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Introduction 
Most of the structural failures happening today is because 

of poor weld strength Palani et.al. [1] These welding failures are 
mostly influenced by improper combination of the welding process 
factors Marseguerra et al. [2] The quality and strength of a weld 
is characterized by the reduction and elimination of weld defects 
such as cracks, undercut, deformation, porosity [3] in addition to 
controlling the heat input which is a very strong determining factor 
needed to produce a reliable weld Shubhavardhan et. al. [4] One  

 
of the fundamental issues facing Engineers in the manufacturing 
sector is the problem of choosing the most suitable combinations 
of input process parameters to achieve the required optimum weld 
bead quality Springer et.al. [5] It is a well-known fact that most 
welders mainly focused on [6] bead geometry and aesthetics of 
the weld structure, but the reduction in post weld cracks which 
determines the overall quality of weldment has not been paid 
much attention Navid et.al.[7] These problems can be solved with 
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Abstract
The Brinell hardness number (BHN) is the load divided by the surface area of indentation. The diameter of the impression is 

measured with a microscope with a superimposed scale. BHN remains vital parameters for the assessment of weld quality and also 
to eliminate post weld crack formation. The focus of this study is to predict tig process parameter such as Brinell hardness number 
(BHN) for eliminating post weld crack formation, and stabilizing heat input in mild steel weldment. The key input parameters 
considered in this work are welding current, welding voltage and welding speed while the response or measured parameter is 
Brinell hardness number (BHN). Using the range and levels of the independent variables, statistical design of experiment (DOE) 
using central composite design (CCD) method was done. Hundred (100) pieces of mild steel coupons measuring 60 x 40 x10 were 
used for the experiments. The experiment was performed 20 times, using 5 specimens for each run. The plate samples were 60 
mm long with a wall thickness of 10mm. The samples were cut longitudinally with a Single-V joint preparation. The tungsten inert 
gas welding equipment was used to weld the plates after the edges have been bevelled and machined. The welding process uses 
a shielding gas to protect the weld specimen from atmospheric interaction. For this study, 100% pure Argon gas was used. The 
weld samples were made from 10mm thickness of mild steel plate; the plate was cut to size with the power hacksaw. The edges 
grinded and surfaces polished with emery paper and the joints welded and thereafter, the response (Brinell hardness number) was 
measured, recorded, and analysed using fuzzy logic.

From the result, it was observed that; for a current of 170Amp, voltage of 25volt, and welding speed of 5.0mm/s, the predicted 
Brinell hardness number was 160HAZ and for a current of 163.18Amp, voltage of 23volt, and welding speed of 3.50mm/s, the 
predicted Brinell hardness number was 181.0HAZ while for a current of 170Amp, voltage of 21volt, and welding speed of 5.0mm/s, 
the predicted Brinell hardness number was 176HAZ
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the development of mathematical models through effective and 
strategic planning, design, and execution of experiments Vikram 
et.al [8] 

Research Methodology
The key input parameters considered in this work are welding 

current, welding voltage and welding speed while the response or 
measured parameter is Brinell hardness number (BHN). The range 
and level of the experimental variables used  for statistical design of 
experiment are presented in (Table 1)

Table 1: Range and Levels of independent variables.

Independent Variables
Range and Levels of Input Variables

Lower Range (-1) Upper Range (+1)

Welding Current (Amp) X1 170 190

Welding Voltage (Volt) X2 21 25

Welding Speed (mm/s) X2 2 5

Using the range and levels of the independent variables 
presented in (Table 1), statistical design of experiment (DOE) 

using central composite design (CCD) method was done. The total 
number of experimental runs that can be generated using the CCD 
is defined as.

Were.

N: is the number of experimental runs based on CCD design

2n; is the number of factorial points

n0; is the number of center points

2n; is the number of axial points

N; is the number of variables

Using (Equation 1), twenty (20) experimental runs were 
generated based on the central composite design method and 
presented in (Table 2).

Applying the design of experiment presented in (Table 2), 100 
pieces of mild steel coupons measuring 60 x 40 x10 were used for 
the experiments. The experiment was performed 20 times, using 5 
specimens for each run. The plate samples were 60 mm long with a 
wall thickness of 10mm. The samples were cut longitudinally with 
a Single-V joint preparation.

Table 2: Design of experiment (DOE).

