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ABSTRACT 

Most welded joint fail due to the utilization of poor 

welding process. This poor welding process 

produces a low heat input that could cause 

insufficient melting of the electrode. Insufficient 

melting of electrode is responsible for inadequate 

penetration of liquid metal into the welded joint. 

Literature has shown that welded joints produced 

by insufficient penetration of liquid metal have low 

bearing capacity. This indicates that such welded 

joints would not be able to sustain the design load. 

In order to achieve deep liquid metal penetration, 

the optimization and prediction of heat input of 

mild steel weldment, using RSMis studied. The aim 

of this study, therefore, is to develop models that 

would minimize heat input. The design of 

experimental matrix was developed, using the 

design expert software. This is determined by the 

input factors and its parametric levels.The 

Response surface method was employed to analyse 

the data collected from the experiment. The second 

order polynomial model was adopted having 

current, voltage, welding speed, welding time and 

feed rate as input factors, heat input is the target 

response. To test for the model significance, 

adequacy and validity, the analysis of variance was 

done and goodness of fit was determined.  From 

the result, the p-value of the heat input model is 

0.001, which is lower than 0.05, indicating that the 

model developed is significant. The determination 

coefficient(R^2), the conformity between the 

experimental result and the theoretical expectation, 

which measures the goodness of fit for heat input is 

92%.The result shows that a combination of current 

160.2A, voltage 25.03V, welding speed 57.72 

mm/s, welding time 80 sec, feed rate 70.11, will 

produce optimal heat input 64.795KJ at a 

desirability of 0.739.s 

 

I. INTRODUCTION AND 

LITERATURE REVIEW 
Welding is the act of combining two metal 

pieces or plastic together by heating to their 

melting temperature in the company of or without 

the application of pressure and in the company of 

or without the application filler metal. The filler 

metal possess a melting point almost the same as 

the base metal.When a welded joint becomes too 

hot, it dissipates the heat quickly, cooling too 

quickly, causing internal stress in both the weld and 

base metal (https://www.the fabricator.com/art). 

Ordinarily, quick cooling rates have adverse effect 

on a weldment due to the fact that it causes it to 

break or crack easily at the heat affected zone. 

According to Tekriwal and Mazumder (1988), the 

effort to quantify heat movement and residuum 

stresses during welding moves  back to the 1930’s 

when Rosenthal and Boulton and Martin developed 

analytical model for welding theory. The reason 

heat input is extremely important in certain 

application is because it has a huge bearing on the 

cooling rate. Funderburk(1999) described heat 

input as a relative measure of the energy 

transferred per unit length of weld. Just like preheat 

and the interface temperature, it is a vital factor as 

it clouts the cooling rate, which can affect the 

mechanical properties and the metallurgical 

structure of the weld and also the heat affected 

zone (HAZ). It is generally well known that 

increased heat input amounts in fissuring of weld 

metals and the vicinity of the HAZ(Carlos,2016 

and Epub,2016). The fissuring occurs as an 

outcome of the adverse development of residual 

stress and the unwanted metallurgical alterations in 

the weldment, high heat input may also introduce a 

higher amount of ferrite content in the weld 

deposit, which reduces the corrosion resistance and 

leads to premature failure during service 

(Carlos,2016 and  Epub , 2016) 

https://www.the/
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Evans(1982) investigated the result of 

changing the heat input effect of the 

microstructure, the manual metal arc deposits 

containing 0.6 – 1.8% Mn. He varied the heat 

between 0.6 and 4.3KJ/mm and observed an 

increase in bead size accompanied by a decrease in 

the volume of acicular ferrite and a general 

coarsening of the welded joint microstructure. 

 

II. METHODOLOGY AND THEORY 
The method of achieving the objectives of the 

research is explained in this chapter. It comprises 

of research design, population, sampling 

techniques, method of data collection, and method 

of data analysis. 

2.1 Research Design 

Thisresearch study focused on heat input 

of mild steel weldment, using response surface 

methodology, to optimize and predict the output. 

The input process parameters are current, voltage, 

welding speed, welding time and feed rate. The 

method was employed because of its capability to 

accommodate complex experimental designs. 

The Central Composite Design(CCD)was 

developed for this study, using the design expert 

software. This design is for any input parameters 

considered within the range of 3-5 levels. 

