
Introduction

The inherent problems related to the
fusion welding of aluminum alloys are of
great concern. Even if much care is taken,
hydrogen embrittlement and liquation
cracking may not be fully avoided for most
of the fusion welded aluminum joints.
Hence solid-state welding of aluminum is
preferred because the alloy is not melted
during such welding process. Friction stir
welding (FSW) is one such solid-state
welding process and is considered to be
much better for joining aluminum alloys
than fusion welding processes. The FSW
process utilizes a rotating tool with a pro-
truding pin as shown in Fig. 1. Friction stir
welding can also be used to join high-
strength aerospace and marine-grade alu-
minum alloys and other metallic alloys
that are difficult to weld by conventional
fusion welding. It uses the frictional heat
of the rotating shoulder and the stirring ef-
fect of the tool pin for solid-state joining.
The process was invented at The Welding
Institute (TWI) in Cambridge in early
1990 (Refs. 1, 2).

Several previous studies reported the
effects of the FSW shoulder and pin pro-
files (Ref. 3) and feasibility of the process.
The usefulness of the FSW process for
producing 2519 T-stiffeners was investi-
gated with grooved shoulder for combat
vehicle construction by Colligan et al.
(Ref. 4). Tool pins such as column screw,
tapered screw, column pin, and taper pin
were investigated for welding of 2014 alu-
minum alloy by Zhao et al. (Ref. 5). It was
reported that the tensile strength of the
weld reached 75% of the base material
with tapered screw pin tools. It was also re-
ported that tools without any threads pro-
duced inferior and defective welds (Ref.
5). The effect of threaded FSW tools on
weldability of 1050-H24 and 6061-T6 alu-
minum welds were investigated by
Hidetoshi and the benefits of threaded
tools were emphasized (Ref. 6).

Friction stir welding as a process for
spot welding of 6061-T4 aluminum alloy

was investigated by Tozaki et al. Threaded
tools were used for the purpose. Proper
pin length and process parameters pro-
duced welds with adequate tensile and
cross-tensile strength (Ref. 7). Scilapi et
al. investigated the effects of FSW tool
shoulder geometry on 1.5-mm-thick 6082
T6 aluminum alloy. They advocated the
use of FSW tool with fillet and cavity for
joining thin aluminum sheets (Ref. 8).
Friction stir welding tool pins like straight
cylindrical, cylindrical taper, threaded
cylindrical, square, and triangular with
combinations of 15-, 18-, and 21-mm
shoulders were used by Elangovan and
Balasubramanian to join 6061 aluminum
alloy. In their investigation, square pins
provided superior tensile properties with
least number of defects (Ref. 9). Various
FSW tool pins like straight cylindrical,
cylindrical taper, cylindrical threaded,
square, and triangular with combination
of 15-, 18-, and 21-mm shoulder diameters
were used in an investigation for joining
AZ31B magnesium alloy (Ref. 10).

For tapered and straight cylindrical
tools, a higher possibility for tunnel de-
fects were reported, and threaded pin
tools provided the best results (Ref. 10).
Palanivel et al. studied the effect of tool
pin profiles on mechanical and metallur-
gical properties of dissimilar 6351-5083
H111 aluminum alloy welds (Ref. 11).
Tool pin profiles such as straight cylindri-
cal, threaded cylindrical, square, tapered
square, and tapered octagon were used for
the purpose and the square straight tool
provided the best result (Ref. 11).Vijay
and Murugan investigated the effects of
FSW tool pin profiles such as square,
hexagon, and octagon, and concentric cir-
cular grooved shoulders on stir cast Al-10
wt-% TiB2 metal matrix composite welds
(Ref. 12). It was reported in their study
that the tapered pin produced narrower
stir zones with coarser grains compared to
that of the straight pin tools (Ref. 12).

