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ABSTRACT

This experimental study was carried out to analyse the effects of various process parameters of gas metal arc welding (GMAW) process on weld bead geometry in mild steel plates. The study of weld bead geometry is important, as it determine the stress carrying capacity of a weld. Fractional factorial technique of design of experiment was used to develop relationship for predicting weld bead geometry, which enables to quantify the direct and interaction effects. The response factors, namely bead penetration, weld width, reinforcement height, weld penetration shape factor and weld reinforcement form factor as affected by arc voltage, wire feed rate, welding speed, gas flow rate and nozzle-to-plate distance have been investigated and analysed. The models developed have been checked for their adequacy and significance by using the F-test and the t-test, respectively. Main and interaction effects of the process variables on weld bead geometry are presented in graphical form. The developed models can be used for prediction of important weld bead dimensions and control of the weld bead quality by selecting appropriate process parameter values.


The effect of heat input on microstructure and hardness of weld metal, heat affected zone (HAZ) and base metal were investigated by means of metallurgical optical microscope and micro hardness tester. The relative contents of pearlite and ferrite in the weld metal, HAZ and base metal were evaluated by means of image analysis tool (GAIA Blue and GAIA Material). 

Keywords: GMAW, mild steel, arc voltage, wire feed rate, welding speed, gas flow rate, nozzle-to-plate distance, weld bead geometry, WPSF, WRFF, Heat input, Weld Metals, HAZ, Microstructure, Microhardness
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1
1.1Introduction

The gas metal arc welding (GMAW) process is generally accepted today as the preferred joining technique and is commonly chosen for welding large metal structures such as bridges, automobiles, aircraft, aerospace craft and ships owing to its joint strength, reliability, and low cost compared to other joint processes. The demand to increase productivity and quality the shortage of skilled labors and the strict health and safety requirements have lead to the development of the automated and/ or robotic welding process to deal with many of the present problems of welded fabrication.[1]


To have better knowledge and control of GMAW process it is essential to establish the relationship between process parameters and weld bead geometry to predict and control weld bead quality. The fractional factorial technique may be used for establishing quantitative relationships between welding process parameter and weld bead dimensions. [1-5]

1.2 Motivation and objectives


The motivation was provided by the desire to explore the frontiers of welding technology, which forms the backbone of manufacturing industries. Several researchers have attempted to investigate the effects of various process variables on the weld bead geometry.


The main objective of this project was study the effects of welding process parameters such as arc voltage, wire feed rate, welding speed, gas flow rate and nozzle-to-plate distance on weld bead geometry, and to develop mathematical equations for evaluating the effects of welding process parameters on the weld bead geometry . The effects of heat input on microstructure and hardness of weld metal, heat affected zone and base metal were investigated also. 

1.3 Statement of problem

“Quantifications of effects on weld bead geometry and metallurgical investigations”

As the title suggests this project describes the development of mathematical models based on practical observations, made during GMAW of mild steel by bead-on-plate technique to estimate accurately the weld bead dimensions as affected by welding variables and metallurgical studies of weld metal, heat affected zone and base metal. 

1.4 Plan of investigation [5]


In order to achieve the desired aim, the investigations were planned to be carried out in the following steps:

· Identifying the welding variables

· Selection of the useful limits of the welding parameters, namely, open circuit voltage (V), wire feed rate (W), welding speed (S), gas flow rate (G), and nozzle to plate distance (N)

· Developing the design matrix

· Conducting the experiment as per design matrix

· Development of mathematical models

· Evaluation of co-efficient of equations

· Checking adequacy of the models

· Testing the significance of regression co-efficient and arriving at the final form of the mathematical models

· Presenting the main effects and the significant interaction between different parameters in graphical forms

· Analysis of results and conclusions





LITERATURE REVIEW








2
Many researchers and academicians of international repute have probed into the topic of study of effect of welding parameters on weld bead geometry whose name and work abstract has been given below:

· Kim I.S. , Basu A. and Siores E. [1] studied the effects of welding process parameters on weld bead penetration for the gas metal arc welding (GMAW) process. Welding process parameters included wire diameter, gas flow rate, welding speed, arc current and welding voltage. The experiment results revealed that weld bead penetration increased as wire diameter, arc current and welding voltage increased.

· Kim I.S. , Son K.J. , Yang Y.S. and Yaragada P.K.D.V. [2] developed a mathematical model for selection of process parameters and the prediction of bead geometry (weld bead width, weld bead penetration and reinforcement) in robotic GMAW. They used factorial design as a guide for optimization of process parameters. Three factors were incorporated into the factorial model: arc current, welding voltage and welding speed. The study revealed that a change of process parameters affects the bead width and bead height more strongly than penetration relatively.

· Ganjigatti J.P. , Pratihar D.K. and Roychoudhury A. [3] studied an input-output relationship of MIG welding process by using regression analysis based on the data collected as per full factorial design of experiments. The effects of the welding parameters and their interaction terms on different responses analyzed using statistical methods. Both linear as well as non-linear regression analyses were employed to establish the input-output relations. 

· Ganjigatti J.P. , Pratihar D.K. and Roychoudhury A. [4] studied global versus cluster-wise regression analyses for prediction of bead geometry in MIG Weldind process. They observed that the cluster-wise regression analysis performs slightly better than the global approach in predicting weld bead geometric parameters.

· Gupta V.K. and Parmar R.S. [5] developed a mathematical model by using fractional technique to predict the weld bead geometry and shape relationships for submerged arc welding of microalloyed steel in the medium thickness range of 10 to 16 mm.

· Murugan N. and Gunaraj V.  [6] developed a mathematical model to relate the process variables to the weld bead dimensions. Mathematical models developed for submerged arc welding (SAW) of mild steel pipes using factorial technique to predict weld bead width, weld bead penetration and reinforcement of weld bead geometry.

· Palani P.K. and Murugan N. [7] developed a mathematical model for prediction of weld bead geometry in cladding by flux cored arc welding. Experiments were conducted to develop models using a three factor, five level factorial design for flux cored stainless steel wire with structural steel as base plate.

· Murugan N. , Parmar R.S. and Sud S.K. [8] used response surface methodology (RSM) to establish quadratic relations between the welding process parameters and bead geometry for depositing stainless steel onto structural steel, using automated submerged arc welding.

· Murugan N. and Parmar R.S. [9] used response surface methodology (RSM) to establish quadratic relations between the welding process parameters and bead geometry for depositing stainless steel onto structural steel, using gas metal arc welding process..

· Shahi A.S. and Pandey Sunil [10] studied the effects of welding conditions on dilution of stainless steel cladding produced by gas metal arc welding. Experimental study carried out to analyse the effects of various gas metal arc welding (GMAW) and universal gas metal arc welding (UGMAW) process parameters on dilution in single layer stainless steel cladding of low carbon structural steel plates. This comparative study reveals that dilution obtained in UGMAW process is significantly lower than that with GMAW process due to external preheating of the filler wire in UGMAW process which results in greater contribution of arc energy by resistive heating and as a consequence, significant drop in main welding current values in case of UGMAW process was observed.   

· Yang L.J. , Chandel R.S. and Bibby M.J. [11] derived curvilinear (i.e., non-linear) regression equation to study the relationship between correlation coefficients and standard deviation of error in prediction in submerged arc welding. They also carried out a study to check the feasibility of using linear regression instead of curvilinear regression to model weld features.

· Kim I.S. , Son K.J. , Yang Y.S. and Yaragada P.K.D.V. [12] carried out a sensitivity analysis for a robotic gas metal arc welding process, to determine the effect of measurement errors on the uncertainty in estimated parameters. They used non-linear multiple regression analysis for modeling the process and identified the respective effects of process parameters on the weld bead geometric parameters. 

· Kim I.S, Son J.S. , Kim I.G. , Kim J.Y. and Kim O.S. [13] determined both linear as well as non-linear multiple regression equations to relate the welding process parameters with the weld bead geometric parameters in robotic CO2 arc welding. The developed response equations were able to predict the weld bead geometry with sufficient accuracy from the process parameters.  

· Lee J.I. and Rhee S. [14] conducted an investigation of the gas metal arc welding (i.e., butt welding with groove gap) as well as backward (i.e., from response to process parameters) relations were determined through multiple regression analysis and the mean deviation in prediction were seen to lie within 9.5% and 6.5% respectively.

· Iordachescu Danut, Quintino Luisa Miranda Rosa and Pimenta Gervasio [15] studied influence of shielding gases and process parameters on metal transfer and bead shape in MIG brazed joints of the thin zinc coated steel plates. They observed that gases influences on the convexity of the bead, its colour, brightness, smoothness and surface pores formation.

· Sung B.S. , Kim I.S. , Xue Y., Kim H.H and Cha Y.H. [16] studied Fuzzy regression model to predict the bead geometry in the robotic welding process. They developed Fuzzy linear regression model to study relationships between four process variables (wire diameter, arc voltage, welding speed and welding current) and four quality characteristics (bead width, bead height, bead penetration and bead area) and to control the quality of the GMAW based on the analysis of the bead geometry. The developed model can fit process variables to a linear function which determines not only coefficients of the fitting function for the weld quality, but also process variables for obtaining the optimal bead geometry.

· Kanti K. Manikya and Rao P. Srinivasa [17] developed a back propagation neutral network model for the prediction of weld bead geometry in pulsed gas metal arc welding process. The back propagation network (BPN) system is one of the families of artificial neural network techniques used to determine welding parameters for various arc welding processes. They observed that the results obtained from neural network model are accurate in predicting the weld bead geometry. 

· Balasubramanian M. , Jayabalan V. , and Balasubramanian V. [18], developed a mathematical model to predict grain size and hardness of argon tungsten pulse current arc welded titanium alloy. They considered input variables peak current, base current, frequency, time and responses as grain size and hardness. They observed that model can be effectively used to predict the hardness and grain size within the range of parameters. 

· Kolhe P. Kishor and Dutta C.K. [19] studied on the microstructure, phase analysis and mechanical properties, HAZ width of submerged arc weld metal multipass joint and HAZ of 16 mm thick mild steel plate. The bulk hardness, impact energy and microhardness of a multipass welded joint were tested by Rockwell hardness testing machine, Charpy V notch test and Vickers microhardness test. The various sub-zones in the microstructure was observed in  the HAZ of Submerged arc weld were spheroidized, partially transformed, grain refined and grain coarsened. The variation in hardness of weld metal, fractured surface and base metal were compared with the microstructure.

· Juan Wang and Yajiang LI [20] studied microstructure characterization in weld metals of high strength steels. Microstructural characterization of the weld metals of high strength steels welded under 80% Ar+20%CO2 GMAW and different weld heat inputs was carried out by means of scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The relative contents of acicular ferrite and pro eutectic in the weld metals were evaluated by means of micro image analyzer. They observed that there was acicular ferrite in the grain and some pro eutectic ferrite on the boundary of original austenite grains when the weld heat input was small (9.6 kj/cm), but the microstructure was ferrite side plate when the heat input was larger (22.3 kj/cm).

· Geo Ming, Zeng Xiaoyan, Yan Jun and Hu Qianwu [21] studied microstructure characteristics of lager-MIG hybrid welded mild steel. The microstructure of arc zone consists of coarse columnar dendrite and fine acicular dendrite between the columnar dendrites, but that of laser zone was composed of fine equiaxed dendrite in weld center and columnar dendrite around the equiaxed dendrite.

