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Abstract. Friction stir welding is a solid-state welding process used extensively for aluminium alloys.
EN AW-1100 alloy is mostly used for its exceptional corrosion resistance, high ductility, high thermal
and electrical conductivities, and cost-effectiveness. This study is focused on the optimisation of friction
stir welding parameters to achieve enhanced mechanical properties of 5 mm thick EN AW-1100 alloy
plates welded with a single pass, using Taguchi L9 orthogonal array and ANOVA analysis. Experimental
results revealed that maximum tensile strength of 79 MPa and percentage elongation of 38.87 % were
achieved. The maximum Vickers hardness achieved in the stir zone was 34.15. These results were
used for optimisation using Minitab and it was determined that 2000 RPM, 30 mm·min−1 traverse
speed and square probe profile came out to be the best parameters for maximum tensile strength.
4000 RPM, 30 mm·min−1 traverse speed and square probe geometry were the best parameters for
maximum hardness in the stir zone. ANOVA analysis showed that the most significant parameter for
tensile strength was traverse speed. None of the considered parameters were influencing the hardness
value in the stir zone at a 95 % confidence level.

Keywords: Friction stir welding, parametric optimisation, mechanical properties, Taguchi method,
ANOVA, aluminium alloys, EN AW-1100 alloy.

1. Introduction
Aluminium alloys are broadly used in different ar-
eas [1, 2]. These include marine, railways, nuclear,
aerospace, and automobile industries [3]. Aluminium-
1100 alloy (EN AW-1100) is used in electrical bus
bars, radiator components, heat exchangers, and fuel
tanks [4]. It is also used in cowlings and oil tanks
of aircrafts, fin blades, fin stocks, flue linings, and
sheet metal works [5, 6]. Chemical processing equip-
ment, automotive body panels, and building dampers
also involve EN AW-1100 parts [7, 8]. Conventional
welding of aluminium alloys is problematic due to the
solidification cracking [9], porosity, embrittlement [10],
shrinkage [11], higher solubility of hydrogen, and the
formation of oxide layers [12]. The welding institute
(TWI) brought up a new joining technique for alu-
minium alloys called Friction Stir Welding (FSW) in
1991 [13]. FSW involves a specialised non-consumable

tool [14]. The tool mixes while plastically deforming
the material to form the joint [15]. The detrimental
effects of the heat-affected zone (HAZ) are reduced
in FSW [3]. This is because the heat input and peak
temperatures are considerably lower than in the con-
ventional welding techniques [16]. The process is re-
peatable [17], environment friendly [18], and produces
minimum waste [19]. It is a solid-state process [20],
can be used in joining of various structural materi-
als [21], and has a possibility of being extended to
dissimilar metal welding [22]. Figure 1 shows the
schematics of the FSW process and subsequent ap-
proach.

The weld properties are quite sensitive to the param-
eters at which welding is executed. Welding parame-
ters affect the mechanical properties, energy consump-
tion, quality, defect formation, and morphology of the
weld [23]. The parameters significantly influencing the
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Figure 1. Process schematics of FSW welding and successive experimental approach.

microstructure and mechanical properties include ro-
tational speed, traverse speed, and tool geometry [24].
Due to improper selection of parameters, numerous
defects arise in the weldment including kissing bonds,
tunnelling, cracks, voids, flash, and lack of penetra-
tion [25]. This study addresses the optimisation of
welding parameters on FSW of EN AW-1100 alloy
using Taguchi design of experiments and other aiding
methods, namely Matrix Plots, S/N ratio method and
ANOVA analysis with the help of different experimen-
tal techniques. Taguchi method is being employed in
which several factors can be optimised at the same
time and quantitative data can be acquired with lesser
experimental effort as compared to other methods [26].
ANOVA is more useful in the simultaneous compari-
son of numerous predictor variables and their levels,
which is preferable for the comparison of three or more
variables, and is faster and easier to use [27].