Threaded tool geometries were also in-
vestigated by Rajakumar et al. for the op-
timization of the FSW process for maxi-
mizing the tensile strength of 7075-T6
aluminum alloy (Ref. 13). An empirical
equation was also developed for predict-
ing the tensile strength of the joints based
on the process parameters and tool geo-
metrical parameters (Ref. 13). Blignault et

41-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Tool Design Effects for FSW of AA7039

The usefulness of tool designs and modeling methodology were demonstrated for
predicting friction stir weld characteristics based on tool geometrical parameters

BY D. VENKATESWARLU, N. R. MANDAL, M. M. MAHAPATRA, and S. P. HARSH

ABSTRACT

The present investigation discusses the effects of threaded friction stir welding
(FSW) tool geometries on AA7039 welds. It is thought that for harder materials
like AA7039, threaded FSW tools are useful. However, the tool shoulder geome-
try and concavity of the shoulder surface also play important roles in defining the
quality characteristics of friction stir welds. The effect of threaded FSW tools on
7039 aluminum alloys were investigated using different shoulder diameters, pin
diameters, and levels of shoulder surface concavity. A full factorial design matrix
was utilized to manufacture 27 FSW tools having different levels of threaded pin
diameter, shoulder diameter, and shoulder surface concavity. Experiments were
conducted to study the effect of these tools on AA7039 welds with respect to weld
tensile strength, cross-sectional area, and % elongation. A mathematical model
was developed to predict the effects of the tool geometries on the welds using re-
sponse surface regression analysis. The interaction effects of the control factors
(tool geometrical parameters) on the responses such as weld strength, weld cross
section, and % elongation were studied. The modeling methodology developed in
this investigation was found to be adequate for predicting the effects of FSW tool
geometrical factors on the weld. 

KEYWORDS

Friction Stir Welding
Tool Geometries
Tensile Strength
Percent Elongation
Surface Response

D. VENKATESWARLU is research scholar, and
M. M. MAHAPATRA and S. P. HARSH are as-
sistant professors, Mechanical & Industrial Engi-
neering Dept., IIT, Roorkee, India. N. R. MAN-
DAL (Nrm@naval.iitkgp.ernet.in) is professor,
Dept. of Ocean Engineering & Naval Architec-
ture, IIT, Kharagpur, India.

Venkateswarlu Supplement Feb 2013_Layout 1  1/16/13  9:44 AM  Page 41



al. used a number of combinations of tool
geometries and predicted the ultimate
tensile strength of the FSW joint using re-
sponse surface methodology (RSM) (Ref.
14). They also indicated a wide range of
tool geometries can produce acceptable
weld performance such as tensile strength
within the specified window of input
process parameters. Rajakumar et al. in-
vestigated the effect of welding process
parameters of a number of threaded tools
on AA7075-T6 and observed that pin di-
ameter of 5 mm and shoulder diameter of
15 mm yielded higher joint tensile proper-
ties (Ref. 15).

It is observed from the literature re-
view that investigators have used different
types of tool shoulder and pin geometries
for FSW of aluminum alloys. The use of a
threaded pin-based tool was emphasized
many times. The effect of tool shoulder
and shoulder concavity are also important
along with the dimensions of the shoulder.
There is, therefore, a need to develop a

model that would encompass the tool di-
mensional features such as tool pin diam-
eter, extent of shoulder flat surface, and
shoulder diameter to determine the re-
sponses such as weld strength and weld
cross-sectional area and ductility in terms
of % elongation. The present investiga-
tion is a step in this regard wherein exten-
sive experiments were carried out to fi-
nally develop surface response regression
equations for predicting the effect of tool
geometries on the welds.

Experimental Details

A vertical milling machine with an in-
house developed FSW setup was used in
the present study for joining 6-mm-thick
AA7039 aluminum sheets. The tool mate-
rial was stainless steel grade 310. The alloy
composition of the tool material and phys-
ical properties are given, respectively, in
Tables 1 and 2. The chemical composition
of the AA7039 used in the present study is
given in Table 3. The mechanical proper-
ties of AA7039 obtained from the  labora-
tory test is presented in Table 4. 

The cross-sectional area of a friction
stir weld depends on the tool geometries.
The nature and shape of the weld cross-
section zones are different for each type of
tool. A schematic representation of the
friction stir welded cross section is shown

in Fig. 2 along with a welded cross-section
macrostructure. 