· Eroglu M. , Aksoy M. and Orhan M. [22] studied the effect of coarse initial grain size on microstructure and mechanical properties of weld metal and HAZ of low carbon steel. The specimens taken from the hot rolled steel plate were heat treated at 11000C for 450 minute and cooled in a furnace in order to obtain a coarse initial grain size. Then original and grain coarsened were welded using a Submerged arc welding machine with heat input of 0.5,1 and 2 kj/mm. they found from toughness tests that the welded metals of coarse initial grain sized specimens and original specimens exhibited nearly same toughness values with the same heat input, whereas different HAZ toughness values were obtained with the same heat input. Maximum toughness of HAZ of the coarse initial grain sized specimen was achieved with a high input. They obtained also that as the heat input increased, maximum hardness values in the both weld metal and HAZ decreased. 

Summary 

In this chapter different research papers published in the journals of international repute were studied and the end results of different experiments carried out by the researchers around the world are written in this chapter. After the review of these papers it was decided to quantify of effects of welding parameters on weld bead geometry in gas metal arc welding and metallurgical investigations. 
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3
3.1 Introduction


The gas metal arc welding process utilizes the heat of an arc between a continuously fed consumable electrode and the work to be welded. The heat of the arc melts the surface of the base metal and the end of the electrode. The metal melted off the electrode is transferred through the arc to the work where it becomes the deposited weld metal. Shielding is obtained from an envelope of gas, which may be an inert gas, an active gas, or a mixture. The shielding gas surrounds the arc area to protect it from contamination from the atmosphere. The electrode is fed into the arc automatically, usually from a wire spool. The arc is maintained automatically and travel and guidance can be manually or by machine. [23]
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Figure 3.1 process diagram (GMAW) [24]

3.2 GMAW Equipment [25]


The basic GMAW equipment for a semi automatic system consists of a power source, a wire feed unit, a welding gun, shielding gas supply system and a water cooling system, if used. For the automatic or mechanized system an additional item is the travel mechanism for the welding head.
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Figure 3.2 Block Diagram (GMAW) [24]

3.3 GMAW variables [23]

All variables have a certain effect upon the weld bead geometry and rate of the deposit of weld material. Before starting GMAW it is very essential to set several variables to correct range for achieving good quality welds. These variables in approximate order of importance are

· Wire feed rate

· Arc voltage

· Welding speed

· Nozzle-to-plate distance

· Gas flow rate

3.3.1 Effect of wire feed rate

In GMAW, the setting of welding current is done by controlling the wire feed rate. Thus increasing wire feed rate results in increase of welding current. This leads to higher heat input and metal deposition, which increases weld penetration. Arc stability is lost below a minimum current density, so if the current for a given electrode diameter is too low, a ragged irregular bead is obtained. Too high current density also leads to instability because depth of fusion will be too great and the weld may melt through the backing. In addition to this, the higher heat developed may extend the heat affected zone (HAZ) of the adjacent area too much. Too high a current results from increased wire feed rate also means a waste of power and a waste of expensive welding wire in form of excessive welding metal reinforcement. If the current is too low, there is not enough weld penetration into the work piece and not enough weld reinforcement on the joint.
3.3.2 Effect of arc voltage

This is the electrically potential difference between the tip of the welding wire and the surface of the molten weld metal. The arc voltage varies with the length of the gap between the welding wire and the molten weld metal. If the gap increases the welding voltage increases; and vice-versa.

    The arc voltage has a little effect on the amount of welding wire deposited. Weld metal deposition rate are determined mainly by the welding current. The voltage determines the shape of the fusion zone and the weld reinforcement. Higher range of arc voltage produce wider and comparatively less deeply penetrating welds than lower welding voltage range.
3.3.3 Effect of welding speed

With any combination of welding current and voltage, the effects of changing the welding speed affects the bead shape. As welding speed is decreased, heat input per length of joint increases, and the penetration and bead width increases .Excessively high travel speed will promote a crowned bead as well as the tendency for undercut and porosity.

   If the welding speed is increased:-

· Power or heat input per unit length of the weld is decreased.

· Less welding wire is used up per unit length of weld.

· Consequently, there is less weld reinforcement.

If the welding speed is decreased:-

· Power or heat input per unit length of the weld is increased.

· More welding wire is used up per unit length of weld.

· Consequently , there is more weld reinforcement

  In addition to this pattern, welding speed may have another effect on the finished weld. Normally only welding current affects the penetration of the weld into the work piece. However, if the welding speed is decreased beyond a certain point, the penetration also will decrease. This happens because a good portion of the molten weld puddle will be beneath the welding wire and the puddle will cushion the penetrating force of arc. Conversely, if the speed is increase beyond a certain point, the penetration will increase since the welding wire moves ahead of the weld puddle. 
3.3.4 Effect of nozzle- to- plate distance

Nozzle-to-plate distance (NPD) is important in controlling the weld bead geometry and quality. The short a NPD results in damage to the gas nozzle by excessive heating while too long a NPD affects the shielding gas efficiency. Normal nozzle-to-plate distance should be approximately 1-1.5 times the inner diameter of the gas nozzle being used

3.3.5 Effect of gas flow rate

The gas flow rate is dependent upon the size of the nozzle of the GMAW gun and it ranges from 4 to 40 l/min. Since shielding gas surrounds the arc area to protect it from contamination from the atmosphere so gas flow rate should be optimum. If gas flow rate is very low, puddle will be contaminated from the atmosphere and if gas flow rate is very high, excessive spatter, unstable arc will be there.  

3.4 Metal transfer modes in GMAW process [26]
The six fundamental metal transfer modes in GMAW as illustrated in figure 3.3. Short circuiting transfer mode uses in a very short arc, regularly interrupted by a bridge of molten metal which obviously generates a short circuit welding current. The bridge, as well as detachment of the molten metal toward the welding pool are governed mainly by the surface tension force resultant force, which is mainly well balancing the other influences. The short circuiting mode of metal transfer allows all position welding and the welding of thin materials. Globular drop transfer big drops of molten (bigger than the diameter of the electrode wire), with a reduced frequency (usually there is just a single drop flying in a certain moment). Increasing the welding current the globular repelled transfer mode occurs, characterizing the CO2 GMAW; this consists in an upward repelled molten metal big “long drop as shown in figure3.3. In globular drop and globular repelled, gravity force is the resultant force, which is responsible for well balancing and detachment of the molten metal from the end of the electrode wire. It is used only in the flat position.

[image: image3.emf]
Figure 3.3 Classification of metal transfer in GMAW processes [26]

Drop spray is a unique phenomenon which occurs in the region of the spray transition current. The metal drop is defined as near spherical with a diameter slightly larger than the electrode wire (20-40%), while the transfer is quite axial, producing low fume. With the increase of the current when the drops becomes smaller and more frequent as a real shower the transfer becomes streaming. Finally at very high values of the welding current the molten metal is purely flowing but the stream is rotating due to the strong electromagnetic fields generated by the high values of the current. 

3.5 Shielding gases [27] 
The major shielding gases that are used for the GMAW process are argon, helium, carbon dioxide and oxygen. Argon is the principal inert gas used to weld nonferrous metals. Helium is used for better control of porosity and better arc stability because of its greater density. When mild steel is welded, carbon dioxide is the major shielding gas used in the GMAW process because it has an extremely low cost when compared to the other inert gases, such as argon or helium and it is capable of producing a sound weld. The carbon dioxide gas metal arc process is one that reduces operator skill significantly while insuring proper weld beads. 

3.6 Advantages [23-27]


The main advantage of using GMAW over SMAW is of greater speed, which is mainly due to

· Continuous feed of filler metal so that welding need not be stopped to replace used-up electrodes.

· Absence of slag, which must be removed after each pass, in SAW.

· Use of smaller diameter electrode for a given welding current, current density is higher and weld metal deposition rate is greater.

Use of GMAW process results in weld metal with low hydrogen content, which can be important in welding hardenable steels. The potential for deep penetration with GMAW can allow of smaller fillet welds. GMAW is also better adopted than SMAW for joining of thin sheets. With careful control of current characteristics, sheets as thin as 0.13 mm can be successfully welded. It is often possible to produce welds of higher quality by GMAW than SAW, because slag is often the direct cause of weld defects and it is sometimes indirect.  

3.7 Limitations [23-27]

· Equipment for GMAW is more complex, and consequently more costly and less portable.

· In GMAW, the electrode holder must be close to the work therefore it is less adopted for welding in difficult to reach areas.

· In hardenable steels, gas metal arc welded joints can be more susceptible to weld metal cracking because there is no slag cover to reduce the rate of cooling.

GMAW requires positive protection from strong drafts which blow the stream of shielding gas away from the weld, for this reason GMAW process may be lee practical than the SMAW process for welding outdoors. 
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4.1 Introduction


It is highly essential to design an experiment to determine the effects of variable and welding parameter on the various welding responses on a sound basis rather than a commonly employed trial and error basis in conjunction with a small number of repeat experiments for conformation of results. [28] Apart from the trial and error method of investigation the following techniques are commonly employed by researches.

· Theoretical approach

· Qualitative approach

· Qualitative cum dimensional analysis method

· General quantitative approach

4.2 General quantitative approach [28]


This method is most commonly used to design the experiments for welding research to predict the effects of welding input parameters on the output parameters or responses. Bases on the result of the factorial designed experiments, regression equations are established using the method of least squares. The correlation co-efficient is a number between +1 and -1 with the intermediate value of zero indicating the absence of correlation but it does not mean that variations are also independent. The limiting value of correlation co-efficient indicates perfect positive or negative correlation. The F-ratio is measure of scatter of the observed values about a predicted curve and it lies between zero and infinity. The larger the value of F the lesser the scatter so in general this approach helps in minimizing the cost and time of testing and of the same time increase the chance of success.  


It is evident from the comparison of various research techniques that the general quantitative approach is based on a more sound logic than any other approach for the generalization of research data. Thus it was decided to make the approach, the basis of designing the experiments. There are various techniques available from the statistical theory of experimental design, which are well suited to engineering investigations. One such technique is a two level factorial design for studying the effects of parameters of responses, and this is one, which is selected for experiments.


The load carrying capacity and other vital characteristics of the weld metal is broadly decided by the study of bead geometry and the shape relationship. It is greatly influenced by process parameters, via, wire feed rate, open circuit voltage, welding speed, gas flow rate, and nozzle to plate distance. It is therefore necessary to analyze the effects of all these parameters and shape relationship responses to be able to define welding process accurately. Conventional methods of experimentation with multiple parameters and responses are time consuming, costly and even inadequate for the prediction of bead geometry responses.

4.3 Factorial design [28]

Factorial design is a standard statistical tool to investigate the effects of number of parameters on the response or output parameter. The most important advantage of this design is that the numbers of parameters are simultaneously studies for a more complete insight into the combined effects of the parameters on the response. In addition to that the interaction between two or more parameters can also be evaluated which is not possible with the conventional approach. Since in that approach all parameters, other than one investigated are held constant. 

The experimental plan is to first choose fixed number of level for each of the parameters believed to affect the system under study. The simplest and most economical factorial design is to use two levels for each parameter. With each parameter at two levels, the full factorial design consists of 2K runs at all possible combinations of testing condition. Where K is the number of variables. The number of runs required by a full 2K factorial design increases geometrically as K is increased and the large increase in the number of trials called for  is primarily to provide for estimates of increasing number of higher order interactions which most likely do not exist. Therefore experiments for such estimates would be wasted, increasing cost and time of experimentation. Under such conditions it is possible and advantageous to use only part of the full factorial design i.e., fractional factorial design and the concept of confounding (mixed up) with the effects of higher order interactions and since these interaction effects are assumed to be small and thus neglected. Here only five variables are taken due to Lab Constraints, so friction factorial design is selected. Here number of trial is 2K-1 = 25-1 = 24 = 16, where K = number of controllable variable. 