Several attempts have been made on studying the ef-
fects of different parameters on the microstructure and
mechanical properties of Aluminium alloys. Pandey
et al. performed a study on defect formation during
FSW on EN AW-1100 alloy by varying traverse speed
and rotational speed. The high rotational speed with
lower traverse speed resulted in the formation of voids
due to excessive heat generation whereas craters and
micro tunnels were found for low traverse and low
rotational speed [28]. Dialmi et al. [29] studied defect
formation in friction stir welding and found abnormal
stirring and insufficient and excessive heat input to
be the main causes of defect formation. Wormholes
and tunnelling defects occur due to poor heat input

and improper stirring whereas flashing occurs due to
higher heat generation (higher rotational speed and
low traverse speed). Voids and cavity-type defects
are formed when both the rotational speed and the
traverse speed are high.

V. John et al. [30] used Taguchi Method and per-
formed parametric analysis using traverse speed, rota-
tional speed, and shoulder diameter for several tool
materials on EN AW-6082 alloy using ANOVA to
conclude that the rotational speed was of prime im-
portance. Vahid et al. [31] studied the effect of probe
shape and shoulder surface for EN AW-6061 alloy
using six different tools. The results showed that the
conical shoulder with a threaded square probe gave
the highest tensile strength. Suresha et al. [32] utilised
the Taguchi method and ANOVA analysis to perform
the study for different probe profiles. Welding param-
eters including RPM, heel plunge depth, and traverse
speed were used and it was determined that RPM had
a major effect on the tensile strength. Balasubrama-
nian et al. [33] performed a study on the influence of
the probe profile with rotational speed, shoulder diam-
eter, and traverse speed on FSW of EN AW-2219 and
EN AW-6061 alloys to conclude that the square tool
produces mechanically and metallurgically defect-free
welds.

The influence of the probe profile (of WC bases
tools), traverse speed, and rotational speed was investi-
gated by Tamadon et al. [34] Tensile strength and weld
morphology were studied. Different structural defects
were found and results emphasised the need for para-
metric optimisation. Optimisation of traverse speed,
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a) Chemical Composition of EN AW-1100 alloy
Element Si Fe Cu Mn Mg Cr
Wt% 0.84 0.32 0.002 0.002 0.002 0.02
Element Ni Zn Ti Pb S/N Al
Wt% 0.012 0.017 0.08 0.03 0.005 Balance
b) Chemical Composition of D2 for FSW tool
Element C Si Mn P S Cr
Wt% 2.23 0.5 0.34 0.02 0.004 11.07
Element Mo Ni Al W V Fe
Wt% 0.11 0.2 0.12 0.11 0.14 Balance

c) Selected parameters for FSW of EN AW-1100 alloy
Parameters Level 1 Level 2 Level 3
Rotational Speed [RPM] 2000 3000 4000
Traverse Speed [mm·min−1] 30 50 70
Probe Geometry Cylindrical (Cy) Tapered (T) Square (S)

Table 1. Chemical Composition of EN AW-1100 alloy and D-2 steel for FSW tool as determined by OES and FSW
parameters.

tilt angle, and rotational speed for percentage elonga-
tion and hardness for dissimilar friction stir welding
between 5 mm plates of EN AW-5083 and EN AW-
6061 alloys was executed by Prasad et al. [35] It was
concluded that the major contributing parameter to
percentage elongation and hardness at the stir zone
was traverse speed. Nakowong et al. [36] performed
an optimisation study on FSW butt-welded semi-solid
EN AW-5083 alloy using the Taguchi method and
ANOVA analysis for tensile strength and hardness.
The considered parameters included traverse speed,
rotational speed, and tool probe profile and it was
concluded that the traverse speed was the most influ-
ential parameter for tensile strength whereas none of
the parameters was significant for hardness.

Understanding the importance of the effects of weld-
ing parameters and the need for their optimisation
to minimise defects and to maximise the hardness
(at the stir zone) and tensile strength of the weld
joints at somewhat higher rotational speeds, utilising
the above studies and their commendable research
approach, authors have hereby attempted to present
an insight on the optimisation of rotational speed,
traverse speed, and tool probe profile for a single
pass FSW of EN AW-1100 alloy plates in butt-weld
configuration using Taguchi method for the design
of the experiment (DOE). Radiographic test, Tensile
testing, and Vickers hardness were also used for the
analysis. Higher rotational speeds were used to reduce
the manufacturing time and Matrix Plots, S/N ratio
method and ANOVA analysis were then applied to
determine the effect of parameters, their percentage
contribution, significant parameters, and the optimal
level of each parameter for desired maximum hardness
(at stir zone) and tensile strength using Minitab 19
software. The results are discussed in light of relevant
studies and presented with ease of understanding and
prospects of FSW for the research community.