The stir zone is where the material has
been intermixed due to the action of the
tool pin. Grain refinement generally takes
place in this zone. The thermomechani-
cally affected zone (TMAZ) is next to the
weld zone, which is thermally affected,
and most of it is partially deformed as in-
dicated in Fig. 2. The heat-affected zone is
next to the TMAZ.

The rotational speed settings available
on the machine used for the welding were
500, 710, 1000, 1400, and 2000 rev/min.
During the trial experimental runs, good
results were obtained with 710 rev/min.
Welding with a higher rotational speed of
the FSW tool in excess of 710 rev/min
mostly resulted in groove defects in the
joints. Hence, experiments were con-
ducted with a constant tool speed of 710
rev/min and tool traverse speed of 20
mm/min. The plate edges were machined
for a square butt joint configuration. They
were positioned and clamped rigidly to the
machine bed with zero root opening and
cleaned with acetone before welding for
degreasing. A general full factorial design
of experiment technique was used for se-
lecting tool geometrical parameters such
as the shoulder diameter, pin diameter,
and shoulder surface concavity as the con-
trol factors. Each factor had three levels as
given in Table 5. The high, medium, and
low levels of shoulder diameters were 22,
19, and 16 mm, respectively. The pin di-
ameter levels were 8, 7, and 6 mm. The
shoulder flat surface levels are shown in
Fig. 3. Each experiment was conducted
three times to ascertain the repeatability
of the procedure for each of the 27 tools
as indicated in Table 6.

The schematic of the designed and
manufactured tools is given in Fig. 3 indi-
cating the shoulder flat surface (SFS) lev-
els, as full flat shoulder surface (level 1), 2-
mm flat shoulder surface (level 2), and
1-mm flat shoulder surface (level 3) from
the shoulder periphery. 

The tensile strength, % elongation,

FEBRUARY 2013, VOL. 9242-s

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 1 — Schematic of the FSW process. Fig. 2 — A — Etched cross sections of FS AA 7039 welds; 
B — schematic of friction stir weld cross-section macrostructure.

Table 1 — Composition of FSW Tool Material by Percentage

Fe C Cr Mn Ni P S Si
48–53 0.25 24–26 2 19–22 0.045 0.03 1.5

Table 2 — FSW Tool Material Physical 
Properties

Hardness, Brinell 160
Tensile strength, ultimate (MPa) 655
Tensile strength, yield (MPa) 275

Table 4 — Mechanical Properties of AA7039

Tensile strength (MPa) 347
Yield strength (MPa) 261
% Elongation 12.54
Vickers hardness (HV) 115

Table 3 — Chemical Compositions (wt-%) of
Base Materials 

Element Mg Zn Al
AA 7039 0.98 3.54 95.48
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and weld cross section of each sample
were then measured experimentally and
average values of each sample are shown
for 27 tools in Table 6. Tensile test speci-
mens were prepared and tested using a
computerized universal testing machine.
The schematic of a tensile test specimen is

shown in Fig. 4. The tensile strength, %
elongation, and weld cross-sectional area
with respect to varying tool geometries
were observed and recorded. These data
were then further utilized in multiple re-
sponse surface regression analyses. 

Results and Discussion

The experimentally measured data of
each sample, i.e., tensile strength, % elon-
gation, and weld cross section were noted
and utilized further for analysis of vari-
ance (ANOVA) (Ref. 16). The response
control factors for the analysis were shoul-
der diameter, pin diameter, and shoulder
surface concavity levels, and the response
parameters were tensile strength, % elon-
gation, and weld cross-sectional area.
These factors and parameters were used
to build up the mathematical model that
could be used for prediction of responses
of varying tool geometries. 
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Fig. 3 — Schematic of threaded tools used in the experiments showing shoulder flat
surface levels: A — Full flat shoulder surface (level 1); B — 2-mm flat shoulder
surface (level 2); C — 1-mm flat shoulder surface (level 3) from the periphery.

Fig. 4 — Tensile test specimen.