4.4 Plans of investigation [5]


In order to achieve the desired aim, the investigations were planned to be carried out in the following steps:

· Identifying the welding variables

· Selection of the useful limits of the welding parameters, namely, open circuit voltage (V), wire feed rate (W), welding speed (S), gas flow rate (G), and nozzle to plate distance (N)

· Developing the design matrix

· Conducting the experiment as per design matrix

· Development of mathematical models

· Evaluation of co-efficient of equations

· Checking adequacy of the models

· Testing the significance of regression co-efficient and arriving at the final form of the mathematical models

· Presenting the main effects and the significant interaction between different parameters in graphical forms

· Analysis of results and conclusions

4.5 Identifying the welding variables 

The welding variables were identified to develop mathematical models to predict weld bead dimensions and shape relationships. These included independently controllable welding process parameters like arc voltage (V), wire feed rate (W), welding speed (S), gas flow rate (G), and nozzle-to-plate distance (N). The weld bead geometry and shape relationship chosen for this study were penetration (p), weld bead width (w), reinforcement height (h), weld penetration shape factor (WPSF), weld reinforcement form factor (WRFF). Therefore it was decided to take all these parameters in to account to design the experiments.

A two level, half-replicate factorial design (25-1 =16 weld trials) was used to study linear and first order interactive effects between the five process variables and the six quality features.

4.6 Selection of the useful limits of the welding parameters 

The two levels selected for each of the five variables are shown in table 4.1. 

TABLE: 4.1 welding parameters and their limits
	PARAMETERS USED
	NOTATION
	UNITS
	LEVEL
	CODING

	
	
	
	LOW
	HIGH
	LOW 
	HIGH

	WIRE FEED RATE
	W
	m/min
	6.30
	7.875
	-1
	+1

	ARC VOLTAGE
	V
	volts
	19
	28
	-1
	+1

	WELDING SPEED
	S
	cm/min
	25
	35
	-1
	+1

	GAS FLOW RATE
	G
	l/min

	14
	18
	-1
	+1

	NOZZLE TO PLATE DISTANCE

	N
	mm
	15
	20
	-1
	+1


For the convenience of recording and processing the experimental data, the upper and lower levels of the variables were coded as +1 and -1, respectively and the coded values of any intermediate levels were calculated by using the expression,              
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Where Xi = required coded value of a variable X

            X = any value of the variable from Xmax to Xmin

            Xmax = upper level of the variable

           Xmin = lower level of the variable

 
i      = number of parameter  

4.7 Developing the design matrix

Table 4.2 shows the 16 sets of coded conditions used to form the design matrix of 25-1 fractional factorial design. 

Table 4.2 Design Matrix [5]
 
	Trail

number
	X0
	V

X1
	W

X2
	S

X3
	G

X4
	N

X5
	Treatment

combinations

	1
	+1
	-1
	-1
	-1
	-1
	+1
	X5

	2
	+1
	+1
	-1
	-1
	-1
	-1
	X1

	3
	+1
	-1
	+1
	-1
	-1
	-1
	X2

	4
	+1
	+1
	+1
	-1
	-1
	+1
	X1X2 X5

	5
	+1
	-1
	-1
	+1
	-1
	-1
	X3

	6
	+1
	+1
	-1
	+1
	-1
	+1
	X1 X3 X5

	7
	+1
	-1
	+1
	+1
	-1
	+1
	X2 X3 X5

	8
	+1
	+1
	+1
	+1
	-1
	-1
	X1X2 X3

	9
	+1
	-1
	-1
	-1
	+1
	-1
	X4

	10
	+1
	+1
	-1
	-1
	+1
	+1
	X1 X4 X5

	11
	+1
	-1
	+1
	-1
	+1
	+1
	X2 X4X5

	12
	+1
	+1
	+1
	-1
	+1
	-1
	X1X2 X4

	13
	+1
	-1
	-1
	+1
	+1
	+1
	X3 X4 X5

	14
	+1
	+1
	-1
	+1
	+1
	-1
	X1 X3 X4

	15
	+1
	-1
	+1
	+1
	+1
	-1
	X2 X3 X4

	16
	+1
	+1
	+1
	+1
	+1
	+1
	X1 X2 X3 X4 X5

	* X5= X1X2 X3 X4


Salient features of Design Matrix table are:

· Trials indicate the sequence number of run under consideration.

· X0 represents the mean parameter of the experiment.

· X1, X2, X3, X4 and X5represent the notation used for controlled variables in the order of arc voltage, wire feed rate, welding speed, gas flow rate and nozzle-to- plate distance, respectively.

· The signs +1 and -1 as already indicated refer to the upper and lower levels of that parameter under which they are recorded. The levels (or signs) for the parameter X5 are derived by the relation X5= X1X2 X3 X4.

· The treatment combinations may be considered as the guideline for running the trials. In other words each of these indicates as to what is the level of each parameter. This is enabled by writing the parameters which are at their upper level (+1) in that trial and leaving the others which are at lower levels   (-1). Thus, letters x1 for example, recorded against trial number 2 implies that X1 is at its upper level and X2 X3 X4and X5 are at their lower levels.  

4.8 Conducting the experiments as per designed matrix

Initially mild steel plates (C-0.195%, Mn-0.37%, Si-0.3%, S-0.044%, P-0.042%, Al-0.024%, Cr-0.089%, Ni-0.048%, Cu-0.080%, Nb-0.001%, V-0.001%, Ti-0.001% and Mo-0.001%) of 10 mm thickness were cut in to the size 250mm X 100mm by using hydraulic power hexa. Then the top surfaces of the plates were cleaned by means of emery paper and wire brush to remove rust. 


The experiments were conducted on the Gas metal arc welding setup which consists of a power source, a wire feed unit, a welding gun, shielding gas supply system and a travel mechanism. The power source employed was a three phase transformer cum full wave rectifier unit of 400 amps current capacity at 60% duty cycle and open circuit voltage 58 volt dc. ER 70 S-6 mild steel wire of 1.2mm diameter and carbon dioxide gas as the shielding gas was used in all experiments. Direct current electrode positive (DCEP) with electrode to work angle of 900 was maintained during welding.


Welding was carried out in single pass by using bead-on-plate technique. Weld beads were deposited as per condition dicted by the design matrix. First set of 16 trials, beads were laid on 16 plates and three beads every plate. Second set of 16 trials, beads were laid on 16 plates and single bead every plate.


Three specimens of 25mm width were cut transverse to the weld bead from each welded plates. These specimens were ground, polished and etched with 2% natal (98% nitric acid + 2% of alcohol). All specimens of first set were macro etched for reveal the bead profile and some specimens of second set were micro etched for reveal microstructure.


Weld bead profiles were traced by using an optical profile projector and bead dimensions viz., penetration (p), width (w) and reinforcement (h) were measured.  Weld bead geometry shown in figure 4.1. The average bead dimensions and shape relationships were given in table 4.3.
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Where

w
=
bead width
p
=
bead penetration / depth of penetration
h
=
reinforcement height / bead height / crown height
α
=
angle of convexity

β
=
angle of entry

Ap
=
area of penetration

Ar
=
area of reinforcement
Figure 4.1 weld bead geometry [23]  

Table 4.3

Responses 

	SL.NO.
	Penetration
	      Width
	    Height
	    W.P.S.F.
	    W.R.F.F

	
	p1
	p2
	w1
	w2
	h1
	h2
	w1/p1
	w2/p2
	w1/h1
	w2/h2

	1
	1.0
	1.20
	5.53
	5.61
	3.44
	3.38
	5.53
	4.68
	1.61
	1.66

	2
	1.92
	1.88
	10.34
	10.92
	1.75
	1.83
	5.39
	5.81
	5.91
	5.97

	3
	0.75
	0.85
	4.90
	5.04
	4.10
	3.76
	6.53
	5.93
	1.20
	1.34

	4
	4.20
	4.0
	13.88
	13.24
	2.74
	2.64
	3.30
	3.31
	5.07
	5.02

	5
	1.50
	1.70
	4.95
	5.17
	2.69
	2.55
	3.30
	3.04
	1.84
	2.03

	6
	1.82
	1.78
	9.84
	9.62
	1.95
	1.83
	5.41
	5.40
	5.05
	5.26

	7
	0.68
	0.68
	5.39
	5.31
	4.30
	4.12
	7.93
	7.81
	1.25
	1.29

	8
	3.62
	3.58
	11.65
	11.79
	2.65
	2.75
	3.22
	3.29
	4.40
	4.29

	9
	1.28
	1.24
	5.64
	5.50
	3.60
	3.50
	4.41
	4.44
	1.57
	1.57

	10
	1.80
	1.72
	9.38
	9.76
	1.95
	2.19
	5.21
	5.67
	4.81
	4.46

	11
	0.61
	0.65
	5.22
	5.44
	4.54
	4.50
	8.56
	8.37
	1.15
	1.21

	12
	3.80
	4.0
	13.62
	13.04
	2.43
	2.61
	3.58
	3.26
	5.61
	5.00

	13
	1.34
	1.30
	4.93
	4.53
	2.68
	2.74
	3.68
	3.48
	1.84
	1.65

	14
	1.74
	1.76
	9.15
	9.39
	1.51
	1.47
	5.26
	5.34
	6.06
	6.39

	15
	0.57
	0.59
	5.21
	5.27
	3.96
	4.24
	9.14
	8.93
	1.32
	1.24

	16
	3.35
	3.05
	10.57
	10.41
	2.45
	2.49
	3.16
	3.41
	4.31
	4.18








DEVELOPMENT OF MATHEMATICAL MODELS




5
5.1 Introduction


To predict particular weld bead geometry and to establish the interrelationship between weld process parameters to weld bead geometry, mathematical models can be proposed as the basis for a control system for the automatic MIG welding process. [1-5]

5.2 Development of a mathematical model [5]


The response function representing any of the weld bead dimensions can be expressed as

Y = f (V, W, S, G, N) 

Where,
Y= Weld bead response




V= Arc voltage




W= Wire feed rate




 S= Welding speed




 G= Gas flow rate




 N= Nozzle-to-plate distance
The effects caused by changes in the five main process parameters and their first order interactions can be expresses as

Y=b0+b1V+b2W+b3S+b4G+b5N+b12V W+b13V S+b14V G

  +b15V N+b23W S+b24W G+b25W N+b34S G+b35S N+b45G N

Where b0, is constant and b1, b2, b3, b4, b5, b12, b13, b14, b15, b23, b24, b25, b34, b35, b45 are co-efficient of the model.