2. Materials and Methods
2.1. Materials
A 5 mm thick sheet of EN AW-1100 alloy was used for
FSW. The composition of EN AW-1100 alloy obtained
from Spark optical emission spectroscopy (OES) is
shown in Table 1a. The samples were cut from the
sheet with dimensions of 100 × 50 × 5 mm. The two
plates were placed adjacent to each other with no gap
in between. SS 304 of 3 mm thickness was chosen as
the backing plate due to its lower thermal diffusivity.
D-2 steel was used for the manufacturing of the tools.
The composition of D-2 steel determined by Spark
OES is shown in Table 1b.

2.2. Tool Design
Tools were designed having the same shoulder diame-
ter of 20 mm and probe length of 4 mm. The diameter
of the cylindrical probe was 6 mm and the larger di-
ameter of the taper probe was 6 mm [37]. The tool
design is shown in Figure 2a whereas the tools used
are shown in Figure 2b.

2.3. Processing Setup
A milling machine was used for the FSW process.
The tool was held by the collet. Plates were clamped
in position by using the stair clamps. The welding
was performed in a single pass. Figure 2c shows the
experimental setup with a zoom view in Figure 2d.

The clamps were tightened such that there was no
gap between the plates. Before the welding process,
the tool was traversed manually along the centreline
of plates to ensure that the tool remained in the
centre throughout the process. The dwell time was 20
seconds, same for all experiments.

2.4. Techniques used for Analysis
2.4.1. Radiographic Testing
A radiographic test was performed using Andrex
300 kV X-ray machine (70 kV tube voltage with an ex-
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(a). (b).

(c). (d).

Figure 2. Pictures of; (A) the designed tool for FSW, (B) the used tools, (C) the milling machine setup and (D) a
close-up view of the experimental setup from a different angle.

posure of 4 mA·min). X-rays were passed through the
welds and results were observed on the radiographic
film.

2.4.2. Hardness Analysis
Vickers hardness analysis was performed according to
ASTM E384 and ASTM E92 standards. The load of
2 kg was used, and indents were formed with a spacing
of 1 mm up to 10 mm on both sides from the centre
(0 position) to develop a hardness profile as shown in
macro-etched embossed in the hardness profile Fig-
ure 3. The indent’s dimensions were measured and
the hardness (HV) was calculated based on the known
force. The dwell time was 15 seconds as per standard.

2.4.3. Tensile Testing
Tensile strength was measured and ASTM E08/E8M
was used for the subsize specimen (Total length
100 mm, gauge length 25 mm and width of small
section 6 mm) using an Electromechanical Universal
Testing Machine. The strain rate of the test was
5 mm·min−1, and the “load vs displacement” curves
were obtained. From these curves, “stress vs strain”
curves were obtained. From the maximum load, ten-
sile strength was calculated as the area was previously
known from the dimensions of the specimen. Percent-
age elongation was calculated from the original length
of the specimen and displacement produced during

the testing. The tensile strength of the base material
was measured by the same machine. Joint efficiencies
were calculated as the ratio of tensile strength of the
weld sample to that of the base material.

2.4.4. Design of Experiments using the
Taguchi Method

Taguchi method developed by Japanese scientist
Genichi Taguchi utilises statistical techniques and
quality loss function for analysing the effect of pa-
rameters and their optimisation [38]. The Taguchi
method can be summarised in the following steps [39]:
(1.) Selection of parameters to be optimised.
(2.) Selection of their number of levels.
(3.) Choice of the orthogonal array.
(4.) Conducting the experiments.
(5.) Collection of results through analysis.
(6.) Statistical analysis for optimisation using experi-

mental results.
Rotational speed, traverse speed, and probe geome-

try were selected for the optimisation. Experiments
were carried out initially on the plates on different pa-
rameters and from their visual examination, the range
of parameters was finalised. Higher rotational speeds,
2000, 3000 and 4000 RPM, were chosen to decrease
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(a).

(b).

(c).

