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In this study, the e�ects of nucleus diameter on tensile-peel strength in electrical resistance spot welding were
investigated. Taguchi design approach has been employed to the experimental planning, the L27(3

13) orthogonal
array. The larger-the-better and the nominal-the-best response criteria were selected to obtain the optimum
conditions for nucleus diameter and tensile-peel strength, respectively. In addition, the e�ects of �ve parameters,
electrode pressure, clamping time, welding current, welding time, and holding time, were examined in this way.
Results showed that the tensile-peel strength was related with nucleus diameter, and that welding current and
welding time were the most e�ective parameters for improvement of the strength of weld joints.
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1. Introduction

Electrical Resistance Spot Welding (ERSW) is a join-
ing process, based on the electrical resistance of the com-
ponents and generation of the heat when a current is
passed through. It is used in production of automobiles,
truck cabins and rail vehicles [1]. Galvanized steel sheets,
having good welding ability and corrosion resistance, are
widely used in automobile bodies [2].
The mechanical performance of the welding joints of

ERSW is mainly determined by nucleus geometry such as
nucleus diameter (dn), height (hn) and size ratio (hn/hd).
Major factors on nugget geometry and mechanical prop-
erties are, in particular, welding current, electrode pres-
sure, welding time, clamping time, holding time, elec-
trode diameter, etc. [3, 4].
Luo Yi et al. [5] predicted nugget diameter and ten-

sile shear (T-S) strength of weld joints by developing a
mathematical model. They used experimental study on
commercially galvanized steel sheet widely used in car
fabrication. They selected input parameters as preheat-
ing current, welding current, welding time and welding
pressure. The results showed that a more accurate pre-
diction is obtained on nugget size and mechanical prop-
erties of weld joints by using the optimized models.
Thakur et al. [6] have studied optimization of ten-

sile shear strength of RSW (resistance spot welding) for
galvanized steel by using Taguchi method. They re-
ported that the highly e�ective parameters on tensile
strength were identi�ed as welding current and welding
time, whereas electrode force and electrode diameter were
less e�ective factors. The results also indicated that it is
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possible to increase tensile strength of welt joints sig-
ni�cantly by optimization of the parameters by Taguchi
technique.
E³me [7] has studied optimization of welding param-

eters on the tensile shear strength in the (RSW) pro-
cess by using Taguchi experimental approach. The re-
sults showed that the highly e�ective parameters on T-S
strength were determined as welding current and elec-
trode force. In this study, Taguchi approach was ef-
fectively used for optimization of welding parameters in
RSW process.
In the present work, Taguchi design approach has

been employed to examine the e�ects of nucleus diam-
eter on T-S strength in electrical resistance spot welding.
Additionally, this technique is used to obtain an opti-
mal experimental prescription to determine the �nal T-S
strength of the welding joints.

2. Experimental work

Galvanized DP 600 steel sheet was used in the experi-
ments. Its composition is given in Table I. The thickness
of the steel sheet and the galvanized layer are 1.2 mm
and 7 µm, respectively [8, 9].

TABLE IChemical composition of workpiece materials.

C Si Mn Cr Al Cu Mo balance

0.054 0.158 1.840 0.097 0.027 0.021 0.155 97.647

An ERSW machine, controlled current and timer, was
used in experimental works. Workpiece materials were
welded by the machine with changing electrode force,
welding current, holding time and cooling water �ow
rate during experiments, with �xed electrode diameter
of 15 mm sphere. After welding workpieces, in order to
determine the joints strengths, all trials of T-P tests were
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exposed to a 50 kN load on computerized universal test-
ing machine. The tensile speed was kept constant at a
crosshead of 10 mm/min. The nucleus diameters were
measured by means of an optical microscope as seen in
Fig. 1.

Fig. 1. The sizes of T-P test specimens [3] .

The present experiments were designed to apply the
Taguchi's methods to establish the e�ects of nucleus di-
ameter on T-P strength. Taguchi's method has been
used for a wide range of industrial applications world-
wide since it is a simple, e�cient and systematic ap-
proach to optimize designs for performance, quality and
cost [10, 11]. Five parameters (factors), designated for
this study, and their levels are given in Table II.

TABLE IIProcess parameters and their levels.

Factors Col. Lev.1 Lev.2 Lev.3

Electrode pressure [kN] A 3 4 5

Clamping time, period [1/50 s] B 10 15 20

Welding current [kA] C 6 10 14

Welding time, period [1/50 s] D 10 15 20

Holding time, period [1/50 s] E 10 15 20

Tests were carried out consecutively from trial 1 to
trial 27 as seen in Table III. Welding data, electrode pres-
sure, clamping time, welding current, welding time, and
holding time, were obtained from the experimental lay-
out. At the end of each trial, the average T-P strength
and the nugget size ratio were measured. Signal-to-noise
(S/N) ratio was calculated by using the values of the
measurements. The previous studies have reported that
an optimal nucleus diameter is needed to obtain the max-
imum strength of welding joints [2, 3, 7]. So, the nominal-
the-better quality characteristics, represented by Eq. 1,
were considered.