5.3 Evaluation of the co-efficient of the model [5]

The main and interaction effects were determined by using the formula
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2 ∑ Xji . Yi



    


    i=1

ej
= 

    N 

Where

j
= 0, 1, 2, 3, .................K



i
= 1, 2, 3,  .................N



K
= Number of co-efficient of the model



N
= the total number of observations



Xji
= Value of a factor or interaction in coded form



Yi
= Average value of response parameter

A matrix (Table 5.1) was designed in order to apply this formula and the co-efficients of the equations were determined bj dividing the effects of the variables and interactions of the variables by two and the constant b0 was found by the formula





Y1+Y2+Y3+……..Y16


b0
=








16

Where Y1+Y2+Y3+……..Y16 are the output of 16 trials. The constant and the co-efficients are tabulated in Table – 5.2, 5.3, 5.4, 5.5, 5.6, 5.7 and the estimated value of the coefficients of the model are tabulated in Table - 5.8.
Table 5.1

Designs for calculating effects of parameters and their Interaction for a 25-1 fractional factorial [5]  
	Trial

number
	X0
	X1
V
	X2
W
	X3
S
	X4
G
	X5
N
	X6
V W
	X7
V S
	X8
V G
	X9
V N
	X10
W S
	X11
W G
	X12
W N
	X13
S G
	X14
S N
	X15
G N

	1
	+1
	-1
	-1
	-1
	-1
	+1
	+1
	+1
	+1
	-1
	+1
	+1
	-1
	+1
	-1
	-1

	2
	+1
	+1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	+1
	+1
	+1
	+1
	+1
	+1

	3
	+1
	-1
	+1
	-1
	-1
	-1
	-1
	+1
	+1
	+1
	-1
	-1
	-1
	+1
	+1
	+1

	4
	+1
	+1
	+1
	-1
	-1
	+1
	+1
	-1
	-1
	+1
	-1
	-1
	+1
	+1
	-1
	-1

	5
	+1
	-1
	-1
	+1
	-1
	-1
	+1
	-1
	+1
	+1
	-1
	+1
	+1
	-1
	-1
	+1

	6
	+1
	+1
	-1
	+1
	-1
	+1
	-1
	+1
	-1
	+1
	-1
	+1
	-1
	-1
	+1
	-1

	7
	+1
	-1
	+1
	+1
	-1
	+1
	-1
	-1
	+1
	-1
	+1
	-1
	+1
	-1
	+1
	-1

	8
	+1
	+1
	+1
	+1
	-1
	-1
	+1
	+1
	-1
	-1
	+1
	-1
	-1
	-1
	-1
	+1

	9
	+1
	-1
	-1
	-1
	+1
	-1
	+1
	+1
	-1
	+1
	+1
	-1
	+1
	-1
	+1
	-1

	10
	+1
	+1
	-1
	-1
	+1
	+1
	-1
	-1
	+1
	+1
	+1
	-1
	-1
	-1
	-1
	+1

	11
	+1
	-1
	+1
	-1
	+1
	+1
	-1
	+1
	-1
	-1
	-1
	+1
	+1
	-1
	-1
	+1

	12
	+1
	+1
	+1
	-1
	+1
	-1
	+1
	-1
	+1
	-1
	-1
	+1
	-1
	-1
	+1
	-1

	13
	+1
	-1
	-1
	+1
	+1
	+1
	+1
	-1
	-1
	-1
	-1
	-1
	-1
	+1
	+1
	+1

	14
	+1
	+1
	-1
	+1
	+1
	-1
	-1
	+1
	+1
	-1
	-1
	-1
	+1
	+1
	-1
	-1

	15
	+1
	-1
	+1
	+1
	+1
	-1
	-1
	-1
	-1
	+1
	+1
	+1
	-1
	+1
	-1
	-1

	16
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1
	+1

	The sign for the interaction were obtained by multiplying the corresponding signs of the involved factors












Table 5.2

Co-efficient calculation for penetration (p)

	Sl. N
	b0
	b1
	b2
	b3
	b4
	b5
	b12
	b13
	b14
	b15
	b23
	b24
	b25
	b34
	b35
	b45

	1
	+1.1
	-1.1
	-1.1
	-1.1
	-1.1
	+1.1
	+1.1
	+1.1
	+1.1
	-1.1
	+1.1
	+1.1
	-1.1
	+1.1
	-1.1
	-1.1

	2
	+1.9
	+1.9
	-1.9
	-1.9
	-1.9
	-1.9
	-1.9
	-1.9
	-1.9
	-1.9
	+1.9
	+1.9
	+1.9
	+1.9
	+1.9
	+1.9

	3
	+0.8
	-0.8
	+0.8
	-0.8
	-0.8
	-0.8
	-0.8
	+0.8
	+0.8
	+0.8
	-0.8
	-0.8
	-0.8
	+0.8
	+0.8
	+0.8

	4
	+4.1
	+4.1
	+4.1
	-4.1
	-4.1
	+4.1
	+4.1
	-4.1
	-4.1
	+4.1
	-4.1
	-4.1
	+4.1
	+4.1
	-4.1
	-4.1

	5
	+1.6
	-1.6
	-1.6
	+1.6
	-1.6
	-1.6
	+1.6
	-1.6
	+1.6
	+1.6
	-1.6
	+1.6
	+1.6
	+1.6
	-1.6
	+1.6

	6
	+1.8
	+1.8
	-1.8
	+1.8
	-1.8
	+1.8
	-1.8
	+1.8
	-1.8
	+1.8
	-1.8
	+1.8
	-1.8
	-1.8
	+1.8
	-1.8

	7
	+0.68
	-0.68
	+0.68
	+0.68
	-0.68
	+0.68
	-0.68
	-0.68
	+0.68
	-0.68
	+0.68
	-0.68
	+0.68
	-0.68
	+0.68
	-0.68

	8
	+3.6
	+3.6
	+3.6
	+3.6
	-3.6
	-3.6
	+3.6
	+3.6
	-3.6
	-3.6
	+3.6
	-3.6
	-3.6
	-3.6
	-3.6
	+3.6

	9
	+1.26
	-1.26
	-1.26
	-1.26
	+1.26
	-1.26
	+1.26
	+1.26
	-1.26
	+1.26
	+1.26
	-1.26
	+1.26
	-1.26
	+1.26
	-1.26

	10
	+1.76
	+1.76
	-1.76
	-1.76
	+1.76
	+1.76
	-1.76
	-1.76
	+1.76
	+1.76
	+1.76
	-1.76
	-1.76
	-1.76
	-1.76
	+1.76

	11
	+0.63
	-0.63
	+0.63
	-0.63
	+0.63
	+0.63
	-0.63
	+0.63
	-0.63
	-0.63
	-0.63
	+0.63
	+0.63
	-0.63
	-0.63
	+0.63

	12
	+3.9
	+3.9
	+3.9
	-3.9
	+3.9
	-3.9
	+3.9
	-3.9
	+3.9
	-3.9
	-3.9
	+3.9
	-3.9
	-3.9
	+3.9
	-3.9

	13
	+1.32
	-1.32
	-1.32
	+1.32
	+1.32
	+1.32
	+1.32
	-1.32
	-1.32
	-1.32
	-1.32
	-1.32
	-1.32
	+1.32
	+1.32
	+1.32

	14
	+1.75
	+1.75
	-1.75
	+1.75
	+1.75
	-1.75
	-1.75
	+1.75
	+1.75
	-1.75
	-1.75
	-1.75
	+1.75
	+1.75
	-1.75
	-1.75

	15
	+0.58
	-0.58
	+0.58
	+0.58
	+0.58
	-0.58
	-0.58
	-0.58
	-0.58
	+0.58
	+0.58
	+0.58
	-0.58
	+0.58
	-0.58
	-0.58

	16
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2
	+3.2

	Total/16

(Up to 2 decimal

places)     
	+1.87
	+0.88
	+0.31
	-0.06
	-0.07
	-0.05
	0.64
	-0.11
	-0.03
	0.01
	-0.11
	-0.04
	0.02
	-0.03
	-0.02
	-0.02


 Table 5.3

Co-efficient calculation for width (w)

	Sl. N
	b0
	b1
	b2
	b3
	b4
	b5
	b12
	b13
	b14
	b15
	b23
	b24
	b25
	b34
	b35
	b45

	1
	+5.57
	-5.57
	-5.57
	-5.57
	-5.57
	+5.57
	+5.57
	+5.57
	+5.57
	-5.57
	+5.57
	+5.57
	-5.57
	+5.57
	-5.57
	-5.57

	2
	+10.63
	+10.63
	-10.63
	-10.63
	-10.63
	-10.63
	-10.63
	-10.63
	-10.63
	-10.63
	+10.63
	+10.63
	+10.63
	+10.63
	+10.63
	+10.63

	3
	+4.97
	-4.97
	+4.97
	-4.97
	-4.97
	-4.97
	-4.97
	+4.97
	+4.97
	+4.97
	-4.97
	-4.97
	-4.97
	+4.97
	+4.97
	+4.97

	4
	+13.56
	+13.56
	+13.56
	-13.56
	-13.56
	+13.56
	+13.56
	-13.56
	-13.56
	+13.56
	-13.56
	-13.56
	+13.56
	+13.56
	-13.56
	-13.56

	5
	+5.06
	-5.06
	-5.06
	+5.06
	-5.06
	-5.06
	+5.06
	-5.06
	+5.06
	+5.06
	-5.06
	+5.06
	+5.06
	-5.06
	-5.06
	+5.06

	6
	+9.73
	+9.73
	-9.73
	+9.73
	-9.73
	+9.73
	-9.73
	+9.73
	-9.73
	+9.73
	-9.73
	+9.73
	-9.73
	-9.73
	+9.73
	-9.73

	7
	+5.35
	-5.35
	+5.35
	+5.35
	-5.35
	+5.35
	-5.35
	-5.35
	+5.35
	-5.35
	+5.35
	-5.35
	+5.35
	-5.35
	+5.35
	-5.35

	8
	+11.72
	+11.72
	+11.72
	+11.72
	-11.72
	-11.72
	+11.72
	+11.72
	-11.72
	-11.72
	+11.72
	-11.72
	-11.72
	-11.72
	-11.72
	+11.72

	9
	+5.57
	-5.57
	-5.57
	-5.57
	+5.57
	-5.57
	+5.57
	+5.57
	-5.57
	+5.57
	+5.57
	-5.57
	+5.57
	-5.57
	+5.57
	-5.57

	10
	+9.57
	+9.57
	-9.57
	-9.57
	+9.57
	+9.57
	-9.57
	-9.57
	+9.57
	+9.57
	+9.57
	-9.57
	-9.57
	-9.57
	-9.57
	+9.57

	11
	+5.33
	-5.33
	+5.33
	-5.33
	+5.33
	+5.33
	-5.33
	+5.33
	-5.33
	-5.33
	-5.33
	+5.33
	+5.33
	-5.33
	-5.33
	+5.33

	12
	+13.33
	+13.33
	+13.33
	-13.33
	+13.33
	-13.33
	+13.33
	-13.33
	+13.33
	-13.33
	-13.33
	+13.33
	-13.33
	-13.33
	+13.33
	-13.33

	13
	+4.73
	-4.73
	-4.73
	+4.73
	+4.73
	+4.73
	+4.73
	-4.73
	-4.73
	-4.73
	-4.73
	-4.73
	-4.73
	+4.73
	+4.73
	+4.73

	14
	+9.27
	+9.27
	-9.27
	+9.27
	+9.27
	-9.27
	-9.27
	+9.27
	+9.27
	-9.27
	-9.27
	-9.27
	+9.27
	+9.27
	-9.27
	-9.27

	15
	+5.24
	-5.24
	+5.24
	+5.24
	+5.24
	-5.24
	-5.24
	-5.24
	-5.24
	+5.24
	+5.24
	+5.24
	-5.24
	+5.24
	-5.24
	-5.24

	16
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49
	+10.49

	Total/16

(Up to 2 decimal

places)  
	+8.13
	+2.91
	+0.62
	-0.43
	-0.19
	-0.09
	+0.62
	-0.30
	-0.18
	-0.11
	-0.12
	+0.04
	+0.03
	-0.08
	-0.03
	-0.32


Table 5.4

Co-efficient calculation for reinforcement height (h)

	Sl. N
	b0
	b1
	b2
	b3
	b4
	b5
	b12
	b13
	b14
	b15
	b23
	b24
	b25
	b34
	b35
	b45

	1
	+3.41
	-3.41
	-3.41
	-3.41
	-3.41
	+3.41
	+3.41
	+3.41
	+3.41
	-3.41
	+3.41
	+3.41
	-3.41
	+3.41
	-3.41
	-3.41

	2
	+1.79
	+1.79
	-1.79
	-1.79
	-1.79
	-1.79
	-1.79
	-1.79
	-1.79
	-1.79
	+1.79
	+1.79
	+1.79
	+1.79
	+1.79
	+1.79