Figure 3. Hardness profile of welds numbers, (A) 1-3
(B) 4-6 (C) 7-9.

the processing time whereas the traverse speeds of
30, 50 and 70 mm·min−1 and tool tilt angle of 0° was
used. Three different probe geometries, cylindrical,
tapered, and square were used [37]. Selected parame-
ters/ factors with their levels are shown in Table 1c.

Sample Rotational Traverse Probe
No. Speed Speed Geometry

[RPM] [mm·min−1]
1. 2000 30 Cylindrical
2. 2000 50 Tapered
3. 2000 70 Square
4. 3000 30 Tapered
5. 3000 50 Square
6. 3000 70 Cylindrical
7. 4000 30 Square
8. 4000 50 Cylindrical
9. 4000 70 Tapered

Table 2. L9 orthogonal array used for experimentation.

For this study L9, orthogonal array was used as shown
in Table 2.

2.5. Parametric Optimisation
Matrix plots were generated to understand the be-
haviour of the independent variables on the two de-
pendent variables (tensile strength and hardness value
at the stir zone). Signal-to-noise ratio (S/N ratio)
was used for hardness and tensile strength and “main
effects plots” for means and S/N ratios were deter-
mined to get the best configuration of parameters for
maximum hardness and tensile strength. A Higher
S/N ratio indicates better weld properties. The S/N
ratio is calculated using the following formula [40]:

S

N
= −10log10

1
n

∑
n
i=1

1
y2

i

. (1)

ANOVA analysis (statistical method) was then used
to obtain the percentage contribution of the param-
eters and to identify the most significant parameter.
Minitab 19 was used for these methods.

3. Results and Discussion
3.1. Radiographic Testing
Figure 4a shows the welds along with the result of the
radiographic test in Figure 4b. The samples’ numbers
with the respective parameters are mentioned below
the Figure 4b and can be seen in Table 2. The weld
comprises 20 mm area (same as the shoulder diameter)
whereas the length of the welded plates is 100 mm.
The intensity difference shows the non-homogeneity of
the material. The dark lines (indicated by black and
red lines) show the lack of material whereas the bright
lines show the material accumulation (indicated by
yellow arrows) on a radiograph. The black circles
correspond to the exit hole (indicated by the orange
arrow in the first weld). This hole is produced at the
end of the weld as the tool is removed and the whole
cavity is left behind [9].

The broad black line shows the presence of a lack
of fusion, tunnelling or void type of a linear defect
(indicated by black lines). The sharp dark line at the
centre indicates the lack of penetration (indicated by
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Figure 4. Visual appearance of FSW joints (A) and
radiographs of all the FSW joints (B).

red lines). The bright line surrounding the welded
area (at the tool shoulder boundary indicated by yel-
low arrows) shows the material accumulation due to
flashing as a flat shoulder tool was used [41]. The line
originating from the start of the tool in some samples
(indicated by green arrows) is due to the drilling and
punching during the plunging of the tool. The plung-
ing tool has exerted stress on the base material and
displaced it.

The heat generation increases with the increase in
rotational speed and decreases with increasing traverse
speed. A certain combination of these parameters gen-
erates excess heat due to which the material expands
and a certain amount of material is lost due to flashing.
When the tool moves forward, the material starts to
cool down. The material cooling occurs in two possi-
ble ways, one from the surface to the atmosphere and
the other by conduction in the material. If the cooling
by convection is more significant than the other, the
surface will be colder than the bulk of the material.
The material will contract, but due to the material
loss in flashing, a certain linear defect will form [28].

3.2. Hardness Analysis
Figure 3a shows the Vickers hardness profile for sam-
ples 1, 2, and 3, Figure 3b then for 4, 5, and 6 and
Figure 3c for 7, 8 and 9. The dashed lines show the
probe region and the shoulder region. The zero po-
sition is the centreline of the welded plates. A “W”
shaped trend is observed in the variation of hardness,
i.e. the value decreases in the welding region (shoulder
area) with a small increase in the probe region. The
hardness in the region outside the shoulder increases
and appears to attain a somewhat constant value.