A B C

Table 6 — Experimental Data of Friction Stir Weldment Characteristics

Sl. No. Shoulder diameter Pin diameter Shoulder surface Tensile strength % Elongation Weld cross
level level level (MPa) section (mm2)

1 1 –1 1 146.58 2.12 46.76
2 1 –1 0 158.06 2.51 47.25
3 1 –1 –1 150.33 1.91 46.26
4 0 –1 1 180.32 3.03 46.90
5 0 –1 0 181.39 3.50 46.22
6 0 –1 –1 166.70 3.13 44.37
7 –1 –1 1 136.78 2.11 46.93
8 –1 –1 0 180.66 3.40 45.23
9 –1 –1 –1 151.22 3.02 45.81
10 1 0 1 212.00 5.16 48.98
11 1 0 0 258.13 6.09 52.88
12 1 0 –1 208.52 4.51 50.52
13 0 0 1 243.06 5.67 52.22
14 0 0 0 290.12 7.02 52.07
15 0 0 –1 238.71 5.67 52.22
16 –1 0 1 242.95 4.58 49.13
17 –1 0 0 238.54 5.60 49.27
18 –1 0 –1 241.00 6.05 51.99
19 1 1 1 190.94 3.34 45.91
20 1 1 0 175.20 3.30 46.70
21 1 1 –1 165.77 2.23 48.80
22 0 1 1 219.13 3.76 47.26
23 0 1 0 225.55 4.33 48.55
24 0 1 –1 170.67 2.80 48.25
25 –1 1 1 168.58 2.59 45.42
26 –1 1 0 174.55 3.10 49.10
27 –1 1 –1 168.73 2.99 48.33

Table 5 — Tool Pin and Friction Surface Design Matrix

Variables Level
High Medium Low
(+1) (0) (–1)

Shoulder diameter (mm) 22 19 16
Pin diameter (mm) 8 7 6
Shoulder surface concavity levels 3 2 1
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Regression Modeling of Tool Geometry
Effects

Analysis of variance (ANOVA) was
used to investigate the full factorial design
of experimentally measured data.
MINITAB software (Ref. 17) was used to
carry out ANOVA. The results of ANOVA

are given in Table 7. The ANOVA of re-
sponse parameters as shown in Table 7
also gives the coefficient of determination
(R2). It gives the proportion of variability
in a data sample. This coefficient of deter-
mination is a statistical measure that indi-
cates how well the regression equation ap-
proximates the data sample. The ANOVA

also gives a parameter given as adjusted
R2. In multiple regression models, ad-
justed R2 (Adj R2) is a measure of the pro-
portion of the variation in the dependent
variables. The adjusted R2 allows the de-
grees of freedom to be associated with the
sum of squares. 

The ANOVA as given in Table 7 also
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Table 7 — Analysis of Variance (ANOVA) for FSW Response Parameters

Analysis of Variance for Tensile Strength: (Response Surface Regression: R2 = 91.7%;   Adj R2 = 87.3%)

Source DF Seq SS Adj SS Adj MS F P

Regression 9 38162.3 38162.3 4240.3 20.86 0.000
Linear 3 2804.9 2804.9 935.0 4.60 0.016
Square 3 34637.6 34637.6 11545.9 56.81 0.000
Interaction 3 719.8 719.8 239.9 1.18 0.347

Residual Error 17 3454.9 3454.9 203.2 
Total 26 41617.2

Analysis of Variance for % Elongation: (Response Surface Regression: R2 = 97.3%;   Adj R2 = 95.9%)

Source DF Seq SS Adj SS Adj MS F P

Regression 9 52.0008 52.0008 5.7779 69.02 0.000
Linear 3 1.0408 1.0408 0.3469 4.14 0.022
Square 3 48.1835 48.1835 16.0612 191.85 0.000
Interaction 3 2.7765 2.7765 0.9255 11.06 0.000

Residual Error 17 1.4232 1.4232 0.0837 
Total 26 53.4240

Analysis of Variance for Weld Cross Section: (Response Surface Regression: R2 = 85.2%;   Adj R2 = 77.4%)

Source DF Seq SS Adj SS Adj MS F P

Regression 9 129.572 129.572 14.3969 10.90 0.000
Linear 3 11.978 11.978 3.9928 3.02 0.058
Square 3 106.435 106.435 35.4782 26.87 0.000
Interaction 3 11.159 11.159 3.7197 2.82 0.070

Residual Error 17 22.446 22.446 1.3204 
Total 26 152.018

Fig. 5 — A — Main effect plots; B — interaction plots for tensile strength of welds. Fig. 6 — A — Main effect plots; B — interaction plots for % elongation of
welds.

