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Abstract

The results of research regarding the friction stir welding process of T-joints are presented in this paper. Experimental welding of
two and three aluminium plates were performed in order to obtain T-joints. Microhardness measuring and macrostructural
examinations of welded T-joints of aluminium alloy are processed. All phases of the welding process are monitored by visual
control.
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1. INTRODUCTION

T-joints of aluminum alloys are used in many industries: automotive, acrospace, shipbuilding, etc. Aluminum has
good corrosion resistance. The main role of T-joints is to increase the rigidity of structures. But aluminum alloys are
hardly welded by conventional welding processes. The poor solidification microstructure and porosity in the fusion
zone which leads to the loss in mechanical properties as compared to the base material make these alloys generally
classified as nonweldable alloys. Friction stir welding (FSW) was found to be a very successful approach to weld
aluminium alloys in a solid-state joining process. [1-3]

The friction stir welding of the T-joint is done in the following way: two or three working plates are rigidly clamped
on the machine table. Welding machines can be specialized, figure 1.a and it is very expensive. Also, welding can be
done on milling machine, figure 2.b. The welding tool consists of three main parts: shoulder, top of shoulder and
probe. The probe is the part of welding tool that passes entirely through the working plates to and the tool shoulder is
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the surface of the tool that contacts the working plates surfaces during welding. The tool capitalizes two primary
functions, heating of work piece and movement of material to produce the joint. Heat generated by friction between
the tool and the work piece causes softening of the material being welded due to the localized heating. Also, severe
plastic deformation occurs in the area around the rotating tool. As the tool is translated along the welding direction
the flow of the plasticised metal occurs and the material transported from the front of the tool to the trailing edge
where it is forged into a joint. As a result of this process a solid state weld joint is produced [6].
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Figure 1. a) ESAB SuperStir, working space 6x16m [4], b) Milling machine

The welding parameters that affect the quality of welded joints and control of FSW process are: the speed of rotation
of the tool, welding speed, vertical force to work materials, tool tilt-angle, tool-plunge depth and tool geometry [5].
Experimental welding of aluminium plates was performed, and welded T-joints were experimentally examined to
demonstrate the effect of the welding process parameters on the macrostructure and microhardness values.

2. EXPERIMENTAL WELDING

Experimental welding was performed on milling machine, which set up is shown in figure 1.b. T-joint was
produced by welding two or three plates. The following technological process parameters were varied in order to
obtain T-joints without defects: transverse (welding) speed, the speed of rotation of the tool, tool-plunge depth in the
working material and tool tilt-angle.

The special tool used for welding plates of AA5754-H111 was of material H13 tool steel. Welding tool has tipical
geometry, cylindrical shoulder and tapered probe with a cone angle of 20°. Probe was etched curvaceous right coil
whose tilt is 5°, which promotes better mixing and secondary flow of softened material. Hight of probe was 5.,5 mm.
Diameter of shoulder was 25 mm. Top of shoulder is concave, with a tank. Photo of tool with the basic elements is
shown in figure 2. Figure 3 shows the construction of clamping tool. Material of clamping tool is stainless steel 1.430,
and its mechanical properties are Rp02=280+300 MPa and Ry, =580+600 MPa according to EN 10028-7/2008 [6].
Mechanical properties and chemical composition of AA5754-H111 are shown in tables 1. and 2. respectively.

Table 1.Chemical composition of aluminium working plates [7]

EN AW 5754-H111 Mg Si Mn Cu Fe Zn Ti Cr
% 2,6-3.6 0-0,4 0-0,5 0-0,1 0-0,4 0-0,2 0-0,015 0-0,3

Table 2.Mechanical properties aluminium working plates [8]

EN AW 5754-H111 Yield stress R, 0> [MPa] Tensile strength R, [MPa] Elongation A [ %] Brinell hardness HB
Value 80 190-240 18 52
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Figure 4. Position of working

Figure 3. Construction of clamping tool used
for FSW of T-joints plates

Figure 2. Photo of FSW tool

The dimensions of the working plates were 32x200x5 mm and 65x200x5 mm. The length of each weld metal is 170
mm. Three T-joints were welded and tested, and their labels are: P 3.1, P 4.1 and P 4.2. T-joints are welded using the
same welding speed, rotation speed of tool and tool tilt angle. The following process parameters are varied: tool plunge
depth and radius of backing plates. The number of working plates is two or three and their positions are shown in figure
4. The process parameters used for experimental welding of each T-joint are given in table 3.

Table 3. Values of process parameters for T-joints

Welding speed . .
foi Speed of rotation Tool tilt angle Tool plunge depth Ra.dlus of
T-joint mm backing plates

wel | v, [1pm] a [°] a[mm)]
min r[mm]
P31 950 27 1 5,8 2
P41 950 27 1 5,8 4
P42 950 27 1 5,6 4

P 3.1 T-joint was obtained by welding two working plates, dimensions 65x200x5 mm, with one tool movement,
figure 5.a. First, the tool with constant rotation speed penetrates into the material of working plates and then moves in
the direction of symmetry axis of the T-joint. P 4.1 obtained by welding three working plates dimensions 32x200x5 mm,
with two movement of welding tool. First, rotating welding tool passes along the joint line on the advancing side of weld
metal, and then the tool goes out from the joint leaving a keyhole. Then the welding tool again comes to the beginning
of the joint, and moves along the joint line on the retreating side of weld metal. Figure 5.b shows the welding process
when the tool moves along the line of joining the working plates on the advancing side of weld metal.

b) )
Figure 5. Experimental welding T-joints

a)