S/N = −10 log

(
1

n

n∑
i=1

1

y2s2

)
. (1)

The larger-the-better quality characteristics was consid-
ered, since the performance was measured in terms of the
T-P strength, a property which is generally expected to
be as high as possible, as represented by Eq. 2.

S/N = −10 log

(
1

n

n∑
i=1

1

y2

)
. (2)

Here n is the number of measurements in a trial and y
is the value of a measurement in a trial. Analysis of vari-
ance statistical method (ANOVA) which employs Eq. 3�7
[10, 11], was prepared to determine the e�ect and the op-

TABLE III
L27(5

3) orthogonal design array, measured nucleus
diameter (dn), T-P strength and S/N ratios.

Factor level dn [mm] T-P str. [MPa]

Exp. A B C D E Mean S/N Mean S/N

No ratio ratio

1 1 1 1 3 2 8.50 1.22 56.25 3.50

2 1 1 2 3 2 9.85 1.03 50.63 3.41

3 1 1 3 3 2 10.25 1.30 39.11 3.18

4 1 2 1 1 3 6.35 0.65 53.59 3.46

5 1 2 2 1 3 6.65 0.88 49.22 3.38

6 1 2 3 1 3 10.95 0.96 25.31 2.81

7 1 3 1 2 1 7.65 1.14 46.04 3.33

8 1 3 2 2 1 7.70 1.11 49.32 3.39

9 1 3 3 2 1 10.50 0.91 42.34 3.25

10 2 1 1 1 1 6.10 0.65 44.43 3.30

11 2 1 2 1 1 8.00 1.30 47.19 3.35

12 2 1 3 1 1 10.50 1.13 51.67 3.43

13 2 2 1 2 2 8.25 1.62 48.28 3.37

14 2 2 2 2 2 7.85 1.50 55.01 3.48

15 2 2 3 2 2 11.25 0.80 42.76 3.26

16 2 3 1 3 3 8.75 2.09 47.86 3.36

17 2 3 2 3 3 8.50 2.00 57.50 3.52

18 2 3 3 3 3 12.50 0.47 56.56 3.51

19 3 1 1 2 3 7.45 1.13 49.32 3.39

20 3 1 2 2 3 9.50 1.45 41.51 3.24

21 3 1 3 2 3 11.45 0.76 35.00 3.09

22 3 2 1 3 1 7.25 0.84 50.26 3.40

23 3 2 2 3 1 9.25 2.29 47.14 3.35

24 3 2 3 3 1 9.75 1.68 47.08 3.35

25 3 3 1 1 2 550 0.53 27.00 2.86

26 3 3 2 1 2 8.55 1.77 53.13 3.45

27 3 3 3 1 2 10.80 0.97 34.00 3.06

timal combination of the parameters by using the signal-
to-noise (S/N) ratio values.

SST =

[
N∑
i=1

(S/N)i2

]
− T 2

N
. (3)

SSA =

[
KA∑
i=1

(
Ai2

NAi

)]
− T 2

N
. (4)

νTotal = N − 1. (5)

VFactor =
SSFactor
νFactor

. (6)

FFactor =
VFactor
VError

(7)

Here, SST is the sum of squares due to total variation,
N is the total number of experiments, SSA represents
the sum of squares due to factor A, KA is the number
of levels for factor A. Ai stands for the sum of the total
i-th level of the factor A, nAi

is the number of samples
for i-th level of factor A. T is the sum of total (S/N)
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ratio of the experiments, νTotal is the degrees of freedom,
VFactor is the variance of the factors, SSFactor represents
the sum of squares of the factor and FFactor is the F ratio
of the factor.

3. Results and discussion

Table III shows the average value of the nucleus diam-
eter and T-P strength measured for each welding sam-
ple. Their S/N ratios are also presented in the adjacent
columns, respectively. As seen from Table III, the nucleus
diameters have varied between 6.1 mm and 12.50 mm.
The highest nucleus diameter was obtained from trial 18,
whereas the lowest value was measured from trial 4. As
seen (Table III), the T-P strength has varied between
25.31 MPa and 57.50 MPa.

TABLE IV
Analysis of variance (ANOVA) for nucleus diameter. SS
� sum of squares, ν � degrees of freedom, V - variance,
F � factor.