A

B

A

B
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provides sequential sum of squares (Seq
SS), adjusted sum of squares (Adj SS), and
adjusted mean squares (Adj MS). For gen-
eral regression analysis, MINITAB uses
adjusted sum of squares (Adj SS). The ad-
justed sum of squares (Adj SS) is the ad-
ditional sums of squares determined by
adding each particular term to a regres-
sion model given that other terms are also
in the model. The sequential sums of
squares (Seq SS) are the sums of squares
added by a term with previous terms al-
ready entered in the model (Ref. 17).

Analysis of variance is useful to inves-
tigate the significance of factors and the
interactions on the responses. In the

ANOVA table, MS indicates the mean
square and is given as 

The degrees of freedom in ANOVA
are used to calculate the mean square
(MS). In the ANOVA table, the F value in-
dicates variance ratio or Fisher’s ratio,
which is defined as

The probability of significance (P
value) is then calculated based on the vari-
ance ratio (F value). If the probability of
significance value (P value) is less than
0.05, then generally it can be stated that
the effect of control factors is significant.
Results of ANOVA for FSW response pa-
rameters are shown in Table 7. Consider-
ing the cases where the probability of sig-
nificance, i.e., P in Table 7, is less than 0.05,
the following were concluded for the rela-
tional effect on response parameters.

Analysis of variance for tensile
strength for both linear and square rela-
tions resulted in P values less than 0.05.
This indicates the linear and square rela-

F MS for a term

MS for the error term
=

MS
SS Sum of square deviation

DF Degree of f
=

( )
rreedom( )
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Fig. 7 — A — Main effect plots; B — interaction plots for cross-sectional
area of welds.

Fig. 8 — Surface plots of the following with respect to shoulder and pin diameter: 
A — Tensile strength; B — % elongation; C — weld cross section.

Table 8 — Response Surface Regression Relation for Outputs: Tensile Strength (TS), % Elongation (EL), and Weld Cross Section (WCS), and 
Inputs: Tool Shoulder Diameter (SDM), Pin Diameter (TPD), and Shoulder Surface (SS) 

Sl.
No. Responses R2 (%) Adjusted R2 (%) Regression equation

1 Tensile Strength
(TS) 91.7 87.3 TS =(272.01) + (–2.08*SD) + (11.51*TPD) 

+ (4.37*SFS) + (–25.71*SD*SD) 
+ (–68.61*TPD*TPD) + (–20.13*SFS*SFS) 
+ (2.81*SD*TPD) + (3.13*SD*SFS) 
+ (6.50*TPD*SFS)

2 %
Elongation

(EL) 97.3 95.9 EL =(6.566) + (–0.126*SD) + (0.205*TPD) 
+ (0.003*SFS) + (–0.733*SD*SD) 
+ (–2.640*TPD*TPD) + (–0.724*SFS*SFS) 
+ (0.181*SD*TPD) + (0.395*SD*SFS) 
+ (0.207*TPD*SFS)

3 Weld Cross Section
(WCS) 85.2 77.4 WCS =(51.570) + (0.157*SD) + (0.699*TPD)

+ (–0.391*SFS) + (–0.601*SD*SD) 
+ (–4.142*TPD*TPD) + (–0.470*SFS*SFS) 
+ (–0.310*SD*TPD) + (0.059*SD*SFS) 
+ (–0.911*TPD*SFS)
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tions between the response control factors
and response parameters are significant.
In case of % elongation, ANOVA showed
the interactions of the response control
factors as well as both linear and square
relations between the response control
factors and response parameters to be sig-
nificant. However, for the weld cross-
sectional area, ANOVA showed  the quad-
ratic response surface equations to be
more appropriate for capturing the effect
of tool geometries. 