Std Run Type Current (A) Voltage (V) Welding Speed (mm/s)

15 1 Center 180 23 3.5

16 2 Center 180 23 3.5

17 3 Center 180 23 3.5

18 4 Center 180 23 3.5

19 5 Center 180 23 3.5

20 6 Center 180 23 3.5

9 7 Axial 163.1821 23 3.5

10 8 Axial 196.8179 23 3.5

11 9 Axial 180 19.63641 3.5

12 10 Axial 180 26.36359 3.5

13 11 Axial 180 23 0.977311

14 12 Axial 180 23 6.022689

1 13 Fact 170 21 2

2 14 Fact 190 21 2

3 15 Fact 170 25 2

4 16 Fact 190 25 2

5 17 Fact 170 21 5

6 18 Fact 190 21 5

7 19 Fact 170 25 5

8 20 Fact 190 25 5

The tungsten inert gas welding equipment was used to weld 
the plates after the edges have been bevelled and machined. The 
welding process uses a shielding gas to protect the weld specimen 
from atmospheric interaction. For this study, 100% pure Argon gas 
was used. The weld samples were made from 10mm thickness of 

mild steel plate; the plate was cut to size with the power hacksaw. 
The edges grinded and surfaces polished with emery paper and 
the joints welded and thereafter, the responses were measured 
and recorded. The measured response corresponding to the input 
variable is presented in (Table 3)
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Table 3: Design of experiment (DOE).

Run Type Current (A) Voltage (V) Welding Speed (mm/s) Brinell hardness number (BHN)

1 Center 180 23 3.5 200

2 Center 180 23 3.5 196

3 Center 180 23 3.5 200

4 Center 180 23 3.5 200

5 Center 180 23 3.5 200

6 Center 180 23 3.5 200

7 Axial 163.1821 23 3.5 172

8 Axial 196.8179 23 3.5 188

9 Axial 180 19.63641 3.5 198

10 Axial 180 26.36359 3.5 182

11 Axial 180 23 0.977311 187

12 Axial 180 23 6.022689 180

13 Fact 170 21 2 190

14 Fact 190 21 2 184

15 Fact 170 25 2 190

16 Fact 190 25 2 180

17 Fact 170 21 5 175

18 Fact 190 21 5 202

19 Fact 170 25 5 160

20 Fact 190 25 5 184

For the analysis of the measured variable (heat input), fuzzy 
logic was employed. The underlying equations of fuzzy logic are 
presented as follows.

Fuzzy Logic Modeling
The underlying equations of fuzzy logic adopted from Chang et 

al., 2008 is presented as follows.
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 To calculate a priority vector of the above triangular fuzzy 
comparison matrix, the following five equations were used: First, a 
fuzzy comparison operation was employed to sum up each row of 
the fuzzy comparison matrix
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Secondly, the row sums were normalized using
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Thirdly, the degree of possibility of i jS S was computed 
with the aid of equation (5) 

                  
                   

( ) ( )( )

3
1

3 1

0

1̀
1 1

11 1
, 1 , 1...1

11 1
1 1
1

u

mi mj
ui ljV Si sj lj uj I j j iy

ui mi mj lj
others

P

−
= ℑ =

− −



 

 

 

 

 

 

 

(5)

Where the possibility degree is  , ,i i i iS l m u  and   , ,j j j jS l m u

The degree of possibility of iS  over all the other (n – 1) fuzzy 
member was computed by:
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The basic steps involved in the application of fuzzy logic in 
predicting tig process parameters required to eliminate post weld 
crack formation and stabilize heat input in mild steel weldment are 
as follows.

A. Definition of input and output variables

B. Conversion of crisp variables into fuzzy sets

C. Definition of membership functions for each inputs and output

D. Creation of fuzzy rules

E. Simulation 

Definition of Input and output Variables

a) First, sets of input variables, namely, current, voltage and 
welding speed were selected

b) The range and values of the selected input variables were 
then defined based on expert knowledge

For a fuzzy logic model aimed at predicting Brinell hardness 
number (BHN), we assumed that the weld factors, namely, current 
(c), voltage (v) and welding speed (ws) be termed the linguistic 
variables. To qualify the current, voltage and welding speed, terms 
such as (very low, low, moderate, high and very high) were used. 
These are the linguistic values of the current, voltage and welding 

speed. Therefore, 

C (c) = {very low, low, moderate, high and very high}

V (v) = {very low, low, moderate, high and very high}

WS (ws) = {very low, low, moderate, high and very high}

In the same way, the output variable Brinell hardness number 
(BHN) was qualified in real term as: 

(BHN) = {very low, low, moderate, high and very high}.