Factors SS ν V F

A Electrode pressure 0.39 2 0.19 1.12

B (a)Clamping time 0.10 2 0.05 0.28

C (b)Welding current 1.17 2 0.59 3.41

D (b)Welding times 0.94 2 0.47 2.72

E (a)Holding times 0.02 2 0.01 0.07

Total 2.50 6 0.42

Error (e) 3.44 20 0.17
a pooling, b At least 90% con�dence (2.59)

Table IV and Table V show the analysis of variance
tables (ANOVA) which were prepared using Eq. 3�7. Ac-
cording to the ANOVA for the nucleus diameter, the
high contribution and variance of factors C and D in-
dicate that the welding current and welding times are
signi�cant with at least 90% con�dence. The electrode
pressure (A) is the e�ective factor. Clamping time (B),
holding times (E) have less in�uence on the diameter of
the nucleus. Similarly, according to the ANOVA for T-P
strength, the high contribution and variance of factors C
and D indicate that the welding current and the weld-
ing times are signi�cant with at least 90% con�dence,
whereas, the clamping time (B) and holding time (E)
have less signi�cant in�uence on the T-P strength. In
order to demonstrate the e�ect of the parameters C, D
and A, the factor associated with B and E is pooled (in-
signi�cant factors, ignored due to their low signi�cance).
Table IV and V show that welding current and welding
times are signi�cant, whereas electrode pressure, clamp-
ing time and holding times are less e�ective parameters
when both nucleus diameter and T-P strength of the weld
is considered. The results are similar to those obtained
by Aslanlar et al. [2, 3, 12], who reported that welding
current and welding time were signi�cant factors in�u-
encing the T-P strength of weld joints in the ERSW.
In order to obtain an optimal combination for the

nucleus diameter (dn) and T-S strength, S/N response
graph derived by using the average S/N values of each

Fig. 2. Response graph for the nucleus diameter (dn).

Fig. 3. Response graph for the tensile-peel strength.

factor level is given in Fig. 2 and Fig. 3, respectively.
The �gures reveal the optimal combination of experi-
mental parameters and the corresponding values of each
factor. Figure 2 indicates A2, B2, C2, D3, E1 are the op-
timal combinations for obtaining nominal nucleus diam-
eters (dn). On the other hand, Fig. 3 shows that optimal
combinations, A2, B1, C2, D3 and E1, were required for
obtaining high T-S strength of the weld joints. Consid-
ering in�uential factors, A2, C2 and D3, both nominal
nucleus diameter and higher T-S strength of weld joints
can be obtained with the same combinations as seen in
Fig. 2 and 3. These results indicate that the strength of
welding is related with the diameter of the nucleus. In
addition, a nominal nucleus diameter is required to ob-
tain strength of weld joints. These results are in good
agreement with previously reported results [3, 6, 7].
According to the Taguchi approach, to compare the

results with the expected conditions, it is necessary to
perform an experiment for veri�cation. In this study, the
less in�uencing factors (pooling) on the nucleus diameter
and the T-S strength were ignored.

TABLE VIResults from the veri�cation experiment.

Description T-P strength Nucleus diameter

[MPa] [mm]

Optimum condition A2B1C2D3E1 A2B2C2D3E1

Pooled factors B and E B and E

Estimated average S/N ratio 3.56 1.82

Estimated S/N ratio range 3.48 < µ < 3.64 1.61 < µ < 2.03

Exp. average S/N ratio 3.51 2.00

Estimated average value 60 8.10

Estimated value range 55 < µ < 66 8.02 < µ < 9.48

Exp. average value 57 8.50

It has been estimated that at the optimum condition,
the strength should be between 55 MPa and 66 MPa
as seen Table VI. Since the suggested optimum condi-
tions (A2, C2, and D3) have already been included in
the original set of trials (see Table III), there was no
need to carry out an extra validation trial. According
to the results obtained from trial 17, the average of the
strength was 57.50 MPa, which lays well within the cal-
culated strength range. Similarly, the optimum condi-
tion for the nucleus diameter has been estimated to be
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between 8.02 mm and 9.48 mm. According to the re-
sult obtained from the trial 17, the nucleus diameter was
8.50 mm, which also remains within the calculated nu-
cleus diameter range. This validates the con�dence of
the current study.

4. Conclusions

In this study, the e�ects of nucleus diameter on tensile-
peel strength in electrical resistance spot welding were
examined. Taguchi's technique has been used for the ex-
perimental planning. In the light of the obtained results,
the present study can be concluded as follows:

� The most in�uential parameters on tensile-peel
strength and the nucleus diameter were the weld-
ing current, welding time and electrode pressure.
Whereas, clamping time and holding time were
less e�ective factors. As the heat needed for resis-
tance welding processes is produced by welding cur-
rent and its duration under electrode pressure the
present results stand logical and are also in good
agreement with previous studies.

� Results also indicate that there is a relationship
with the welding strength and the nucleus diame-
ter. A nominal nucleus diameter which is 8.30 mm
is required to obtain the highest strength of a weld
joint. After extending this critical diameter, the
strength decreases, because the electrodes sink into
the material as a result of increasing welding cur-
rent and duration and also the pressure applied
to the electrodes. At the nominal nucleus diam-
eter, the highest average tensile-peel strength of
57.50 MPa was obtained with an optimal combi-
nation of the factors of 9 kA welding current, 20 s
welding time and 4 kN electrode pressure.
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