	3
	+3.93
	-3.93
	+3.93
	-3.93
	-3.93
	-3.93
	-3.93
	+3.93
	+3.93
	+3.93
	-3.93
	-3.93
	-3.93
	+3.93
	+3.93
	+3.93

	4
	+2.69
	+2.69
	+2.69
	-2.69
	-2.69
	+2.69
	+2.69
	-2.69
	-2.69
	+2.69
	-2.69
	-2.69
	+2.69
	+2.69
	-2.69
	-2.69

	5
	+2.62
	-2.62
	-2.62
	+2.62
	-2.62
	-2.62
	+2.62
	-2.62
	+2.62
	+2.62
	-2.62
	+2.62
	+2.62
	-2.62
	-2.62
	+2.62

	6
	+1.89
	+1.89
	-1.89
	+1.89
	-1.89
	+1.89
	-1.89
	+1.89
	-1.89
	+1.89
	-1.89
	+1.89
	-1.89
	-1.89
	+1.89
	-1.89

	7
	+4.21
	-4.21
	+4.21
	+4.21
	-4.21
	+4.21
	-4.21
	-4.21
	+4.21
	-4.21
	+4.21
	-4.21
	+4.21
	-4.21
	+4.21
	-4.21

	8
	+2.70
	+2.70
	+2.70
	+2.70
	-2.70
	-2.70
	+2.70
	+2.70
	-2.70
	-2.70
	+2.70
	-2.70
	-2.70
	-2.70
	-2.70
	+2.70

	9
	+3.55
	-3.55
	-3.55
	-3.55
	+3.55
	-3.55
	+3.55
	+3.55
	-3.55
	+3.55
	+3.55
	-3.55
	+3.55
	-3.55
	+3.55
	-3.55

	10
	+2.07
	+2.07
	-2.07
	-2.07
	+2.07
	+2.07
	-2.07
	-2.07
	+2.07
	+2.07
	+2.07
	-2.07
	-2.07
	-2.07
	-2.07
	+2.07

	11
	+4.52
	-4.52
	+4.52
	-4.52
	+4.52
	+4.52
	-4.52
	+4.52
	-4.52
	-4.52
	-4.52
	+4.52
	+4.52
	-4.52
	-4.52
	+4.52

	12
	+2.52
	+2.52
	+2.52
	-2.52
	+2.52
	-2.52
	+2.52
	-2.52
	+2.52
	-2.52
	-2.52
	+2.52
	-2.52
	-2.52
	+2.52
	-2.52

	13
	+2.71
	-2.71
	-2.71
	+2.71
	+2.71
	+2.71
	+2.71
	-2.71
	-2.71
	-2.71
	-2.71
	-2.71
	-2.71
	+2.71
	+2.71
	+2.71

	14
	+1.49
	+1.49
	-1.49
	+1.49
	+1.49
	-1.49
	-1.49
	+1.49
	+1.49
	-1.49
	-1.49
	-1.49
	+1.49
	+1.49
	-1.49
	-1.49

	15
	+4.10
	-4.10
	+4.10
	+4.10
	+4.10
	-4.10
	-4.10
	-4.10
	-4.10
	+4.10
	+4.10
	+4.10
	-4.10
	+4.10
	-4.10
	-4.10

	16
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47
	+2.47

	Total/16

(Up to 2 decimal

places)  
	+2.92
	-0.71
	+0.48
	-0.14
	+0.01
	+0.08
	-0.08
	+0.08
	-0.08
	0.00
	0.12
	0.00
	-0.01
	-0.09
	-0.03
	-0.07


Table 5.5

Co-efficient calculation for weld penetration shape factor (WPSF)

	Sl. N
	b0
	b1
	b2
	b3
	b4
	b5
	b12
	b13
	b14
	b15
	b23
	b24
	b25
	b34
	b35
	b45

	1
	+5.11
	-5.11
	-5.11
	-5.11
	-5.11
	+5.11
	+5.11
	+5.11
	+5.11
	-5.11
	+5.11
	+5.11
	-5.11
	+5.11
	-5.11
	-5.11

	2
	+5.6
	+5.6
	-5.6
	-5.6
	-5.6
	-5.6
	-5.6
	-5.6
	-5.6
	-5.6
	+5.6
	+5.6
	+5.6
	+5.6
	+5.6
	+5.6

	3
	+6.23
	-6.23
	+6.23
	-6.23
	-6.23
	-6.23
	-6.23
	+6.23
	+6.23
	+6.23
	-6.23
	-6.23
	-6.23
	+6.23
	+6.23
	+6.23

	4
	+3.31
	+3.31
	+3.31
	-3.31
	-3.31
	+3.31
	+3.31
	-3.31
	-3.31
	+3.31
	-3.31
	-3.31
	+3.31
	+3.31
	-3.31
	-3.31

	5
	+3.17
	-3.17
	-3.17
	+3.17
	-3.17
	-3.17
	+3.17
	-3.17
	+3.17
	+3.17
	-3.17
	+3.17
	+3.17
	-3.17
	-3.17
	+3.17

	6
	+5.41
	+5.41
	-5.41
	+5.41
	-5.41
	+5.41
	-5.41
	+5.41
	-5.41
	+5.41
	-5.41
	+5.41
	-5.41
	-5.41
	+5.41
	-5.41

	7
	+7.87
	-7.87
	+7.87
	+7.87
	-7.87
	+7.87
	-7.87
	-7.87
	+7.87
	-7.87
	+7.87
	-7.87
	+7.87
	-7.87
	+7.87
	-7.87

	8
	+3.26
	+3.26
	+3.26
	+3.26
	-3.26
	-3.26
	+3.26
	+3.26
	-3.26
	-3.26
	+3.26
	-3.26
	-3.26
	-3.26
	-3.26
	+3.26

	9
	+4.43
	-4.43
	-4.43
	-4.43
	+4.43
	-4.43
	+4.43
	+4.43
	-4.43
	+4.43
	+4.43
	-4.43
	+4.43
	-4.43
	+4.43
	-4.43

	10
	+5.44
	+5.44
	-5.44
	-5.44
	+5.44
	+5.44
	-5.44
	-5.44
	+5.44
	+5.44
	+5.44
	-5.44
	-5.44
	-5.44
	-5.44
	+5.44

	11
	+8.47
	-8.47
	+8.47
	-8.47
	+8.47
	+8.47
	-8.47
	+8.47
	-8.47
	-8.47
	-8.47
	+8.47
	+8.47
	-8.47
	-8.47
	+8.47

	12
	+3.42
	+3.42
	+3.42
	-3.42
	+3.42
	-3.42
	+3.42
	-3.42
	+3.42
	-3.42
	-3.42
	+3.42
	-3.42
	-3.42
	+3.42
	-3.42

	13
	+3.58
	-3.58
	-3.58
	+3.58
	+3.58
	+3.58
	+3.58
	-3.58
	-3.58
	-3.58
	-3.58
	-3.58
	-3.58
	+3.58
	+3.58
	+3.58

	14
	+5.3
	+5.3
	-5.3
	+5.3
	+5.3
	-5.3
	-5.3
	+5.3
	+5.3
	-5.3
	-5.3
	-5.3
	+5.3
	+5.3
	-5.3
	-5.3

	15
	+9.04
	-9.04
	+9.04
	+9.04
	+9.04
	-9.04
	-9.04
	-9.04
	-9.04
	+9.04
	+9.04
	+9.04
	-9.04
	+9.04
	-9.04
	-9.04

	16
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29
	+3.29

	Total/16

(Up to 2 decimal

places)  
	+5.18
	-0.80
	+0.43
	-0.07
	+0.19
	+0.13
	-1.49
	0.00
	-0.20
	-0.14
	+0.32
	+0.26
	0.00
	0.00
	-0.20
	-0.30


Table 5.6

Co-efficient calculation for weld reinforcement form factor (WRFF)

	Sl. N
	b0
	b1
	b2
	b3
	b4
	b5
	b12
	b13
	b14
	b15
	b23
	b24
	b25
	b34
	b35
	b45

	1
	+1.64
	-1.64
	-1.64
	-1.64
	-1.64
	+1.64
	+1.64
	+1.64
	+1.64
	-1.64
	+1.64
	+1.64
	-1.64
	+1.64
	-1.64
	-1.64

	2
	+5.94
	+5.94
	-5.94
	-5.94
	-5.94
	-5.94
	-5.94
	-5.94
	-5.94
	-5.94
	+5.94
	+5.94
	+5.94
	+5.94
	+5.94
	+5.94

	3
	+1.27
	-1.27
	+1.27
	-1.27
	-1.27
	-1.27
	-1.27
	+1.27
	+1.27
	+1.27
	-1.27
	-1.27
	-1.27
	+1.27
	+1.27
	+1.27

	4
	+5.05
	+5.05
	+5.05
	-5.05
	-5.05
	+5.05
	+5.05
	-5.05
	-5.05
	+5.05
	-5.05
	-5.05
	+5.05
	+5.05
	-5.05
	-5.05

	5
	+1.94
	-1.94
	-1.94
	+1.94
	-1.94
	-1.94
	+1.94
	-1.94
	+1.94
	+1.94
	-1.94
	+1.94
	+1.94
	-1.94
	-1.94
	+1.94

	6
	+5.16
	+5.16
	-5.16
	+5.16
	-5.16
	+5.16
	-5.16
	+5.16
	-5.16
	+5.16
	-5.16
	+5.16
	-5.16
	-5.16
	+5.16
	-5.16

	7
	+1.27
	-1.27
	+1.27
	+1.27
	-1.27
	+1.27
	-1.27
	-1.27
	+1.27
	-1.27
	+1.27
	-1.27
	+1.27
	-1.27
	+1.27
	-1.27

	8
	+4.35
	+4.35
	+4.35
	+4.35
	-4.35
	-4.35
	+4.35
	+4.35
	-4.35
	-4.35
	+4.35
	-4.35
	-4.35
	-4.35
	-4.35
	+4.35

	9
	+1.57
	-1.57
	-1.57
	-1.57
	+1.57
	-1.57
	+1.57
	+1.57
	-1.57
	+1.57
	+1.57
	-1.57
	+1.57
	-1.57
	+1.57
	-1.57

	10
	+4.64
	+4.64
	-4.64
	-4.64
	+4.64
	+4.64
	-4.64
	-4.64
	+4.64
	+4.64
	+4.64
	-4.64
	-4.64
	-4.64
	-4.64
	+4.64

	11
	+1.18
	-1.18
	+1.18
	-1.18
	+1.18
	+1.18
	-1.18
	+1.18
	-1.18
	-1.18
	-1.18
	+1.18
	+1.18
	-1.18
	-1.18
	+1.18

	12
	+5.31
	+5.31
	+5.31
	-5.31
	+5.31
	-5.31
	+5.31
	-5.31
	+5.31
	-5.31
	-5.31
	+5.31
	-5.31
	-5.31
	+5.31
	-5.31

	13
	+1.75
	-1.75
	-1.75
	+1.75
	+1.75
	+1.75
	+1.75
	-1.75
	-1.75
	-1.75
	-1.75
	-1.75
	-1.75
	+1.75
	+1.75
	+1.75

	14
	+6.23
	+6.23
	-6.23
	+6.23
	+6.23
	-6.23
	-6.23
	+6.23
	+6.23
	-6.23
	-6.23
	-6.23
	+6.23
	+6.23
	-6.23
	-6.23

	15
	+1.28
	-1.28
	+1.28
	+1.28
	+1.28
	-1.28
	-1.28
	-1.28
	-1.28
	+1.28
	+1.28
	+1.28
	-1.28
	+1.28
	-1.28
	-1.28