The terms in bracket represent the set of decompositions for 
the linguistic variable current, voltage, welding speed and Brinell 
hardness number (BHN). Each member of this decomposition is 
called a linguistic term. For this problem, the linguistic variables 
and their range of values include: 

a) Current; this ranges from 170 to 190 amps

b) Voltage: this ranges from 21 to 25 volts

c) Welding speed: this ranges from 2 to 5 mm/s

d) Brinell hardness number (BHN); this ranges from 160 to 202 
HAZ

The fuzzy logic toolbox that defines the input and output 
variables is presented in (Figure 1).

Figure 1: Fuzzy logic toolbox containing the input and output variables.

http://dx.doi.org/10.32474/JOMME.2021.01.000120
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Conversion of Crisp Variables to Fuzzy Sets

To convert the crisp variables to fuzzy sets, adaptive neuro-
fuzzy inference systems (ANFIS) was employed. The basic steps in 
the application of ANFIS are as follows:

The three critical input variables were coded using a, b, c, 

a) The members of the variables were also defined.

b) A simple MATLAB programmer that connects the input and 
output variables was then written. To generate the fuzzy 
inference systems (FIS), grid partition method was employed 
owing to its ability to handle large input variables and generate 
the needed fuzzy sets.

Definition of membership function

a) Five membership function were selected for each input 
variables and output variables, namely, very low, low, 
moderately high, high and very high as presented in (Table 3).

b) For the input variables, the triangular membership function 
(trim) was used while the constant membership function was 
used for the output variable.

Creation of Fuzzy Rules
In a fuzzy logic system, a rule base is constructed to control 

the output variable. A fuzzy rule is a simple IF-THEN rule with 
a condition and a conclusion. Based on the summary results 
presented in (Table 3), eight (8) critical rules were constructed to 
predict the Brinell hardness number based on fuzzy logic as follows. 

a) If current is low, and voltage is high and welding speed is high, 
then Brinell hardness number is (<< very low Brinell hardness 

number)

b) If current is low, and voltage is moderate and welding speed is 
moderate, then Brinell hardness number is (very low Brinell 
hardness number)

c) If current is low, and voltage is low and welding speed is 
high, then Brinell hardness number is (low Brinell hardness 
number)

d) If current is high, and voltage is high and welding speed is low, 
then Brinell hardness number is (moderate Brinell hardness 
number)

e) If current is moderate, and voltage is moderate and welding 
speed is low, then Brinell hardness number is (high Brinell 
hardness number)

f) If current is low, and voltage is low and welding speed is low, 
then Brinell hardness number is (very high Brinell hardness 
number)

g) If current is moderate, and voltage is moderate and welding 
speed is moderate, then Brinell hardness number is (> very 
high Brinell hardness number)

h) If current is high, and voltage is low and welding speed is high, 
then Brinell hardness number is (>> very high Brinell hardness 
number)

i) Fuzzy logic simulation
Based on the rules, series of simulation were done to evaluate 

the capacity of fuzzy logic in predicting the Brinell hardness number 
(BHN) of a welding material

Results and Discussion
Generation of fuzzy sets from the crisp variables

Figure 2: Anfisedit toolbox showing the crisp data.
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(Figure 2) shows the interface of adaptive neuro fuzzy (anfis) 
containing the fuzzy sets for the three input variables, namely, 
current, voltage and welding speed including the single output 
variable which is the Brinell hardness number (BHN). Five 
membership functions were selected for each input variable. For 
this problem, the triangular membership function (trimf) was used. 
The simplicity and flexibility of the triangular membership function 
coupled with its ability to define wider range of decomposed sets 
of linguistic variables account for its selection. For the output 
variable, five membership functions were also used. Unlike the 
input variables, the constant membership function (conmf) was 
used to define the output variable owing to its simplicity. Figure 3 
shows the membership function defined for the input and output 
variables.

Defining the inputs and output Membership Function
Membership functions are used in the fuzzification and 

defuzzification steps of a Fuzzy Logic Systems (FLS), to map the 
non-fuzzy input values to fuzzy linguistic terms and vice versa. A 
membership function is used in most cases to quantify a linguistic 
term. An important characteristic of fuzzy logic is that a numerical 
value does not have to be fuzzified using only one membership 
function. In other words, a value can belong to multiple sets at the 
same time. Five membership functions were selected for each input 

