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Abstract. HE-30 aluminum alloy has been extensively used in the
aerospace, automobile and marine industries. This paper attempted
process parameter optimisation of a welded joint of HE-30 aluminium
alloy joined through FSW. Three-level factors, namely rotational
speed of tool, traverse speed of tool, and tool geometry, are taken into
account. Responses are ultimate tensile strength, yield strength and
percentage of elongation. ANOVA is performed. It has been observed
that the type of tool used has a pronounced effect, with the threaded
type yielding the best results.

1. Introduction

Friction-stir welding, with a rotating tool made of hard materials like hot work tool steel, is
more advantageous than fusion welding methods. The type and shape of the tool play a
predominant role in dictating the quality of the FSW joint [1]. Frictional heat created by the
tool due to its rotation and axial pressure on workpiece material is responsible for the
preparation of a good quality welded joint. The tool employed for the FSW process should
maintain its toughness while operating at high temperatures of the FSW process that exhibit
sufficient resistance to pressures encountered during plunging and advanced phases.
Simultaneously, the tool should have sufficient capacity to send out the generated heat. A
variety of tool geometries are employed based on the type of workpiece material and its
thickness. Tools with double shoulders are made to prepare a good FSW joint for thicker
workpieces [2]. Generally, in the FSW process, the maximum temperatures generated due to
friction are in the order of 80 to 90% of the melting temperature [3]. The pin provided at the
end of the tool plays a vital role in the alternation of microstructures of workpieces during
the FSW process [4, 5]. A positive effect of pin eccentricity on the quality of the joint is
reported [6]. The quality of an FSW-welded joint depends upon tool dwell time, rotational
speed, tool traverse speed, and axial pressure [7]. By virtue of its ability to bond the material
due to friction and consequent intense heat, FSW finds numerous applications in the welding
of aluminium alloys, copper alloys, and steels [8]. Evolution of the FSW technique made
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possible the joining of different materials with substantial differences in welding properties,
leading to lightweight multi-material assemblies. In the FSW process, it is possible to reduce
the heat-affected zone compared to the traditional welding method. Grain growth is reported
in the HAZ while the weld region experiences reduced grain sizes [9]. Control of force and
temperature monitoring in the FSW process is important. Fluctuations in axial forces and
temperatures employed during the FSW process are observed. It is attempted to quantify the
influence of various factors of the FSW welding process on temperature variations.
Employing higher speeds of tool rotation and lower tool traverse speeds promotes a
significant rise in temperature at the welding line. It is observed that compatibility of
workpiece and tool materials, their thermal properties, and material flow behavior under heat
play an important role in deciding the quality of the FSW joint, which can be resolved through
appropriate material combination and FSW joint design. [10]. FSW joints yield high-strength
joints whose strength is almost equal to base metal. Especially, the FSW joint is free of
welding defects related to fusion that contribute to higher joint strength. The quality of FSW
joints depends on parameters, speed of welding, tilt angle of tool, and axial pressure, as
reported in [11]. Optimization of these parameters enhances FSW joint strength. Literature
reveals articles on the application of optimization techniques for manufacturing processes
[12-13]. The structural integrity of an FSW joint depends on tensile strength. Investigations
were done on both FEA works and experimental investigations on the tensile behavior of
FSW joints, which are reported [14-16]. HE-30 aluminum alloy is a heat-treatable Al-Mg-Si
alloy that is widely used in the automobile industry, aerospace, and marine applications. HE-
30 alloy has excellent corrosion resistance and weldability and is lighter in weight. This
investigation attempts FSW process parameter optimization of FSW joints made of HE-30
aluminum alloy. Process parameters taken into account are rotational speed of tool, traverse
speed of tool, and geometry of tool with an objective of maximizing the strength of joint.

2. Material

HE-30 Aluminium alloy is the workpiece material. Aluminium HE 30 is primarily composed
of aluminium, with significant additions of magnesium and silicon that enhance its strength
by forming Mg,Si precipitates and manganese, which controls grain structure and boosts
mechanical strength. The composition of material used in the study is given in the table. 1.

Table.1. HE-30 Aluminium alloy composition

Element Mg Si Mn Others
Percentage 0.6 1 0.75 <0.5

3. Experimentation
3.1 Process Parameters

Three-level factors, namely rotational speed of tool, traverse speed of tool, and tool geometry,
are taken into account.

Rotational speed of tool: The problem with the too-low tool rotational speed is it leads to
insufficient plastic flow and consequent defects and inferior strength of the joint. On the other
hand, higher tool rotational speeds lead to excessive heat, leading to excessive grain
coarsening of precipitates and excessive softening of HAZ, leading to inferior joint strength.
Generally, the range for tool rotational speed is 800 to 1600 rpm. In this study, rotational
speeds of the tool were taken from the 800 to 1600 rpm range.
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Traverse speed of tool: Traverse speed of tool influences heat input & welding zone cooling
rate. Lower tool traverse speed causes softening of HAZ and excessive grain coarsening may
lead to inferior yield strength while higher traverse speed causes insufficient plasticised weld
zone leading to formation of weld defects. Three levels of tool traverse speed are considered.
Tool geometry: The proper shoulder of the tool is necessary to inhibit expulsion of plasticized
material. The pin indicates the degree of stirring during the welding zone. Tool geometry
influences the forging pressure, heat generation, plasticized material flow path, and stirring
of the weld zone. Three geometries, namely cylindrical, threaded, and conical pins, are
considered. Different tool profiles used in the experiment are shown in Fig. 1. Process
parameters and levels are tabulated in the table. 2.