	16
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25
	+4.25

	Total/16

(Up to 2 decimal

places)  
	+3.30
	+1.81
	-0.31
	-0.02
	-0.03
	-0.18
	-0.07
	-0.10
	+0.02
	-0.16
	-0.18
	+0.04
	+0.13
	+0.12
	+0.01
	-0.14


Table 5.7

Estimated value of the coefficients of the models

	Serial

Number
	Coefficient,

bj
	                    Estimated value for Response

	
	
	p
	w
	h
	WPSF

(w/p)
	       WRFF

       (w/h)

	1
	b0
	+1.87
	+8.13
	+2.92
	+5.18
	      +3.30

	2
	b1
	+0.88
	+2.91
	-0.71
	 -0.80
	      +1.81

	3
	b2
	+0.31
	+0.62
	+0.48
	+0.43
	      -0.31

	4
	b3
	-0.06
	-0.43
	-0.14
	 -0.07
	      -0.02

	5
	b4
	-0.07
	-0.19
	+0.01
	 +0.19
	      -0.03

	6
	b5
	-0.05
	-0.09
	+0.08
	 +0.13
	      -0.18

	7
	b12
	+0.64
	+0.62
	-0.08
	  -1.49
	      -0.07

	8
	b13
	-0.11
	-0.30
	+0.08
	   0.00
	      -0.10

	9
	b14
	-0.03
	-0.18
	 -0.08
	  -0.20
	      +0.02

	10
	b15
	+0.01
	-0.11
	  0.00
	  -0.14
	       -0.16

	11
	b23
	-0.11
	-0.12
	+0.12
	 +0.32
	       -0.18

	12
	b24
	-0.04
	+0.04
	 0.00
	+0.26
	       +0.04

	13
	b25
	+0.02
	+0.03
	-0.01
	  0.00
	       +0.13

	14
	b34
	-0.03
	-0.08
	-0.09
	  0.00
	       +0.12

	15
	b35
	-0.02
	-0.03
	-0.03
	 -0.20
	       +0.01

	16
	b45
	-0.02
	-0.32
	+0.07
	 -0.30
	       -0.14


5.4 checking adequacy of the model [5]

The analysis of variance (ANOVA) technique was used to check the adequacy of the developed models. As per this technique,

(a) The F-ratio of the developed model is calculated and is compared with the standard tabulated value of F-ratio for a specific level of confidence ,

(b) If calculated value of F-ratio does not exceed the tabulated value, then with the corresponding confidence probability the model may be considered adequate.

         For this purpose, the F-ratio of the model is defined as the ratio of variance adequacy, also known as residual variance (usually denoted as S2ad) to the variance of reproducibility, also known as variance of optimization parameter (usually denoted as    S2 y). Therefore:


                          S2ad

            Fmodel    =      ───

                                   S2 y
Here  

             N
                Λ

               S2ad  =    ∑ (Yi  -  Yi)2 / DF



                    i=1

Where

N = Number of trials

Yi = Observed (or measured from experiment) response

 Λ
Yi = Predicted / Estimated value of response (i.e., the one obtained     from model) shown in Table 5.9
DF = Degree of freedom = (N – (K +1)), Where K = Number of independently controllable variables

           

    N

S2y  = 2∑ (Yiq - Yi)2 / N

     

      i=1

Where

Yiq = Value of response in repetition trial

i = Number of trials

q = Number of repetitions

Yi = Arithmetical mean of repetitions

5.5 Test for significant regression co-efficient [5]


The values of the regression co-efficient give an idea as to what extent the control variables affect the responses quantitatively. It is evident that those of the co-efficient, which are not significant, can be eliminated, along with the responses with which they are associated, without sacrificing much of accuracy, there by reducing the mathematical labour. To enable this, the student’s t test is used. As per this test,

a) The calculated value of t corresponding to a coefficient is compared with the standard tabulated value of specific level of probability. Here the standard tabulated value of t is 2.12 at 16, 0.05.

b) if the calculated value of t exceeds the tabulated one, then with the corresponding confidence probability the co-efficient is said to be significant. t values of co-efficient of model are shown in table-5.16.

│bj│
For this purpose the value of t is given by      t =









  Sbj
Where │bj│ represents the absolute value of co-efficient whose significance is being tested, and Sbj the standard deviation of co-efficient given by





          Variance of optimization parameter (S2y)
Sbj =√


Number of trials (N)



S2y
                              =√

N

Sbj alternatively, called as variance of the regression coefficients, is thus seen to be same for all the coefficients. Thus they depend only on the error of the experiments and the confidence interval. The calculation of  S2y ,S2ad  and Sbj are shown in Table 5.10, 5.11.5.12, 5.13, 5.14, 5.15.


When the significant co-efficient are known, the model is redeveloped by using these values. The model so developed is utilized to determine the values of response parameter for each given set of welding variables and the data so produced are represented graphically.

Table 5.8
Estimated values of response

	Sl.No
	p
	w
	h
	W.P.S.F

   (w/p)
	W.R.F.F

   (w/h)

	1
	1.1
	5.54
	3.42
	5.09
	1.66

	2
	1.92
	10.62
	1.78
	5.61
	5.94

	3
	0.78
	4.96
	3.94
	6.23
	1.24

	4
	4.12
	13.56
	2.70
	3.31
	5.04

	5
	1.60
	5.06
	2.60
	3.17
	1.96

	6
	1.78
	9.74
	1.92
	5.41
	5.16

	7
	0.68
	5.36
	4.20
	7.87
	1.30

	8
	3.62
	11.72
	2.72
	3.23
	4.34

	9
	1.28
	5.56
	3.54
	4.41
	1.56

	10
	1.78
	9.56
	2.06
	5.45
	4.64

	11
	0.64
	5.34
	4.50
	8.47
	1.18

	12
	3.90
	13.34
	2.54
	3.43
	5.30

	13
	1.34
	4.72
	2.72
	3.57
	1.74

	14
	1.76
	9.28
	1.48
	5.29
	6.22

	15
	0.58
	5.22
	4.12
	9.03
	1.28

	16
	3.20
	10.50
	2.48
	3.31
	4.24


Table 5.9

Calculation of  S2y  , Sbj and S2ad  for   penetration (p)

	Sl.

No 
	P1
	P2
	−
P


	       −

∆P=P-P2  


	∆P2
	
	Sl.

No.
	Pest 
	Pobs
	∆Pa =

 Pest - Pobs  

      
	∆ Pa2

	1
	1.0
	1.20
	1.1
	- 0.10
	0.01
	
	1
	1.1
	1.15
	-0.05
	0.0025

	2
	1.92
	1.88
	1.9
	+0.02
	0.0004
	
	2
	1.92
	1.80
	+0.12
	0.0144

	3
	0.75
	0.85
	0.8
	- 0.05
	0.0025
	
	3
	0.78
	0.70
	+0.08
	0.0064

	4
	4.20
	4.0
	4.1
	+0.10
	0.01
	
	4
	4.12
	4.15
	-0.03
	0.0009

	5
	1.50
	1.70
	1.6
	- 0.10
	0.01
	
	5
	1.60
	1.65
	-0.05
	0.0025

	6
	1.82
	1.78
	1.8
	+0.20
	0.0004
	
	6
	1.78
	1.80
	-0.02
	0.0004

	7
	0.68
	0.68
	0.68
	  0.00
	0.0000
	
	7
	0.68
	0.65
	+0.03
	0.0009

	8
	3.62
	3.58
	3.60
	- 0.02
	0.0004
	
	8
	3.62
	3.54
	+0.08
	0.0064

	9
	1.28
	1.24
	1.26
	+0.02
	0.0004
	
	9
	1.28
	1.25
	+0.03
	0.0009

	10
	1.80
	1.72
	1.76
	+0.04
	0.0016
	
	10
	1.78
	1.76
	+0.02
	0.0004

	11
	0.61
	0.65
	0.63
	- 0.02
	0.0004
	
	11
	0.64
	0.62
	+0.02
	0.0004

	12
	3.80
	4.0
	3.9
	- 0.10
	0.01
	
	12
	3.9
	3.95
	-0.05
	0.0025

	13
	1.34
	1.30
	1.32
	+0.02
	0.0004
	
	13
	1.34
	1.36
	-0.02
	0.0004

	14
	1.74
	1.76
	1.75
	- 0.01
	0.0001
	
	14
	1.76
	1.73
	+0.03
	0.0009

	15
	0.57
	0.59
	0.58
	- 0.01
	0.0001
	
	15
	0.58
	0.60
	-0.05
	0.0025

	16
	3.35
	3.05
	3.2
	+0.15
	0.0225
	
	16
	3.2
	3.25
	+0.02
	0.0004

	∑∆P2
	
	
	
	
	0.0692
	
	∑∆ Pa2
	
	
	
	0.0428

	S2y
	0.00865
	
	S2ad
	0.00428

	Sbj
	0.0233
	
	
	
	


Table 5.10

Calculation of  S2y  , Sbj and S2ad  for   width (w)

	Sl.

No 
	w1
	w2
	−
w


	       −

∆w=w-w2  


	∆w2
	
	Sl.

No.
	west
	wobs
	∆wa =

 west - wobs   

      
	∆ wa2

	1
	5.53
	5.61
	5.57
	-0.04
	0.0016
	
	1
	5.24
	5.46
	+0.08
	0.0064

	2
	10.34
	10.92
	10.63
	-0.29
	0.0841
	
	2
	10.62
	10.30
	+0.32
	0.1024

	3
	4.90
	5.04
	4.97
	-0.07
	0.0049
	
	3
	4.96
	5.12
	-0.16
	0.0256

	4
	13.88
	13.24
	13.56
	+0.32
	0.1024
	
	4
	13.56
	13.20
	+0.36
	0.1296

	5
	4.95
	5.17
	5.06
	-0.11
	0.0121
	
	5
	5.06
	5.20
	-0.14
	0.0196

	6
	9.84
	9.62
	9.73
	+0.11
	0.0121
	
	6
	9.74
	9.62
	+0.12
	0.0144

	7
	5.39
	5.31
	5.35
	+0.04
	0.0016
	
	7
	5.36
	5.40
	-0.04
	0.0016

	8
	11.65
	11.79
	11.72
	-0.07
	0.0049
	
	8
	11.72
	11.65
	+0.07
	0.0049

	9
	5.64
	5.50
	5.57
	+0.07
	0.0049
	
	9
	5.56
	5.50
	+0.06
	0.0036

	10
	9.38
	9.76
	9.57
	-0.19
	0.0361
	
	10
	9.56
	9.40
	+0.16
	0.0256

	11
	5.22
	5.44
	5.33
	-0.11
	0.0121
	
	11
	5.34
	5.22
	+0.12
	0.0144

	12
	13.62
	13.04
	13.33
	+0.29
	0.0841
	
	12
	13.34
	13.60
	-0.26
	0.0676

	13
	4.93
	4.53
	4.73
	+0.20
	0.0400
	
	13
	4.72
	4.60
	+0.12
	0.0144

	14
	9.15
	9.39
	9.27
	-0.12
	0.0144
	
	14
	9.28
	9.40
	-0.12
	0.0144

	15
	5.21
	5.27
	5.24
	-0.03
	0.0009
	
	15
	5.22
	5.30
	-0.08
	0.0064

	16
	10.57
	10.41
	10.49
	+0.08
	0.0064
	
	16
	10.50
	10.55
	-0.05
	0.0025

	∑∆w2
	
	
	
	
	0.4226
	
	∑∆ wa2
	
	
	
	0.4534

	S2y
	0.052825
	
	S2ad
	0.04534

	Sbj
	0.0574
	
	
	
	
	
	


Table 5.11

Calculation of  S2y  , Sbj and S2ad  for   reinforcement height (h)

	Sl.