Surface Response and Interaction Effects 

The main and interaction effect plots
for the response parameters are shown in
Figs. 5–7. Figure 5A indicates the pin di-
ameter seems to be the most dominating
factor as compared to that of shoulder di-
ameter and shoulder surface concavity for
the tensile strength. The 19-mm shoulder
diameter and concavity level 2 (2 mm flat
surface and concavity at 7 deg) seem to be
most effective for achieving better tensile
strength as indicated in Fig. 5A. 

The interaction effect plot for % elon-
gation indicated that pin diameter had sig-
nificant impact on % elongation as shown
in Fig. 6A, B. Out of the three control fac-
tors, shoulder surface seems to be least af-

fecting % elongation as indicated in Fig.
6A, B. Apart from the pin diameter, the
19-mm shoulder diameter seems to be
more dominant for achieving better %
elongation, as can be seen in Fig. 6B. 

The main effects plot on the weld cross-
sectional area with respect to control factors
is shown in Fig. 7A. It shows least effect of
the shoulder diameter, significant effect of
pin diameter, and some effect of shoulder
surface concavity on the weld cross section.
It is also observed in Fig. 7A that shoulder
surface level 3 (1 mm flat surface from the
outside perimeter of the tool shoulder and
7 deg inside tapered) resulted in less weld
cross-sectional area. The interaction plots
in Fig. 7B also showed that the shoulder di-
ameter and shoulder surface concavity have
almost a similar effect in the formation of
the weld cross-sectional area. 

Role of Pin Diameter in Weld 
Characteristics

The pin diameter was found to be the
most significant factor that affects the
weld tensile strength and weld cross-
sectional area. This is because the stirring
in the weld is mainly caused by the pin ac-
tion. A 7-mm-diameter threaded pin was
found to be the most effective in this in-

vestigation. Pin diameters exceeding 7 mm
did not improve the weld tensile proper-
ties, which might be due to improper
bonding/mixing of the material by the
larger-diameter pin. An interesting obser-
vation was noted with regard to the weld
cross-sectional area. It was found to be
maximum with a tool having a 7-mm-
diameter pin. The weld cross-sectional are
reduced with increasing pin diameter.

Role of Shoulder Diameter in Weld 
Characteristics

The main effect plots indicated consid-
erable effect of tool shoulder diameter on
tensile strength and % elongation. The ef-
fect of tool shoulder diameter on weld
cross-sectional area was found to be not
that significant. The 19-mm shoulder di-
ameter was observed to provide maximum
weld tensile strength. As compared to the
pin diameter, it was observed that shoul-
der diameter had less of an effect on for-
mation of the weld cross-sectional area.

Role of Shoulder Flat Surface and
Concavity In Weld Characteristics

Shoulder surface (concavity) levels 2
and 3 were found to achieve better weld
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Table 9 — Percentage Error of Weldment Characteristics for Test Cases 

Test case input variables Percentage error from the model prediction

Sl. Shoulder Pin Shoulder Tensile Tensile % % % Elon- % Weld Weld cross %
No. diameter dia. surface strength strength Error Elon- gation Error cross section Error

(mm) (mm) level (MPa) predicted (MPa) gation predicted section predicted
(mm2) (mm2)

1 20 8 3 187 204.08 –8.37 3.54 3.68 –3.91 48.83 46.43 5.15
2 17 8 2 190 203.00 –6.40 3.56 3.76 –5.52 48.99 48.14 1.76
3 14 8 1 125.67 116.49 7.87 1.84 1.72 6.41 46.28 47.82 –3.22
4 20 7 3 267.05 253.74 5.24 5.9 5.85 0.81 53.91 50.89 5.92
5 17 7 2 266.3 261.97 1.65 5.9 6.32 –6.70 55.80 51.37 8.60
6 14 7 1 189.53 184.77 2.57 3.79 4.67 –18.87 46.28 49.83 –7.13

Fig. 10 — Surface plots of the following with respect to pin diameter and shoul-
der surface type: A — Tensile strength; B — % elongation; C — weld cross 
section.