The reason is that the welding area (Figure 5a) con-
sists of different zones as shown in Figure 5, prevailing
to the probe rotation thus having different microstruc-
tures and properties including the stir zone (Fig-
ure 5b), Thermo-mechanically affected zone (TMAZ,
Figure 5d), Heat affected zone (HAZ) and unaffected

(a).

(b). (c).

(d). (e).

Figure 5. Microstructures of FSW sample with dis-
tinct regions; (A) macro-etched cross-section of FSW
EN AW-1100 alloy plate, (B) trailing edge of the stir
zone (right) and base metal (left), (C) leading edge
microstructure indicating stir zone (left) and base
metal (right), (D) thermo-mechanically affected zone
microstructure and (E) FSW defect as revealed in
radiographic testing.

zone (base metal, Figure 5c). The stir zone in the
centre is a highly plastically deformed area, formed
due to excessive stresses exerted by the tool [42]. It
has fine equi-axed grains which increase the hardness
as a decrease in grain size results in an increase in
hardness value and vice versa, as related by the Hall-
Petch Equation [43, 44]. The welded area (within
the shoulder) shows a drop in the hardness value due
to the heat produced during welding and recrystalli-
sation mechanisms. In the HAZ, heat and higher
temperatures cause the coarsening of the grains and
hardness drops. The hardness value then increases
and approaches a constant value in the unaffected
base metal. As shown in Figure 3, sample number 3,
5, and 7 show the highest values in the probe region,
these are welded with square probe. The square probe
exerts higher stresses due to flat faces and deforms the
grains to a higher extent, which increases the hardness
values.

Das et al. [45] performed a study on FSW of EN AW-
2014 alloy using different probes and concluded that
the square geometry gives increased hardness due to
its pulsating stirring, increased plastic deformation,
better recrystallisation and excellent metal interlock-
ing during welding. The “W” shaped hardness dis-
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tribution is consistent with the study performed by
Jimmy et al. [46] to understand the effect of shoulder
geometry on properties of EN AW-1100 alloy by FSW.
The hardness values and trends showed the same be-
haviour: a decrease in the welding area with small
increase in hardness in the probe region of the stir
zone (Figure 5e). Yupeng Li et al. [47] concluded a
study on the effect of rotational and traverse speeds
on the microstructure and mechanical properties of
EN AW-6082-T6 alloy using a bobbin tool. The har-
ness distribution was also found out to be “W” shaped.

3.3. Tensile Testing
Figures 6a and 6b shows the tensile test specimens
before and after the testing, respectively. Figure 6c
shows the stress-strain curves and Figure 6d shows
the comparison of tensile strength and percentage
elongation of all samples.

Table 3 shows the mechanical properties of the base
metal (Sample 0) along with the results of the tensile
testing of all speciemens. The testing of the base metal
is performed using the same standard and machine as
the rest of the samples for comparison.

The results showed that sample 4 and sample 7
exhibited the best results in terms of the percentage
elongation and samples 1, 3, 4, and 7 showed the best
tensile strength. The samples welded by the tapered
tool exhibited the lowest tensile strength whereas the
square tool gave better results and will be discussed
in section 3.5.

The joint efficiency of most of the samples is around
70–80 %. The reason for this behaviour is due to the
presence of different zones in the welded material.
The Stir zone consists of fine grains (as shown in
Figure 5b) due to the dynamic recrystallisation and
an “onion-ring” structure is formed, which improves
the properties, whereas HAZ results in the degradation
of strength [42]. The excessive heat involved in the
process broadens the HAZ and the precipitates which
strengthen the joint get dissolved in the HAZ/TMAZ
and this region softens; leading to the decrease in
strength of the weldment as compared to the strength
of base metal [48].

3.4. Parametric Optimisation for
Enhanced Hardness in the Stir Zone
(0 positions)

For maximum hardness (in the stir zone), the results
of matrix plots, S/N ratios, main effect plots and
ANOVA analysis are discussed in this section.

3.4.1. Matrix Plots
For hardness, the matrix plots are shown in Figure 7.
The increase in RPM results in an increase in the
hardness of the stir zone. The increase in the tra-
verse speed results in a slight decrease in the hardness
whereas the hardness reaches highest values for the
square tool.

(a).

(b).

(c).

(d).

Figure 6. Pictures of; (A) tensile test specimens
before testing, (B) after testing, (C) Stress-Strain
curves and (D) comparison of tensile strength and %
Elongation of all the samples.