No 
	h1
	h2
	−
h


	       −

∆h=h-h2  


	∆h2
	
	Sl.

No.
	hest
	hobs
	∆ha =

 hest - hobs 

      
	∆ ha2

	1
	3.44
	3.38
	3.41
	+.03
	0.0009
	
	1
	3.42
	3.36
	+0.06
	0.0036

	2
	1.75
	1.83
	1.79
	-.04
	0.0016
	
	2
	1.78
	1.83
	-0.05
	0.0025

	3
	4.10
	3.76
	3.93
	+.17
	0.0289
	
	3
	3.94
	3.75
	+0.19
	0.0361

	4
	2.74
	2.64
	2.69
	+.05
	0.0025
	
	4
	2.70
	2.64
	+0.06
	0.0036

	5
	2.69
	2.55
	2.62
	+.07
	0.0049
	
	5
	2.60
	2.68
	-0.08
	0.0064

	6
	1.95
	1.83
	1.89
	+.06
	0.0036
	
	6
	1.92
	1.83
	+0.09
	0.0081

	7
	4.30
	4.12
	4.21
	+.09
	0.0081
	
	7
	4.20
	4.60
	-0.10
	0.0100

	8
	2.65
	2.75
	2.70
	-.05
	0.0025
	
	8
	2.72
	2.75
	-0.03
	0.0009

	9
	3.60
	3.50
	3.55
	+.05
	0.0025
	
	9
	3.54
	3.50
	+0.04
	0.0016

	10
	1.95
	2.19
	2.07
	-.12
	0.0144
	
	10
	2.06
	2.19
	-0.13
	0.0169

	11
	4.54
	4.50
	4.52
	+.02
	0.0004
	
	11
	4.50
	4.54
	-0.04
	0.0016

	12
	2.43
	2.61
	2.52
	-.09
	0.0081
	
	12
	2.54
	2.61
	-0.07
	0.0049

	13
	2.68
	2.74
	2.71
	-.03
	0.0009
	
	13
	2.72
	2.74
	-0.02
	0.0004

	14
	1.51
	1.47
	1.49
	+.02
	0.004
	
	14
	1.48
	1.46
	+0.02
	0.0004

	15
	3.96
	4.24
	4.10
	-.14
	0.0176
	
	15
	4.12
	4.22
	-0.10
	0.0100

	16
	2.45
	2.49
	2.47
	-.02
	0.0004
	
	16
	2.48
	2.45
	+0.03
	0.0009

	∑∆h2
	
	
	
	
	0.0997
	
	∑∆ ha2
	
	
	
	0.1079

	S2y
	0.0124625
	
	S2ad
	0.01079

	Sbj
	0.0279
	
	
	
	
	
	


Table 5.12

Calculation of  S2y  , Sbj and S2ad  for   WPSF (w/p)

	Sl.

No 
	w1/p1
	w2/p2
	  −
w/p


	              −

∆(w/p)=w/p- w2/p2  


	∆(w/p)2
	
	Sl.

No.
	(w/p)est
	(w/p)obs
	∆(w/p)a = 

(w/p)est–w/p)obs      
	∆ (w/p)a2

	1
	5.53
	4.68
	5.11
	+0.43
	0.1849
	
	1
	5.09
	4.75
	+0.34
	0.1156

	2
	5.39
	5.81
	5.6
	- 0.21
	0.0441
	
	2
	5.61
	5.72
	- 0.11
	0.0121

	3
	6.53
	5.93
	6.23
	+0.30
	0.09
	
	3
	6.23
	6.31
	- 0.08
	0.0064

	4
	3.30
	3.31
	3.31
	  0.00
	0.0000
	
	4
	3.31
	3.18
	+0.13
	0.0169

	5
	3.30
	3.04
	3.17
	+0.13
	0.0169
	
	5
	3.17
	3.15
	+0.02
	0.0004

	6
	5.41
	5.40
	5.41
	+0.01
	0.0001
	
	6
	5.41
	5.34
	+0.07
	0.0049

	7
	7.93
	7.81
	7.87
	+0.06
	0.0036
	
	7
	7.87
	8.31
	- 0.44
	0.1936

	8
	3.22
	3.29
	3.26
	- 0.03
	0.0009
	
	8
	3.23
	3.29
	- 0.06
	0.0036

	9
	4.41
	4.44
	4.43
	- 0.01
	0.0001
	
	9
	4.41
	4.40
	+0.01
	0.0001

	10
	5.21
	5.67
	5.44
	- 0.23
	0.0529
	
	10
	5.45
	5.34
	+0.11
	0.0121

	11
	8.56
	8.37
	8.47
	+0.10
	0.01
	
	11
	8.47
	8.42
	+0.05
	0.0025

	12
	3.58
	3.26
	3.42
	+0.16
	0.0256
	
	12
	3.43
	3.44
	- 0.01
	0.0001

	13
	3.68
	3.48
	3.58
	+0.10
	0.01
	
	13
	3.57
	3.38
	+0.19
	0.0361

	14
	5.26
	5.34
	5.3
	- 0.04
	0.0016
	
	14
	5.29
	5.43
	- 0.14
	0.0196

	15
	9.14
	8.93
	9.04
	+0.11
	0.0121
	
	15
	9.03
	8.83
	+0.2
	0.04

	16
	3.16
	3.41
	3.29
	- 0.12
	0.0144
	
	16
	3.31
	3.25
	+0.06
	0.0036

	∑∆(w/p)2
	
	
	
	
	0.4672
	
	∑∆(w/P)a2
	
	
	
	0.4676

	S2y
	0.0584
	
	S2ad
	0.04676

	Sbj
	0.0604
	
	
	
	
	
	


Table 5.13

Calculation of  S2y  , Sbj and S2ad  for   WRFF (w/h)

	Sl.

No 
	w1/h1
	w2/h2
	−
w/h


	       −

∆(w/h)=w/h-w2/h2  


	∆(w/h)2
	
	Sl.

No.
	(w/h)est
	(w/h)obs
	∆(w/h)a =

(w/h)est–( w/h)obs 

      
	∆(w/h)a2

	1
	1.61
	1.66
	1.64
	-0.02
	0.0004
	
	1
	1.66
	1.63
	+0.03
	0.0009

	2
	5.91
	5.97
	5.94
	-0.03
	0.0009
	
	2
	5.94
	5.63
	+0.31
	0.0961

	3
	1.20
	1.34
	1.27
	-0.07
	0.0049
	
	3
	1.24
	1.36
	-0.12
	0.0144

	4
	5.07
	5.02
	5.05
	+0.03
	0.0009
	
	4
	5.04
	5.00
	+0.04
	0.0016

	5
	1.84
	2.03
	1.94
	-0.09
	0.0081
	
	5
	1.96
	1.94
	+0.02
	0.0004

	6
	5.05
	5.26
	5.16
	-0.10
	0.0100
	
	6
	5.16
	5.26
	-0.10
	0.0100

	7
	1.25
	1.29
	1.27
	-0.02
	0.0004
	
	7
	1.30
	1.26
	+0.04
	0.0016

	8
	4.40
	4.29
	4.35
	+0.06
	0.0036
	
	8
	4.34
	4.24
	+0.10
	0.0100

	9
	1.57
	1.57
	1.57
	0.00
	0.0000
	
	9
	1.56
	1.57
	-0.01
	0.0001

	10
	4.81
	4.46
	4.64
	+0.18
	0.0324
	
	10
	4.64
	4.29
	+0.35
	0.1225

	11
	1.15
	1.21
	1.18
	-0.03
	0.0009
	
	11
	1.18
	1.15
	+0.03
	0.0009

	12
	5.61
	5.00
	5.31
	+0.31
	0.0961
	
	12
	5.30
	5.21
	+0.09
	0.0081

	13
	1.84
	1.65
	1.75
	+0.10
	0.0100
	
	13
	1.74
	1.68
	+0.06
	0.0036

	14
	6.06
	6.39
	6.23
	-0.16
	0.0256
	
	14
	6.22
	6.44
	-0.22
	0.0484

	15
	1.32
	1.24
	1.28
	+0.04
	0.0016
	
	15
	1.28
	1.26
	+0.02
	0.0004

	16
	4.31
	4.18
	4.25
	+0.07
	0.0049
	
	16
	4.24
	4.31
	-0.07
	0.0049

	∑∆(w/h)2
	
	
	
	
	0.2007
	
	∑∆(w/h)a2
	
	
	
	0.3239

	S2y
	0.0250875
	
	S2ad
	0.03239

	Sbj
	0.0396
	
	
	
	
	
	











Table 5.14

Analysis of variance (ANOVA)

	Sl.

No.
	Parameter
	Degree

Of

freedom
	Variance of 

Optimization

parameter
	Standard

Deviation of

 co-efficient
	Variance 

of

adequacy
	F raio

model
	F ratio

 from 

table at

(10,16, 0.05)
	Model 

Whether

 adequate

Fm Ft

	
	
	S2y
	S2ad
	S2y
	Sbj
	S2ad
	Fm=S2ad/ S2y
	Ft
	

	1
	P 
	16
	10
	0.00865
	0.0233
	0.00428
	0.50
	2.49
	Yes

	2
	W
	16
	10
	0.052825
	0.0574
	0.04534
	0.86
	2.49
	Yes

	3
	H
	16
	10
	0.0124625
	0.0279
	0.01079
	0.87
	2.49
	Yes

	4
	WPSF
	16
	10
	0.0584
	0.0604
	0.04676
	0.80
	2.49
	Yes

	5
	WRFF
	16
	10
	0.0250875
	0.0396
	0.03239
	1.29
	2.49
	Yes


Table 5.15

t values of co-efficients of models (t-test)

	Sl.No.
	Co-efficient

 bj
	           │bj│
   t =                         for Responses


   Sbj                               

	
	
	p
	w
	h
	WPSF
	WRFF

	1
	b0
	80.26
	141.64
	104.66
	85.76
	83.33

	2
	b1
	37.77
	50.70
	25.45
	13.25
	45.71

	3
	b2
	13.30
	10.80
	17.20
	7.12
	7.83

	4
	b3
	2.58
	7.49
	5.02
	1.16
	0.51

	5
	b4
	3.00
	3.31
	0.35
	3.14
	0.76

	6
	b5
	2.15
	1.56
	2.86
	2.15
	4.55

	7
	b12
	27.46
	10.80
	2.86
	24.67
	1.77

	8
	b13
	4.72
	5.23
	2.86
	0.00
	2.53

	9
	b14
	1.28
	3.14
	2.86
	3.31
	0.76

	10
	b15
	0.43
	1.91
	0.00
	2.32
	4.04

	11
	b23
	4.72
	2.09
	4.30
	5.30
	4.55

	12
	b24
	1.72
	0.70
	0.00
	4.30
	1.01

	13
	b25
	0.86
	0.52
	0.35
	0.00
	3.28

	14
	b34
	1.28
	1.39
	3.22
	0.00
	3.03

	15
	b35
	0.86
	0.52
	1.08
	3.31
	0.25

	16
	b45
	0.86
	5.57
	2.50
	4.97
	3.53


Table 5.16

Significant coefficients after t-test of models

	Sl.No.
	Co-efficient

 bj
	p
	w
	h
	WPSF
	WRFF

	1
	b0
	1.87
	8.13
	2.92
	5.18
	3.30

	2
	b1
	0.88
	2.91
	-0.71
	-0.80
	1.81

	3
	b2
	0.31
	0.62
	0.48
	0.43
	-0.31

	4
	b3
	-0.06
	-0.43
	-0.14
	
	