2.2 Population 

160 pieces of mild steel coupons measuring 

60mm×40mm×10mm was used for the 

experiments, the experiment was performed 

32times, using 5 specimen for each run. 

2.3 Samples and Sampling Techniques 

Mild steel plate 10 mm thickness was 

selected for the experiment. The mild steel work 

piece was cut to 60mm X 40mm dimension using 

power hacksaw and the edges ground to evenness 

with a grinding tool. The Tungsten Inert Gas 

Welding (TIG) equipment was used to weld the 

plates after the edges have been beveled. The 

welding operation utilizes gas to shield the weld 

specimen from atmospheric interaction, 100% pure 

Argon gas was employed in thisstudy.The 

diagnostic case statistics which shows the 

experimentally obtained values of heat input 

against the predicted values is presented as shown 

in table 1 below. 

 

2.4 Method of Data Collection 

In this work , the CCD was undertaken, using the 

factor ranges in Table 1 below. 

 

Table 2: Welding Parameters and their levels 

F a c t o r s U n i t S ym b o l L o w  ( - 1 ) H i g h  ( + 1 ) 

W e l d i n g  C u r r e n t A m p e r e I 1 6 0 2 4 0 

W e l d i n g  V o l t a g e V o l t s V 2 0 3 0 

W e l d i n g  S p e e d m m / s e c S 3 5 7 5 

W e l d i n g  t i m e S e c o n d s T 5 0 8 0 

F e e d  R a t e m m / s e c F R 7 0 1 4 0 

 

A design matrix for the response surface analysis was generated as shown in Table 3.The equivalent design 

matrix in actual factors is shown table 4. 

Tables 3 and 4 can be inter-converted by using the relation (Myers et al, 2009) 

Coded = 
Actual  Value −Mean

half  of  range
   (1) 

 

Table 3: Design Matrix in coded factors 

I V S T F R 

0 0 - 1 . 7 5 0 0 

1 . 7 0 0 0 0 0 

- 1 1 1 1 - 1 

0 0 0 0 0 

1 - 1 1 - 1 1 

1 1 1 - 1 - 1 

- 1 . 7 2 5 0 0 0 0 

0 - 1 . 8 0 0 0 

0 0 0 0 - 1 . 7 4 3 
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1 1 - 1 - 1 1 

1 1 - 1 1 - 1 

0 0 1 . 7 0 0 

0 0 0 - 1 . 7 3 3 0 

0 0 0 0 0 

- 1 1 1 - 1 1 

0 0 0 0 0 

0 0 0 0 0 

- 1 1 - 1 1 1 

1 - 1 - 1 1 1 

0 0 0 1 . 6 6 7 0 

- 1 - 1 - 1 - 1 - 1 

0 1 . 6 0 0 0 

1 - 1 1 1 - 1 

0 0 0 0 1 . 7 1 4 

- 1 - 1 1 1 1 

0 0 0 0 0 

- 1 - 1 - 1 1 - 1 

- 1 1 - 1 - 1 - 1 

 

Table 4: Design Matrix in actual factors 

R u n s I V S T F R 

1 2 0 0 2 5 2 0 6 5 1 0 5 

2 2 6 8 2 5 5 5 6 5 1 0 5 

3 1 6 0 3 0 7 5 8 0 7 0 

4 2 0 0 2 5 5 5 6 5 1 0 5 

5 2 4 0 2 0 7 5 5 0 1 4 0 

6 2 4 0 3 0 7 5 5 0 7 0 

7 1 3 1 2 5 5 5 6 5 1 0 5 

8 2 0 0 1 6 5 5 6 5 1 0 5 

9 2 0 0 2 5 5 5 6 5 4 4 

1 0 2 4 0 3 0 3 5 5 0 1 4 0 

1 1 2 4 0 3 0 3 5 8 0 7 0 

1 2 2 0 0 2 5 8 9 6 5 1 0 5 

1 3 2 0 0 2 5 5 5 3 9 1 0 5 

1 4 2 0 0 2 5 5 5 6 5 1 0 5 

1 5 1 6 0 3 0 7 5 5 0 1 4 0 

1 6 2 0 0 2 5 5 5 6 5 1 0 5 

1 7 2 0 0 2 5 5 5 6 5 1 0 5 

1 8 1 6 0 3 0 3 5 8 0 1 4 0 

1 9 2 4 0 2 0 3 5 8 0 1 4 0 

2 0 2 0 0 2 5 5 5 9 0 1 0 5 
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2 1 1 6 0 2 0 3 5 5 0 7 0 