The second row shows the effect of traverse speed
and probe profile on RPM. As these all are indepen-
dent variables, so they do not affect each other and
show a straight line. Similarly, the third row shows
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Sample Rotational Traverse Probe Tensile Joint Percentage
No. Speed Speed Geometry Strength Efficiency Elongation

[RPM] [mm·min−1] [MPa] [%] [%]
0. (Base Metal) - - - 104.67 - 34.6
1. 2000 30 Cylindrical 76.33±7 72.93 20.14±3
2. 2000 50 Tapered 46.33±5 44.27 10.27±2
3. 2000 70 Square 77.33±6 73.88 18.69±3
4. 3000 30 Tapered 76.67±7 73.25 38.87±4
5. 3000 50 Square 63.33±8 60.51 16.65±2
6. 3000 70 Cylindrical 37.00±5 35.35 8.38±3
7. 4000 30 Square 79.00±8 75.48 32.31±4
8. 4000 50 Cylindrical 44.00±6 42.04 5.47±3
9. 4000 70 Tapered 11.67±5 11.15 8.45±4

Table 3. Tensile testing results of the samples.

Figure 7. Matrix Plots for Hardness.

that there is no effect of the probe profile on the
traverse speed.

3.4.2. Signal-to-noise ratio (S/N Ratio)
Table 4 shows the S/N ratio values for the hardness.
The available options are “Smaller the better”, “Nom-
inal the better” and “Larger the better”. “Larger the
better” was selected for the optimisation as higher
hardness in the nugget zone is the desired outcome.

Table 5 shows the response table for means for
Hardness. It is evident that level 3 of RPM has a
maximum response of 29.8 and level 1 of traverse
speed has a maximum response of 27.91. Level 3 of
probe geometry gave the maximum response of 29.46.
It also shows the response table for the S/N ratio for
Hardness. It is evident that level 3 of RPM has a
maximum response of 29.44 and level 1 of traverse
speed has a maximum response of 28.81. Level 3 of
the probe geometry gave the maximum response of
29.31.

Figure 8 shows the “main effect plots” for means
and Figure 9 shows the “main effect plots” for S/N
ratios.

Figures 7, 8 and 9 shows that the maximum hard-
ness is reached for 4000 RPM, 30 mm·min−1 traverse
speed, and square probe profile, hence these are the
best parameters. The variation of mechanical prop-

Figure 8. Main effect plot for means.

Figure 9. Main effect plot for S/N ratios.

erties during FSW for different ranges of rotational
and traverse speeds is different, depending on their
combined effect. The rotational speed, traverse speed,
and tool probe profile controls the grain refinement
and the peak temperatures during welding [49].

The rotational speed deforms the material and pro-
duces frictional heat. The larger the rotational speed,
the higher will be the recrystallisation and deformation
and hence the grain refinement in the nugget zone [50].
Also, a higher rotational speed and lower traverse
speed increase the peak temperatures to coarsen the
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Sample Rotational Traverse Probe Vickers S/N
No. Speed Speed Geometry Hardness Ratio

[RPM] [mm·min−1]
1. 2000 30 Cylindrical 25.58±2 28.15
2. 2000 50 Tapered 24.31±2 27.71
3. 2000 70 Square 29.60±3 29.42
4. 3000 30 Tapered 24.01±2 27.60
5. 3000 50 Square 24.62±3 27.82
6. 3000 70 Cylindrical 24.93±3 27.93
7. 4000 30 Square 34.15±3 30.66
8. 4000 50 Cylindrical 27.62±2 28.82
9. 4000 70 Tapered 27.62±3 28.82

Table 4. S/N ratio results.