Fig. 9 — Surface plots of the following with respect to shoulder diameter and sur-
face type: A —Tensile strength; B — % elongation; C — weld cross section.
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tensile strength as compared to that of
level 1 or full flat surface. The shoulder
flat surface level 2 indicated 2 mm flat sur-
face of the shoulder from the boundary of
the tool then interally tapered at 70 and
was observed to perform better than level
1. Shoulder surface level 3 was observed to
cause less weld cross-sectional area as ob-
served in Fig. 7. It can be stated that the
flat shoulder surface and level 2 shoulder
surface produced almost similar effects
for weld cross-sectional area. However,
overall shoulder surface level 2 was found
to achieve maximum weld tensile strength.

The response surface regression equa-
tions for tensile strength (TS), % elonga-
tion (EL), and weld cross-sectional area
(WCS) are given in Table 8. It may be
noted that the regression equations were
tested with measured output of each tool
as presented in Table 6. The predicted re-
sponses from these equations were com-
pared with the respective values of meas-
ured responses given in Table 6. These
equations, presented in Table 8, were
found to be sufficiently accurate with max-
imum error of 5% indicating the suitabil-
ity of these regression equations to predict
the effect of tool geometries.

The response surface regression equa-
tions were further utilized for generating
3D surface plots of responses as shown in
Figs. 8–10. In Fig. 8A–C, the 3D surface
response plots are shown for the tensile
strength, % elongation, and weld cross-
sectional area with respect to the shoulder
and pin diameters. The surface plots
shown in Fig. 8A–C having a convex sur-
face indicates to having optimal points. In
Fig. 9A–C, the 3D surface response plots
are shown for the tensile strength, % elon-
gation, and weld cross-sectional area with
respect to shoulder diameter and shoulder
surface. The response indicates a zone of
optimality. In Fig. 10A–C, the 3D surface
response plots are shown for the tensile
strength, % elongation, and weld cross-
sectional area with respect to pin diameter
and shoulder surface levels. The regres-
sion equations as indicated in Table 8 were
tested further for some test case tools hav-
ing different tool geometries other than
those given in Table 6. Experiments were
conducted to measure tensile strength, %
elongation, and weld cross-sectional area
for the test case tools as given in Table 9.
The geometry features of these tools were
further used in regression equations
stated in Table 8 for predicting tensile
strength, % elongation, and weld cross-
section. The predicted values of the re-
sponses and measured responses of the
test cases were then compared as shown in
Table 9. The maximum % error was found
to be 8.6% for weld cross-sectional area
for test case serial number 5 (Table 9).

From the prediction capability of the
model developed in the present investiga-
tion, it can be stated that the regression
equations developed in the present work
are appropriate for predicting the effects
of varying design parameters of threaded
tools on friction stir welding of 7039 alu-
minum alloys. 

Conclusions

The tool designs and modeling
methodology presented here demon-
strated the usefulness of the approach for
predicting the friction stir weld character-
istics based on tool geometrical parame-
ters. The effect of tool shoulder concavity
levels was also investigated. The multi-
response regression equations developed
here were found appropriate for predict-
ing the weld quality characteristics based
on varying tool parameters. With respect
to FSW of AA7039 using threaded tools
having varying shoulder surface, shoulder
diameter, and pin dimension, the follow-
ing can be stated:

Pin diameter was found to have maxi-
mum influence among the control factors
that determine tensile strength of the
weld. In the present investigation, a 7-mm
pin diameter was found to yield better re-
sults compared to 6 and 8 mm. 

The effect of shoulder diameter was
found to not be significant compared to
pin diameter for weld tensile properties.
With respect to the processing window
used in this investigation, the 19-mm
shoulder diameter was found to be more
suitable for obtaining adequate tensile
strength and percentage elongation.

The 2-mm flat shoulder surface from
the periphery of the shoulder, followed by
concavity of 70 was observed to be more
suitable for achieving adequate tensile
strength. 

The weld cross-sectional area was also
found to depend on the tool pin diameter,
and the effect was almost similar to the
weld tensile strength.

The surface response regression equa-
tions developed in the present investigation
were found to be fairly accurate for predict-
ing the effect of tool geometries on the
welds signifying the adequacy of the model.
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