2 2 2 0 0 3 3 5 5 6 5 1 0 5 

2 3 2 4 0 2 0 7 5 8 0 7 0 

2 4 2 0 0 2 5 5 5 6 5 1 6 5 

2 5 1 6 0 2 0 7 5 8 0 1 4 0 

2 6 2 0 0 2 5 5 5 6 5 1 0 5 

2 7 1 6 0 2 0 3 5 8 0 7 0 

2 8 1 6 0 3 0 3 5 5 0 7 0 

2 9 2 4 0 3 0 7 5 8 0 1 4 0 

3 0 2 4 0 2 1 3 5 5 0 7 0 

3 1 1 7 0 2 0 7 5 5 0 7 0 

3 2 1 7 0 2 0 3 5 5 0 1 4 0 

 

 

2.5. Methodology of Data Analysis 

In this research, the RSM was employed to 

optimize and predict heat input. RSM is the 

aggregation of mathematical and statistical 

methods which optimizes a targeted response from 

several input variables. 

2.5.1. Fitting an Approximating Function 

Let the relation between the factors and responses 

be represented by 

𝑦 = 𝑓 𝑿𝑖 +  𝜀                                                                

(2) 

Where X 
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The true nature of the functional relationship is not 

known. We attempt to fit a second order of 

polynomial to the experimental data.  Applying 

Taylor’s series expansion through second order to 

equation 2, we obtain  

𝑦 =  𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 +  𝛽4𝑋4 + 𝛽5𝑋5

+ 𝛽11𝑋1
2 + 𝛽22𝑋2

2 +  𝛽33𝑋3
2 

+ 𝛽44𝑋4
2 +  𝛽55𝑋5

2 + 𝛽12𝑋1𝑋2 +   𝛽13𝑋1𝑋3

+   𝛽14𝑋1𝑋4 +  𝛽15𝑋1𝑋5

+ 𝛽23𝑋2𝑋3 

+ 𝛽24𝑋2𝑋4  +  𝛽25𝑋2𝑋5 + 𝛽34𝑋3𝑋4 +  𝛽35𝑋3𝑋5

+ 𝛽45𝑋4𝑋5                                            …      (2.1𝑎) 

=  𝛽𝑂 +  𝛽𝑖𝑋𝑖 +   𝛽𝑖𝑖𝑋
2
𝑖

5

𝑖=1

5

𝑖=1

+   βij Xi Xj                                          …       (2.1b)

5

i<j=2

 

Equation 3.2 is a second order response surface 

model to be fitted to the experimental data. 

To develop the model for the heat input, the 

sequential sum of squares is determined and the 

results are shown in table 5 below. 

 

Table 5: Sequential Sum of Squares 

S o u r c e 
S u m  o f 

Squares 
D f 

M e a n 

Square 

F 

Value 

p - v a l u e 

Prob>F  

Mean vs Total 2 2 7 4 8 7 . 4 1 2 2 7 4 8 7 . 4 
   

Linear vs Mean 3 0 2 4 6 . 3 8 5 6 0 4 9 . 2 7 7 6 1 . 6 0 1 8 5 <  0 . 0 0 0 1 
 

2FI vs Linear 1 7 3 5 . 4 3 2 1 0 1 7 3 . 5 4 3 2 3 . 3 9 5 4 9 2 0 . 0 1 4 5 
 

Quadratic vs 2FI 7 8 9 . 5 8 6 2 5 1 5 7 . 9 1 7 2 6 1 . 6 6 0 4 3 <  0 . 0 0 0 1 Suggested 

Cubic vs Quadratic  2 8 . 1 7 1 8 7 6 4 . 6 9 5 3 1 1 6 3 6 6 0 0 0 0 <  0 . 0 0 0 1 Aliased 

R e s i d u a l 0 5 0 
   

T o t a l 2 6 0 2 8 7 3 2 8 1 3 3 . 9 6 9 
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Table 5 shows the improvement derived from 

adding additional model terms to the model 

equation. The idea is to consider the highest order 

model that is significant and not aliased. 

The quadratic model is significant with a p-value < 

0.0001, a mean squared error of 157.9172 and a 

sum of squares error of 789.5862. 

 

In accessing the strength of the quadratic model 

towards minimizing the heat input, ANOVA was 

done, the result is presented as shown in table 6 

below. 