Response Table for Means
Rotational Traverse
Speed Speed Probe

Level [RPM] [mm·min−1] Geometry
1 26.5 27.91 26.04
2 24.52 25.52 25.31
3 29.8 27.39 29.46
Delta 5.28 2.4 4.14
Rank 1 3 2

Response Table for S/N Ratio
Rotational Traverse
Speed Speed Probe

Level [RPM] [mm·min−1] Geometry
1 28.43 28.81 28.31
2 27.79 28.12 28.05
3 29.44 28.73 29.31
Delta 1.65 0.69 1.26
Rank 1 3 2

Table 5. Response Table for Hardness.

grains. Hence their combined effect determines which
effect will dominate the grain refinement. Hardness is
the highest for the square tool as the tool having flat
faces produces a larger deformation, constant dynamic
recrystallisation, and better mixing resulting in finer
grains [51]. The tapered tool gives the lowest hardness
value. Gupta et al. [52] performed a study on the tool
probe profile on FSW of EN AW-1120 and concluded
that the tapered tool gave the lowest hardness and
tensile strength.

3.4.3. ANOVA Analysis
The results are shown in Table 6. The probe geometry
showed the largest contribution of 20.12 %, followed
by the rotational speed (18.86 %) and probe geometry.
60.53 % contribution is from error which indicates that
some significant parameters affecting the hardness are
missing (not considered). All the parameters have a
p-value greater than 0.05, which shows that none of
the considered parameters affected hardness at a 95 %
confidence level.

Source Contribution F–value P–value
Rotational
Speed 18.86% 1.56 0.267
Traverse
Speed 0.48% 0.04 0.850
Probe
Geometry 20.12% 1.66 0.254
Error 60.53% - -
Total 100.00% - -

Table 6. ANOVA analysis results.

Figure 10. Matrix Plot for tensile strength.

3.5. Parametric Optimisation for
Enhanced Tensile Strength

To maximise tensile strength as an output (dependent)
variable, the results of matrix plots, S/N ratios, main
effect plots and ANOVA analysis are discussed in this
section.

3.5.1. Matrix Plots
Figure 10 shows the matrix plots for the tensile
strength. The first rows show the effects of the param-
eters on tensile strength. The increase in RPM results
in a decrease in tensile strength and the same can be
said for the traverse speed. The change in geometry
of the probe shows an increase in the tensile strength.
The other graphs indicate that the independent vari-
ables do not affect each other.
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Sample Rotational Traverse Probe Vickers S/N
No. Speed Speed Geometry Hardness Ratio

[RPM] [mm·min−1]
1. 2000 30 Cylindrical 76.33±7 37.65
2. 2000 50 Tapered 46.33±5 33.32
3. 2000 70 Square 77.33±6 37.77
4. 3000 30 Tapered 76.67±7 37.69
5. 3000 50 Square 63.33±8 36.03
6. 3000 70 Cylindrical 37.00±5 31.36
7. 4000 30 Square 79.00±8 37.95
8. 4000 50 Cylindrical 44.00±6 32.87
9. 4000 70 Tapered 11.67±5 21.34

Table 7. S/N ratio results.

Response Table for Means
Rotational Traverse
Speed Speed Probe

Level [RPM] [mm·min−1] Geometry
1 66.66 77.33 52.44
2 59 51.22 44.89
3 44.89 42.00 73.22
Delta 21.77 35.33 28.33
Rank 3 1 2

Response Table for S/N Ratio
Rotational Traverse
Speed Speed Probe

Level [RPM] [mm·min−1] Geometry
1 36.25 37.77 33.96
2 35.03 34.07 30.78
3 30.72 30.16 37.25
Delta 5.53 7.61 6.47
Rank 3 1 2

Table 8. Response Table for Hardness.

3.5.2. S/N ratio
The S/N ratio represents the ratio of means to the stan-
dard deviation. Three categories, namely “Smaller the
better”, “Nominal the better” and “Larger the bet-
ter” are used for the analysis [53]. For higher tensile
strength as the desired outcome, “Larger the better”
was chosen for the optimisation. Table 7 shows the
calculated S/N ratios.

Table 8 shows the response table for means for
Tensile Strength. It is evident that level 1 of RPM has
a maximum response of 66.66 and level 1 of traverse
speed has a maximum response of 77.33. Level 3 of
probe geometry gave the maximum response of 73.22.

It also shows the response table for the S/N ratio
for Tensile Strength. Level 1 of RPM has a maximum
response of 36.25 and level 1 of traverse speed has a
maximum response of 37.77. Level 3 of probe geometry
gave the maximum response of 37.25.