Table.2. Parameters and levels.

Parameter Unit Level 1 Level 2 Level 3
Rotational Speed RPM 900 1200 1400
of tool
Traverse Speed M. 30 60 90
of tool mm/minute
Tool Geometry - Cylindrical Threaded Conical

Different types of tool profiles used in the study are given figure-1.
3.2 Experimental Design Matrix

To accommodate three factors at three levels Taguchi’s L9 orthogonal array is chosen as
experimental plan.

Responses:

Three responses, namely ultimate tensile strength, yield strength, and percentage of
elongation, are considered. Ultimate tensile strength is the indication of the quality of an FSW
joint, and hence the quality characteristic is “Higher the better.” Yield strength is the
indication of joint strength with sufficient ductility. The quality characteristic for yield
strength is "higher the better." Percentage of elongation is another response. A higher
percentage of elongation reflects better service performance, fatigue resistance, and equiaxed
grains of the mixing zone. A smaller percentage of elongation is the indication of brittle
fracture inclination with voids in the weld zone. The quality characteristic is "higher the
better."
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(a) (b) ()
Fig.1. Different tool profiles used(a)Square pin (b) Threaded pin (c)Conical pin.

Fig. 2. Mould prepared to prepare proper FSW joint.

3.2 FSW joint preparation

As per the experimental plan, FSW joints are prepared using a CNC milling machine. A CNC
machine enables the control of the spindle speed, feed rate and cutting depth, which results
in high accuracy and a superior finish. A mould was prepared as shown in Fig. 2, which
ensures the workpiece's rigidity during FSW joint preparation. Mould is shown in Fig. 2.
Workpieces with the mould assembly are shown in Fig. 3(a). Fig. 3(b) depicts FSW joint
preparation. A prepared FSW joint is given in Fig.4.
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Fig.3(b). FSW joint preparation.

Fig. 4. FSW joint.
3.3 Tensile Testing

Tensile testing was conducted as per ASTM DS standards, and the tensile testing sample
sketch is shown in Fig. 5(a). Tensile test samples are cut from the prepared FSW joints across
the joint, with centre of the FSW joint being the centre of the tensile testing specimen. Tensile
test samples cut from the FSW joint are shown in Fig. 5(b).

Fig. 5(a). Standard tensile test specimen. Fig.5(b). Prepared Tensile test samples.

4. Results

All the tensile test samples prepared were subjected to tensile testing. Each experiment is
replicated thrice, and S/N values are computed. The experimental plan with actual level
values of parameters along with actual S/N ratio values of UTS, strength at yield point, and
elongation percentage is given in Table 3. Stress-strain diagrams of samples prepared from
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each experimental trial combination are given in Fig. 6. S /N analysis was made. Based on
S/N analysis, the response graphs are drawn to identify optimum levels. Response graphs are
shown in Fig. 7. Microstructures of FSW joints at the base metal, HAZ, and weld zone are
given in Fig. 8.

Table-3. Experimental Plan with actual values and S/N ratios of UTS, Y'S and % of elongation.
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Fig.6. Stress Strain Diagrams of samples made from FSW joint with(a) first experimental trial (b)

Second experimental Trial (c) Third Experimental Trial

Experimental Trial (f) Sixth etc..

(d) Fourth Experimental Trial (e)Fifth
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Fig.7(a). Response Graph for Ultimate Tensile Strength.
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Fig. 7(b). Response Graph for Yield Strength.
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Fig. 7(c). Response Graph for % of elongation.
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Fig.8. Microstructure of FSW Joint(a) Base Metal (b) HAZ (c ) Weld zone.
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4.1 Optimum Condition

From the response graph of UTS (Fig. 7-a), yield strength (Fig. 7-b), and percentage of
elongation (Fig. 7-c), the optimum level of process parameters is decided and tabulated
in Table 4. Analysis of variance is conducted to discriminate the significant and insignificant
factors. In all three cases it was observed that the type of tool is the most significant factor,
especially since the threaded type of tool yields the best results among the considered tool

types.
Table.4. Optimum Condition.

Process Parameters
S. No | Response Characteristic Rotational Traverse speed of Tool
speed of tool(mm/min) Geometry
tool(rpm)
1 Ultimate Tensile Strength 1200 60 Threaded
2 Yield Strength 1200 60 Threaded
3 Percentage of elongation 1200 60 Threaded

5. Conclusion

In this study, process parameters for FSW joints of aluminium alloy HE-30 are optimised for
better ultimate tensile strength and elongation percentage. Tool geometry significantly affects
responses. It was found that a tool rotational speed of 1200 rpm and a 30 mm/minute tool
traverse speed with a threaded-type tool yielded the best results.
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