, v,,; welding speed, v,,.; vertical
force to work materials, F; tool tilt-angle, ¢; tool-plunge
depth, a; and tool geometry, /11-12/. Process parameters
used for welding T-joints from the first phase of experimen-
tal work were in intervals: v, = 24-73 mm/min; v, =
600-950 rpm; a = 5.3-59mm, and o= 0-1.5°. Process
parameters used for welding T-joints from the second phase
of experimental work were: v, = 27-60 mm/min; a = 5.6—
5.8 mm; = 1° and v,,, = 950 rpm.

Two methods were used for testing welded T joints: non-
destructive and destructive. Non-destructive testing referred
to the visual control of the face and root side of weld metal.
Destructive testing included the macrostructure and micro-
hardness tests. All tests are conducted in accordance with
applicable standards.
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RESULTS AND DISCUSSION

Visual control of the front and root sides of the weld
metal was performed for all of the welded joints. During the
experiment all welding stages are monitored. The welding
process involved the occurrence of defects in weld metal as:
tunnels, kissing bond, appearance of links during tool pene-
tration, extrusion of softened material due to tool shoulder,
sticking of the welded joints to the base plate, plate separat-
ing and more. Once the work plates have been properly
clamped (Fig. 2), the stage of tool mandrel penetration into
the work plates has followed (Fig. 3).

Figure 2. Plates clamped on the work table of the machine.

Figure 3. Penetration of the tool mandrel into the work plate.

The welding stage was monitored during the welding of
each T-joint, Fig.4. Figure 4a shows the smooth front
surface with a slight flash of material retreating to the side
of the weld metal. The flash is an occurrence that can be
minimized by proper tool selection, although it cannot be
eliminated, /8/. In addition, softened material extrusion due
to the effects of the tool shoulder can be seen.

There was a problem with separating the plates during
the welding of three plates, for both 5052-H32 and 5754-
HI111 alloys, as can be seen in Fig. 4b. Plates are separated
due to great forces that occur during welding and insuffi-
cient clamping. It can be seen that a small link has spread
over the welded joint front, due to tool penetration, as
marked by the red ellipse.

The setbacks mentioned above occurred due to inade-
quate welding parameters, i.e. tool rotation speed, welding
speed, tool tilt angle, pressure force, inadequate geometry
of tool, depth of tool penetration and insufficient plate
clamping.

The presence of an open tunnel on the advancing side
(Fig. 5) is a result of an inadequate combination of welding
parameters, /9/. The appearance (roughness) of the weld
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front surface and the amount of extruded material around
the tool shoulder is also heavily dependent on the applied
welding parameters.

Figure 5. Open tunnels (red arrow) and a rough weld front surface.

Defects are not detected by visual control of the weld
metal root side in T-joints. The appearance of the joint side
is shown in Fig. 6. By observing the root side of the joint, it
is possible to clearly identify the welding zone beneath the
weld front.

Figure 6. Root side of weld metal.

Distortion of one or both upper plates is observed on
some T-joints in both welding phases. Distortion occurred
due to the large welding forces, inadequate clamping of the
working plates, and the high temperature of the process.

Figure 6. Examples of joint distortion.

Microhardness testing of T-joints is performed on joints
with defects that were not detected by visual examination.
Microhardness was tested through the welded joint cross-
section perpendicular to the plate welding direction, in two
directions: horizontal (near the face and root sides of the
weld metal), and vertical (from the face to the root side of
the weld metal, along the joint symmetry axis). In some T-
joints the tunnel defect could be seen on the joint face,
however, its presence could not have been confirmed with
sufficient certainty. Measuring points for the microhardness
test of a typical AA5052-H32 T-joint are shown in Fig. 7.

Figure 7. Measuring points for the microhardness test.

All diagrams for microhardness distribution of AAS5052-
H32 are similar and typical, as shown in Fig. 8.

Microhardness distribution through the cross-section
measured in horizontal direction is not completely sym-
metrical relative to the joint central axis. Microhardness in
the nugget area reached the value of hardness of the base
material which was expected due to recrystallization and
fragmentation of the structural grains. Sudden decrease in
microhardness present in one of the imprints in the nugget
area is observed. This is the consequence of a welded joint
defect known as the bonding line, which can be seen more
clearly in macroscopic images (Fig. 9).
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Figure 8. Microhardness distribution for T-joint of AA5052-H32.
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a) branch, nugget-TMAZ border on the advancing side, tunnel and
bonding line

b) root side of weld metal, nugget-TMAZ-HAZ border

— i
¢) nugget-TMAZ border on the advancing side, kissing bond and
observed lines of material flow

Figure 9. Macroscopic images of structural zones of the AA5052-
H32 T-joint.
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Figure 9. (continued) d) nugget-TMAZ-HAZ border on the
retreating side, kissing bond.