Figures 11 and 12 shows the ”main effect plots”
for means and the “main effect plots” for S/N ratios,
respectively. These plots show the results of the pa-
rameters for the desired output, which is higher tensile

Figure 11. Main effect plot for means.

Figure 12. Main effect plot for S/N.

strength in this case.
It can be seen from Figures 10, 11, and 12, that an

increase in the rotational speed decreases the tensile
strength. The reason is that the rotational speed is
to be chosen carefully for the best results. On the
one hand, a lower rotational speed produces less heat,
which results in inadequate softening, leading to insuf-
ficient stirring and strength. On the other hand, larger
rotational speeds will produce more heat; resulting
in the release of stirred material to the upper surface
and producing flash, voids, cavity, and tunnel-type
defects [54]. Furthermore, the increase in rotational
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speed results in larger heat generation, which broad-
ens the HAZ, leading to a lower tensile strength [55].
Hence, the trend of the rotational speed depends on
the range that has been chosen and 2000 RPM gives
the maximum tensile strength.

Similarly, a particular traverse speed is required to
maximise tensile strength. A larger traverse speed will
result in rapid cooling and insufficient time for stirring
and heat generation. However, a lower traverse speed
will produce greater heat and the material will expe-
rience a broadening of the HAZ, thereby decreasing
the tensile strength [56]. Similarly, in this case, the
lowest traverse speed of 30 mm·min−1 gave the highest
tensile strength.

The probe geometry also affects the strength of the
weldment because the probe primarily deforms the
material plastically and then mixes it. The shape that
will execute both targets will give the best strength.
In our case, the square tool gives the best strength
followed by cylindrical and then tapered one, as antic-
ipated. The probe geometry having flat faces results
in larger effectiveness due to the associated eccentric-
ity [54]. It helps in better mixing as the material
passes around the probe due to this property. Also,
the probe with flat faces produces pulsating stirring ac-
tion, resulting in better homogeneity and finer grains,
thereby giving better strength. This feature is less
effective for cylindrical and tapered tools. Hence, the
best parameters for maximum tensile strength are
a rotational speed of 2000 RPM, traverse speed of
30 mm·min−1 and square tool probe geometry.

3.5.3. ANOVA Analysis
The results are shown in Table 9. The traverse speed
showed the largest contribution of 42.22 %, followed
by the rotational speed (16.03 %) and probe geometry.
The factor having a p-value lesser than 0.05 (at 95 %
confidence level), i.e. the traverse speed is the most
significant parameter affecting the tensile strength.

Source Contribution F–value P–value
Rotational
Speed 16.03% 2.95 0.146
Traverse
Speed 42.22% 7.78 0.039
Probe
Geometry 14.6 % 2.69 0.162
Error 27.15% - -
Total 100.00% - -

Table 9. ANOVA analysis results.

4. Conclusions
In this study, an experimental investigation of a single
pass friction stir welding on 5 mm thick EN AW-1100
alloy plates using D2 steel tools and parametric op-
timisation of rational speed (RPM), traverse speed
(mm·min−1), and probe geometry in order to achieve

maximum hardness (in stir zone) and tensile strength
was performed. The following conclusions were made:
(1.) Hardness analysis showed that the hardness value

decreased in the welding zone, owning to the pres-
ence of FSW defect, as revealed by the radiographic
testing. Hardness increased slightly in the stir zone
and approached a constant value in the base metal.
A joint efficiency value in the range of 70-80 % was
obtained for most of the joints produced.

(2.) FSW processing parameters; 4000 RPM,
30 mm·min−1 traverse speed, and a square probe
geometry were the optimised configuration for
maximum hardness at the weld zone. For maximum
tensile strength, S/N ratio method showed that
2000 RPM, 30 mm·min−1 traverse speed, and
a square probe geometry were the optimised
configuration of parameters.

(3.) It was concluded that an increase in RPM and tra-
verse speed results in a decrease in tensile strength.
The square tool gave the highest tensile strength and
hardness followed by the cylindrical tool. Tapered
tool gave the lowest tensile strength and hardness
due to minimal stirring compared to the other two
probe geometries.

(4.) ANOVA analysis showed that the traverse speed
was the most significant parameter for tensile
strength (at 95 % confidence level). For hardness
(in the stir zone), none of the considered parameters
were significant (at 95 % confidence level).
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