 

Table 6: ANOVA table for validating the model significance towards minimizing the heat input. 

S o u r c e 
S u m  o f 

Squares 
D f 

M e a n 

Square 

F 

Value 

p - v a l u e 

Prob>F 

M o d e l 3 2 7 6 5 . 5 1 1 0 3 2 7 6 . 5 5 1 2 0 2 0 . 1 6 4 <  0 . 0 0 0 1 Signif icant 

A - I 5 3 6 9 . 8 4 7 1 5 3 6 9 . 8 4 7 3 3 1 0 . 7 8 9 <  0 . 0 0 0 1 
 

B - V 4 1 5 3 . 6 7 6 1 4 1 5 3 . 6 7 6 2 5 6 0 . 9 5 7 <  0 . 0 0 0 1 
 

C - S 1 8 1 9 7 . 6 7 1 1 8 1 9 7 . 6 7 1 1 2 1 9 . 8 1 <  0 . 0 0 0 1 
 

D - T 0 . 1 1 9 8 0 7 1 0 . 1 1 9 8 0 7 0 . 0 7 3 8 6 7 0 . 7 8 8 4 
 

E - F R 1 . 1 7 3 8 8 5 1 1 . 1 7 3 8 8 5 0 . 7 2 3 7 6 1 0 . 4 0 4 5 
 

A B 1 6 1 . 7 9 2 9 1 1 6 1 . 7 9 2 9 9 9 . 7 5 3 7 4 <  0 . 0 0 0 1 
 

A C 6 4 9 . 3 2 3 2 1 6 4 9 . 3 2 3 2 4 0 0 . 3 4 1 4 <  0 . 0 0 0 1 
 

B C 5 8 1 . 7 5 4 3 1 5 8 1 . 7 5 4 3 3 5 8 . 6 8 1 7 <  0 . 0 0 0 1 
 

D E 9 . 7 8 5 3 2 5 1 9 . 7 8 5 3 2 5 6 . 0 3 3 1 6 0 . 0 2 2 8 
 

C
2
 9 3 4 . 8 1 2 7 1 9 3 4 . 8 1 2 7 5 7 6 . 3 6 0 5 <  0 . 0 0 0 1 

 
Residua l 3 4 . 0 6 0 4 2 1 1 . 6 2 1 9 2 4 

   
Lack of Fit 3 4 . 0 6 0 4 1 6 2 . 1 2 8 7 7 5 

   
Pure Error 0 5 0 

   
Cor Total 3 2 7 9 9 . 5 7 3 1 

    
 

The Model F-value of 2020.16 infers the model is significant.  There is just 0.01% likelihood  that a "Model F-

Value" this large could occur due to noise. 

 

Table 7 below shows the summary statistics of the various polynomial model. Here the focus is on the model 

maximizing the “Adjusted R-Squared” and the “Predicted R-Squared”. 

 

Table 7: Model Summary Statistics 

S t d .  D e v . 1 . 2 7 3 5 4 8 

 

R - S q u a r e d 0 . 9 9 8 9 6 2 

M e a n 8 4 . 3 1 4 7 8 

 

A d j  R- S q u ar e d 0 . 9 9 8 4 6 7 

C . V .  % 1 . 5 1 0 4 6 8 

 

P re d R- S q uar e d 0 . 9 9 6 7 9 7 

P R E S S 1 0 5 . 0 5 9 7 

 

A de q  Prec i s i o n 1 8 . 7 7 6 7 

 

 

The "Pred R-Squared" of 0.9968 is in reasonable agreement with the "Adj R-Squared" of 0.9985. 

Adeq Precision measures the signal to noise ratio.  A ratio greater than 4 is desirable.  The 

ratio of 181.777 indicates an adequate signal.  This model can be used to navigate the design space. 