Andrijana Purdevié et al. / Procedia Structural Integrity 13 (2018) 424—429 427

P 4.2 obtained with two movement of welding tool like P 4.1, but the first movement of the tool was on the
retreating side, and the second was on the advancing side of weld metal. There were three working plates
dimensions 32x200x5 mm, too. The figure 5.c shows the position of FSW tool when it has completed the first pass.
Now, tool will penetrate again in the material of working plates and move along the joining line on the advancing
side of weld metal. It can be seen the keyhole as a result of the tool's exit from the joint.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Visual inspections and macrographic tests have been carried out for all welded joints. Specimens were prepared
using standard metallographic methods for macroscopic examinations of the weld zones. Visual inspection of the face
of the weld metal were done according the standard EN 970 [9]. The macrostructural analysis of the cross-section of
the welded joint normal to the welding direction was carried out on T-joints. The macrostructural analysis was done
according to standards SRPS EN ISO 17639: 2014[10], and SRPS EN ISO 25239-5 [11].

Interesting results can be obtained by visual inspection because of the possibility of verifying the presence of
possible macroscopic external defects, such as surface irregularities, excessive flash [12], and lack of penetration or
insufficient penetration of tools. Qualitative inspection of the welds was performed by visual examination to detect
surface defects, followed by metallographic analysis to detect internal flaws (reported in the following section).

Typically, the surface appearance of FSW is a regular series of partially circular ripples, which pointed towards
the start of the weld. figure 6.a. It was observed that these ripples were essentially cycloidal and were produced by the
final sweep of the trailing circumferential edge of the shoulder during traverse. The rotation speed of the tool and
traverse speed of the work piece determines the pitch between the ripples. A good selection of welding parameters
should be made and the smooth face of weld metal should be obtained. For each T-joint, a smooth surface of weld
metal is obtained, as can be seen in figure 6.

Each T-joint were characterized by an excessive presence of lateral flash, resulting from the outflow of plasticized
material from underneath the shoulder.

a)P3.1 b)P 4.1 c)P4.2
Figure 6. Macroscopic views of section of T-joints

There is a bending of P 4.1 and P 4.2 joints due too large welding forces and temperatures, and inadequate clamping
of working plates.

Macrographic examinations (figure 7) clearly displayed the structure of all joints. All analyses revealed a good
mixing of working plates material. There were no defects in weld metal in any joint. It is clear that the shape of the T-
joint P 3.1 is better then P 4.1 and P 4.2. The two-pass welded joints shapes are not appropriate due to the excessive
heat input.

One of the aims of the paper is to show the influence of technological parameters of welding on the position and
size of the nugget zone of welds. The nugget zone has the highest values of the hardness of the welded joints. As can
be seen in figure 6, the two-pass welded joints have larger nugget zone than single-pass welded joint.

The weld zones: heat affected zone-HAZ and thermo mechanically affected zone-TMAZ are wider toward the
upper surface, because it is in contact with the tool shoulder, and therefore experiences more frictional heating and
plastic flow, while the bottom surface is in contact with the clamping plates which extracts heat from the bottom area
of the joint and contributes to smaller weld zones width. Figure 8. shows structural zones of FSW T-joint and points
of microhardness measurement.
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Figure 7. Macroscopic view of section of P 3.1

Effect of welding parametres and ways of productions T-joints on the hardness distributions of joints is shown in
figure 8. The measurements were performed across the NZ, TMAZ and HAZ on the transverse cross-section of the
welded joints. Figure 8 shows that at all welding conditions the hardness profile reached maximum levels at the nugget
zone and had approximately the same values as that of the base metal, which proves the occurrence of re-precipitation
of the hardening phase. This increase in the hardness at the SZ was also reported in FSW of other precipitation
hardened alloys [13]. Slight decrease in hardness was observed in the TMAZ due to the coarsening of the hardening
phases in that region. The lowest hardness was recorded in HAZ. The figure 8 also show that hardness profile depends
on the ways of production T-joints (by welding two or three working plates).

The difference in the shape of the microhardness distribution diagram for a joint formed at single pass (P3.1) from
the joints formed of two tool passes (P 4.1 and P 4.2) is clearly shown. Diagram P 3.1 has a one zone of maximum
hardness values and this zone is smaller than for P 4.1 and P 4.2. Joint P4.2 have two areas of maximum hardness
because there are two nuggets. If we observ P 4.2 and P 4.2 joints in the HAZ and TMAZ, the values of the
microhardness are lower for P 4.2 joint, but in NZ values are higher then for P 4.2. It means that the tool plunge depth
and on what side is the first pass of welding tool affect on microhardness values.
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Figure 8. Microhardness distribution of AA5754-H111 T-joints welded on three different ways

4. CONCLUSIONS

In this work, macrostructures and microhardness of AA5754-H111 working plates joined by friction stir welding
was studied by means of destructive and non-destructive tests. The main results can be summarized as follows:
- Working plates of AA5754-H111 have been joined successfully using FSW with selected process parametres.
Three T-joints were production on three different ways.
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- The macrographs and the visual inspections revealed a good mixing of working plates material and a good
penetration of the tool in the joints.

- FSW process is followed by high temperatures, and consequently the bending of a joint formed by two tool
passes can occur.

- Good matching of microhardness values has been achieved, the maximum difference is just 10HV1.

- If we compare T-joints produced by welding three working plates, in HAZ there are higher values of
microhardness of P 4.1 than P 4.2. In the joint P 4.1 the tool plunge depth was higher 0.2 mm and the first pass
of welding tool was on the advancing side of weld metal. But, the higher values of microhardness were in joint
P 4.2 for THV1.
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