and output variable namely, very low, low, moderately high, high 
and very high. (Figures 4a, 4b, 4c and 4d) shows the definition of 
the membership function for current, voltage, welding speed and 
Brinell hardness number representing the three input variables 
and one output variable. (Figure 4a) shows the membership 
function for current. The current range is specified as [163.2 
196.8] while the membership set that defines very low current 
is given as [154.8 163.2 171.6]. The membership function type 
is the triangular membership function. (Figure 4b) shows the 
membership function for voltage. The voltage range is specified 
as [19.64 26.36] while the membership set that defines very low 
voltage is given as [17.96 19.64 21.32]. The membership function 
type is the triangular membership function. (Figure 4c) shows the 
membership function for welding speed (WS). The WS range is 
specified as [0.98 6.02] while the membership set that defines very 
low welding speed is given as[-0.28 0.98 2.24]. The membership 
function type is the triangular membership function. (Figure 4d) 
shows the membership function for brinell hardness number. The  
range for brinell hardness number is specified as [160 202] while 
the membership set that defines (<< very low brinell hardness 
number is given as [160]. The membership function type is the 
constant membership function. Using the information on (Figure 
4d), the following additional membership sets were generated and 
presented in (Table 4)

Table 4: Summary of membership function and membership sets.

Figure 3: Description of input and output membership function.
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Figure 4a: Definition of membership function for current (very low current).

Figure 4b: Definition of membership function for voltage (very low voltage).

Figure 4b: Definition of membership function for voltage (very low voltage).
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Figure 4c: Definition of membership function for welding speed (very low welding speed).

Figure 4d: Definition of membership function for Brinell hardness number.

Predicting Brinell hardness number (BHN) using Fuzzy 
Logic

Using the eight critical rules, fuzzy prediction of Brinell hardness 
number (BHN) was done using fuzzy and some of the results 
obtained are presented in (Figures 5a, 5b, and 5c) respectively. 
From the result of (Figure 5a), it was observed that; for a current 
of 170Amp, voltage of 25volt, and welding speed of 5.0mm/s, the 
predicted Brinell hardness number was 160HAZ. From the result 
of (Figure 5b), it was observed that; for a current of 163.18Amp, 
voltage of 23volt, and welding speed of 3.50mm/s, the predicted 
Brinell hardness number was 181.0HAZ. From the result of Figure 
5c, it was observed that; for a current of 170Amp, voltage of 21volt, 
and welding speed of 5.0mm/s, the predicted Brinell hardness 
number was 176HAZ. From the other simulations, it was observed 
that.

a) For a current of 190Amp, voltage of 25volt, and welding speed 
of 2.0mm/s, the predicted Brinell hardness number was 
181HAZ

b) For a current of 170Amp, voltage of 21volt, and welding speed 
of 2.0mm/s, the predicted Brinell hardness number was 
192HAZ

c) For a current of 180Amp, voltage of 23volt, and welding speed 
of 3.50mm/s, the predicted Brinell hardness number was 
197HAZ

d) For a current of 190Amp, voltage of 21volt, and welding speed 
of 5.0mm/s, the predicted Brinell hardness number was 
202HAZ
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Figure 5a: Prediction of Brinell hardness number using fuzzy logic.

Figure 5b: Prediction of Brinell hardness number using fuzzy logic.

Figure 5c: Prediction of Brinell hardness number using fuzzy logic.
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Table 5: Membership sets generated for brinell hardness number.

S/No Index Description Fuzzy Membership Set Value

1 << Very Low Least Brinell Hardness Number 160

2 < Very Low Lowest Brinell Hardness Number 165.3

3 Very Low Lower Brinell Hardness Number 170.5

4 Low Low Brinell Hardness Number 175.8

5 Moderate Moderate Brinell Hardness Number 181

6 High High Brinell Hardness Number 186.3

7 Very High Higher Brinell Hardness Number 191.5

8 > Very High Highest Brinell Hardness Number 196.8

9 >> Very High Upmost Brinell Hardness Number 202

To assess the overall performance of fuzzy logic in predicting 
Brinell hardness number (BHN), a regression plot of output between 
the observed BHN and fuzzy logic predicted BHN was obtained 
and presented in (Figure 6) With a coefficient of determination 

R2 value of 0.9543, it was concluded that Fuzzy logic systems can 
be employed for the prediction of Brinell hardness and other weld 
parameters.

Figure 6: Regression plot of output.

Conclusion
The fuzzy logic prediction platform developed in this study can 

serve as suitable alternative to the popular but complex machine 
learning algorithm such as random forest for the prediction of weld 
parameters. In addition, since Brinell hardness number (BHN) 
is an important parameter that can be employed to measure the 
quality of weld, therefore accurate prediction of Brinell hardness 
number (BHN) by means of fuzzy logic will would be an important 
breakthrough in the welding and fabrication industry. 
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