 

To obtain the optimal solution, the coefficient of the statistics was considered as presented in table 8 below. 
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Table 8: Coefficient Estimate 

F a c t o r 
C o e f f i c i e n t 

Estimate 
d f 

S t a nd a r d 

Error 

9 5 %  C I 

Low 

9 5 %  C I 

High 
V I F 

In tercep t 7 7 . 3 5 9 3 3 1 0 . 3 5 8 56 6 7 6 . 6 1 3 6 6 7 8 . 1 0 5 0 1 
 

A - I 1 7 . 4 8 5 1 9 1 0 . 3 0 3 88 2 1 6 . 8 5 3 2 3 1 8 . 1 1 7 1 5 1 . 0 3 1 5 0 0 9 4 2 

B - V 1 7 . 1 8 4 4 5 1 0 . 3 3 9 57 4 1 6 . 4 7 8 2 7 1 7 . 8 9 0 6 3 1 . 3 2 3 7 8 7 6 3 6 

C - S - 3 2 . 5 3 0 9 1 0 . 3 0 7 11 6 - 33 .1 69 6 - 3 1 . 8 9 2 2 1 . 1 0 3 0 9 9 0 3 2 

D - T - 0 . 1 0 3 6 6 1 0 . 3 8 1 38 7 - 0 .89 67 9 0 . 6 8 9 4 8 2 1 . 6 7 8 7 2 0 1 6 3 

E - F R - 0 . 2 5 7 6 4 1 0 . 3 0 2 83 9 - 0 .88 74 3 0 . 3 7 2 1 5 1 1 . 0 7 2 5 8 7 7 0 7 

A B 3 . 5 7 0 5 7 1 1 0 . 3 5 7 49 8 2 . 8 2 7 1 1 4 4 . 3 1 4 0 2 7 1 . 2 4 1 0 4 5 2 3 7 

A C - 6 . 5 1 4 5 8 1 0 . 3 2 5 5 9 - 7 .19 16 9 - 5 . 8 3 7 4 8 1 . 0 5 1 8 8 8 6 3 

B C - 6 . 3 4 8 7 1 0 . 3 3 5 2 2 - 7 .04 58 3 - 5 . 6 5 1 5 7 1 . 1 5 1 4 9 2 7 

D E - 0 . 9 1 7 0 3 1 0 . 3 7 3 34 6 - 1 .69 34 5 - 0 . 1 4 0 6 2 1 . 3 7 5 0 3 0 8 7 2 

C
2
 1 1 . 6 3 4 6 9 1 0 . 4 8 4 62 7 1 0 . 6 2 6 8 5 1 2 . 6 4 2 5 3 1 . 1 1 7 7 1 7 6 3 5 

 

 

The optimal equation which shows the individual 

effects and combine interactions of the selected 

factors against the measured response (heat input) 

is presented base on the coded variables and the 

actual factors has shown in the following 

equations. 

 

Final Equation in Terms of Coded Factors: 

HI = 77.36 + 17.49*A + 17.18*B - 32.53*C - 

0.10*D - 0.26 *E + 3.57*A*B - 6.51*A*C - 

6.35*B*C - 0.92*D*E +11.63*C2 

 

Final Equation in Terms of Actual Factors: 

HI = - 16.84682 + 0.43869 *I +3.35811*V - 

1.61026*S + 0.17650 *T + 0.10618*FR + 

0.017853 *I*V - 8.14323E-003*I*S - 

0.063487*V*S -1.74673E-003*T*FR + 

0.029087*S2 

To study the effects of combine input variables on 

the response, heat input, 3D surface plot is 

presented in the figure 1 below. 

 
Figure 1: Effect of current and voltage on heat input.s 

 

III. RESULTS AND DISCUSSION 
In this research, the Response Surface 

Method was used to predict the heat input of TIG 

welds. The model had p-values less than 0.05 

which indicate that the model is significant and 

“Predicted R-Square” value of 0.9968 is in 

reasonable agreement with the “Adj R-Squared” of 

0.9985. ANOVA was done and the result showed 

that the models is significant and possess a very 

good fit. Tovalidate the significance and adequacy 

of the model a coefficient of determination (R-

Squared) of 0.9989 indicating the appreciable 
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strength of the model. The computed signal to 

noise ratio of 18.7767 as observed in table 7 

indicates an adequate signal. This model can be 

used to navigate the design space and adequately 

predict the heat input. The model graph shows the 

interactions of the combine variables on the 

measured response, heat input as presented in a 3-

dimensional surface. 

 

IV. CONCLUSION 
The quality of a weld is determined by the 

degree of heat input of the weld metal, the lower 

the heat input the better the quality of the weld. In 

this study, model to optimize and predict heat input 

has been developed.  In this study,an approach 

using the RSM for optimizing and predicting weld 

heat input of mild steel weldment to improve the 

integrity of welded joints has been successfully 

introduced and its effectiveness and efficiency well 

demonstrated. 
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