There is some difference in the microhardness distribu-
tion diagrams in the vicinity of the front and root sides of
the weld metal. In the nugget area and TMAZ, the hardness
level near the weld front is significantly higher than the
level at the root side of the weld, which is a result of
insufficient material mixing due to the process temperature
not being high enough. The material used for support plates
in the first stage of experimental work is carbon steel, class
S355, which lead to partial dissipation of heat from the
welded zone which was necessary for the process to take
place.

In the nugget area, the measured values of microhard-
ness along the vertical direction correspond to the values
measured along the horizontal direction near the root side
of the weld, which is expected since the process tempera-
ture at this location is lowered due to heat dissipation
through the base plates. The first two microhardness values,
measured in a vertical direction (at 1 and 1.5 mm from the
welded joint front), correspond to the values of microhard-
ness measured along the horizontal direction near the
welded joint front in the nugget area, since this is where the
process temperature reached its highest constant value.

Welded T-joints of AA5052-H32 had approximately the
same macroscopic images (Fig.9), and all had the same
types of defects.

A tunnel is observed on the advancing side of weld metal
(Fig. 9a). This defect falls into the category of non-allow-
able defects since it results in a reduced cross-section. It
occurs due to insufficient transport of softened material
around the pin of the welding tool from the retreating-
towards the advancing side, due to inadequate (too high)
welding speed, /10-11/.

On the root side of the weld metal, in the immediate
proximity of the nugget (Fig. 9c-d), type of defect kissing
bond (imperfect bonding, incomplete penetration) can be
observed. This defect occurs due to insufficient tool pene-
tration and is significantly unfavourable since it represents
an initial crack in the nugget which in turn reduces the
tensile strength of the welded joint.
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A bonding line is a type defect that is present on the
advancing side. The ways in which these defects occur can
be simply described in the following way: a thin oxide film
located on the surfaces of two plates that are being welded
which is not fully dispersed during the welding process.
Shearing of the material due to the rotating tool mandrel,
largely contributes to primary material flow, but very rarely
in a vertical direction (secondary material flow). The
presence of this defect on the advancing side indicates that
the flow of material on that side is heavier, /12-14/. The
bonding line represents an initial crack in the joint and thus
its mechanical properties are reduced. This defect could
have been avoided by employing a higher heat input into
the process and by changing the tool geometry.

Another typical microhardness distribution along the
horizontal and vertical directions throughout the cross-
sections of the AA5754-H111 T-joint of is given in Fig. 10.
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Figure 10. Microhardness distribution in AA5754-H111 T-joint.

Microhardness distribution diagrams along the horizon-
tal direction through all welded T-joint cross-section are not
symmetric relative to the joint centre. The highest measured
values of microhardness are in the nugget area, whereas the
lowest ones are in the TMAZ.

The largest decrease in hardness is recorded in the HAZ,
closer to the thermo-mechanical zone. This change in hard-
ness occurred due to the increase of structural grain during
the increase of processing temperature.

In the nugget zone microhardness values measured in the
vertical direction correspond to the values of microhardness
measured in the horizontal direction. It is observed that the
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value of microhardness in the nugget zone are always larger
near the face, than at the root of the weld metal. This is due
to the higher temperatures of the process due from direct
effects of the tool shoulder on the working plates.

T-joints of AA5754-H111 which are macroscopically
examined do not have defects, as opposed to the joints
made of AA5052-H32. The reason for this lies in the mate-
rial clamping tool, since during the second phase of experi-
mental work, stainless steel is used (and thus there is no
temperature dissipation during the welding process). Char-
acteristic macroscopic cross-section views of the welded T-
joints (Fig. 11) are approximately the same.

Figure 11. Macroscopic image of AA5754-H111 T-joint.

CONCLUSION

A tunnel defect type could not be seen by visual exami-
nation of welded AAS5052-H32T-joints. Three types of
defects are noticed by macroscopic examination of the
structure in the T-joints cross-section: tunnel, incomplete
penetration, and bonding line. These defects are caused by
incorrect choice of welding parameters and they lack in the
generated heat in the joining zone. The problem is that there
is high heat conduction during the FSW process of T-joint.
Heat conduction is largely determined by choice of material
type of the backing plates and the clamping tool. In order to
obtain defect-free T-joints with chosen welding parameters,
the clamping tool material which is carbon steel should be
replaced by a material that conducts less heat in the first
phase of experimental welding.

Macroscopically examined AA5754-H111 T-joints are
without imperfections. Stainless steel has proved to be a
good material for backing plates and for the clamping tool
when friction stir welding T-joints.
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