	5
	b4
	-0.07
	-0.19
	
	0.19
	

	6
	b5
	-0.05
	
	0.08
	0.13
	-0.18

	7
	b12
	0.64
	0.62
	-0.08
	-1.49
	

	8
	b13
	-0.11
	-0.30
	0.08
	
	-0.10

	9
	b14
	
	-0.18
	-0.08
	-0.20
	

	10
	b15
	
	
	
	-0.14
	-0.16

	11
	b23
	-0.11
	
	0.12
	0.32
	-0.18

	12
	b24
	
	
	
	0.26
	

	13
	b25
	
	
	
	
	0.13

	14
	b34
	
	
	-0.09
	
	0.12

	15
	b35
	
	
	
	-0.20
	

	16
	b45
	
	-0.32
	-0.07
	-0.30
	-0.14


Table 5.17

Effects of parameters on response

	Parameters
	Effects on Responses (ej = bj * 2)

                                 

	
	p
	w
	h
	WPSF
	      WRFF

	Main effects

	1
	V
	1.76
	5.82
	-1.42
	-1.60
	       3.62

	2
	W
	0.62
	1.24
	0.96
	0.86
	       -0.62

	3
	S
	-0.12
	-0.86
	-0.28
	
	

	4
	G
	-0.14
	-0.38
	
	0.38
	

	5
	N
	-0.10
	
	0.16
	0.26
	       -0.36

	Interactions



	12
	V W
	1.28
	1.24
	-0.16
	-2.98
	

	13
	V S
	-0.22
	-0.60
	0.16
	
	       -0.20

	14
	V G
	
	-0.36
	-0.16
	-0.40
	

	15
	V N
	
	
	
	-0.28
	       -0.32

	23
	W S
	-0.22
	
	0.24
	0.64
	       -0.36

	24
	W G
	
	
	
	0.52
	

	25
	W N
	
	
	
	
	        0.26

	34
	S G
	
	
	-0.18
	
	        0.24

	35
	S N
	
	
	
	-0.40
	

	45
	G N
	
	-0.64
	-0.14
	-0.60
	       -0.28

	Note: a blank space indicates no significant effect on the response


5.6 Results:  Final form of the Mathematical models


The models developed to predict the weld geometry and shap relationships are as follows

p = 1.87 + 0.88 V + 0.31 W - 0.06 S - 0.07 G - 0.05 N + 0.64 V W - 0.11 V S – 0.11 W S  

w = 8.13 + 2.91 V + 0.62 W – 0.43 S – 0.19 G + 0.62 V W – 0.30 V S – 0.18 V G -0.32 G N

h = 2.92 – 0.71V + 0.48 W - 0.14 S + 0.08 N – 0.08 V W + 0.08 V S – 0.08 V G + 0.12 W S – 0.09 S G -0.07 G N

WPSF
 = 5.18 – 0.80 V + 0.43 W + 0.19 G + 0.13 N – 1.49 V W – 0.20 V G – 0.14 V N + 0.32 W S + 0.26 W G -0.20 S N – 0.30 G N
WRFF = 3.30 + 1.81 V – 0.31 W – 0.18 N -0.10 V S – 0.16 V N – 0.18 W S + 0.13 W N + 0.12 S G – 0.14 G N
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6.1 Main and interaction effects of process parameters on penetration

Weld bead penetration increased from 0.99 mm to 2.75 mm when the arc voltage was increased from low level to high level in figure 6.1. Weld bead penetration increased from 1.56 mm to 2.18 mm when wire feed rate was increased from low level to high level in figure 6.2. Weld bead penetration decreased from 1.93 mm to 1.81 mm when welding speed increased from low level to high level in figure 6.3. Weld bead penetration decreased 1.94 mm to 1.80 mm when gas flow rate was increased from low level to high level in figure 6.4. Weld bead penetration decreased 1.92 mm to 1.82 mm when nozzle-to-plate distance (N.P.D) was increased from low level to high level in figure 6.5. 


The interaction effects of arc voltage and wire feed rate, welding speed and arc voltage, wire feed rate and welding speed on weld bead penetration were depicted in figure 6.6 to figure 6.8 respectively.

6.2 Main and interaction effects of process parameters on weld width


Weld bead width increased from 5.22 mm to 11.04 mm when arc voltage was increased from low level to high level in figure 6.9. Weld bead width increased from 7.51 mm to 8.75 mm when wire feed rate was increased from low level to high level in figure 6.10. Weld bead width decreased from 8.56 mm to 7.70 mm when welding speed was increased from low level to high level in figure 6.11. Weld bead width decreased from 8.32 mm to 7.94 mm when gas flow rate was increased from low level to high level in figure 6.12.


The interaction effects of wire feed rate and arc voltage, welding speed and arc voltage, gas flow rate and arc voltage, nozzle-to-plate distance and gas flow rate on weld bead width were depicted in the figure 6.13 to figure 6.16 respectively.

6.3 Main and interaction effects of process parameters on reinforcement height


Reinforcement height decreased from 3.63mm to 2.21 mm when arc voltage was increased from low level to high level in figure 6.17. The reinforcement height increased from 2.44 mm to 3.40 mm when wire feed rate was increased from low level to high level in figure 6.18. The reinforcement height decreased from 3.06 mm to 2.78 mm when welding speed was increased from low level to high level in figure 6.19. The reinforcement height increased from 2.84 to 3.00 mm when nozzle-to-plate distance was increased from low level to high level in figure 6.20. 


The interaction effect of arc voltage and wire feed rate, welding speed and arc voltage, gas flow rate and arc voltage, welding speed and wire feed rate, gas flow rate and welding speed, gas flow rate and nozzle-to-plate distance on reinforcement height were depicted in figure 6.21 to figure 6.26 respectively.

6.4 Main and interaction effects of process parameters on WPSF


WPSF decreased from 5.98 to 4.38 when arc voltage was increased from low level to high level in figure 6.27. The WPSF increased from 4.75 to 5.61 when wire feed rate was increased from low level to high level in figure 6.28. The WPSF increased from 4.99 to 5.37 when gas flow rate was increased from low level to high level in figure 6.29. The WPSF increased from 5.05 to 5.31 when nozzle-to-plate distance (N.P.D) was increased from low level to high level in figure 6.30. 


The interaction effects of wire feed rate and arc voltage, arc voltage and gas flow rate, arc voltage and nozzle-to-plate distance (N.P.D), wire feed rate and welding speed, wire feed rate and gas flow rate, welding speed and nozzle-to-plate distance, gas flow rate and nozzle-to-plate distance on WPSF were depicted in figure 6.31 to figure 6.37 respectively.

6.5 Main and interaction effects of process parameters on WRFF


WRFF increased from 1.49 to 5.11 when arc voltage was increased from low level to high level in figure 6.38. The WRFF decreased from 3.61 to 2.99 when wire feed rate was increased from low level to high level in figure 6.39. The WRFF decreased from 3.48 to 3.12 when nozzle-to-plate distance was increased from low level to high level in figure 6.40.


The interaction effects of welding speed and arc voltage, nozzle-to-plate distance and arc voltage, welding speed and wire feed rate, nozzle-to-plate distance and wire feed rate, gas flow rate and welding speed, gas flow rate and nozzle-to-plate distance on WRFF were depicted in figure 6.41 to figure 6.46 respectively.

6.6 Scatter diagrams  

The validity of the mathematical models developed were further tested by drawing scatter diagrams. Scatter diagrams for penetration, width, reinforcement, WPSF and WRFF were shown in figure 6.47 to figure 6.51 respectively. The observed values and estimated values of the responses are scattered close to the 450 line, indicating an almost perfect fit of the developed empirical model. 
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7.1 IntroductionMicrostructure of weld metal and adjacent metal is greatly influenced by the welding process and welding procedure, which influence the mechanical properties of the weld. This is because welding results in development of a temperature gradient which varies from the highest temperature encountered in the centre of the weld pool to the ambient temperature along the transverse direction to the weld axis [29]. Therefore it is essential to study microstructure and microhardness in various zones of weldment in order to understand and predict the mechanical properties a weldment. The heat input rate is one of the most important variables in fusion welding, since it governs heating rates, cooling rates and weld pool size. If V represents arc voltage, I arc current, S welding speed and η is the proportion of arc energy that is transferred as heat to the workpiece, and then the heat input rate per unit length of weld is ηVI / S. [30] 

Here in this study it is assumed that η=1 for calculating heat input per unit length. Then 

Heat input (kj/cm) = [V (volts) X I (amps) X 60] / [S (cm/min) X 1000]  

This chapter presents the experimental results of microstructure photomicrographs, analysis of phases and microhardness values of the specimens which prepared for study of weld bead geometry and shape relationships. 

7.2 Experimental procedure

The specimens prepared for study of weld bead geometry and shape relationships were polished with various grades of emery papers, starting with 180, 220,320,400,600,800 and 1200. After this the specimens were polished on rotating disc with paste of alumina abrasive powder, water were used as coolants. Finally the specimens were etched by 2% natal (98% alcohol and 2% nitric acid) and then washed off with water. Then the specimens were dried by means of blower and the microstructure of specimens was recorded by means of metallurgical optical microscope attached with camera. The analysis of phases was done with the help of image analysis software (GAIA Blue and GAIA Material).


GAIA Blue is a representative image analysis tool, which can be used for capturing image and image adjustment. After capturing an image the phase analysis can be done through GAIA Material, which is inbuilt software in GAIA Blue. Image processing set up shown in figure 7.1.


 

Figure 7.1 Image processing set up

Microhardness values of the specimens were determined using Micro Hardness Tester with a 100 g load in horizontal direction, i.e. along the horizontal axis parallel and close to the surface of the plate starting from the centre line of the weld. Microhardness was measured at an interval of 0.5mm.

7.3 Results and discussions

The microstructure at weld metal, HAZ and base metal of specimen 4 were shown in figure 7.2. The structure of weld metal consists of elongated grains of ferrite and pearlite. The structure of HAZ consists of coarse grains of pearlite surrounded with ferrite. The structure of base metal consists of grains of ferrite and pearlite.

The microstructure at weld metal, HAZ and base metal of specimen 8 were shown in figure 7.2. The structure of weld metal consists of elongated grains of ferrite and pearlite. The structure of HAZ consists of coarse grains of pearlite surrounded with ferrite. The structure of base metal consists of grains of ferrite and pearlite.

The microstructure at weld metal, HAZ and base metal of specimen 7 were shown in figure 7.2. The structure of weld metal consists of coarse grains of pearlite surrounded with ferrite. The structure of HAZ consists of coarse grains of pearlite surrounded with ferrite. The structure of base metal consists of grains of ferrite and pearlite.

The microstructure at weld metal, HAZ and base metal of specimen 5 were shown in figure 7.2. The structure of weld metal consists of elongated grains of ferrite and pearlite. The structure of HAZ consists of coarse grains of pearlite surrounded with ferrite. The structure of base metal consists of grains of ferrite and pearlite.

The microhardness values in the welding zones of specimens are shown in figure 7.14 to figure 7.21, according to the heat input. The heat input to the specimens varied from 4.56 KJ/cm to 11.76KJ/cm. A heat input of 4.56 kj/cm gave maximum microhardness values in the HAZ and weld metal of specimen 5. A heat input of 11.8 kj/cm gave minimum microhardness values in the HAZ and weld metal of specimen 4. Highest HAZ microhardness values were observed in all specimens.  

Table 7.1 Analysis of phases

	Specimen
	Present 

phases
	                      % of phases

	
	
	Weld metal
	HAZ
	Base metal

	Specimen 4

(E=11.8 kj/min)

(p=4.2 mm)
	Pearlite

Ferrite
	55-60

40-45
	85-88

12-15
	20-25

75-80

	Specimen 8

(E=8.4 kj/min)

(p=3.35 mm)
	Pearlite

Ferrite
	45-50

50-55
	80-85

15-20
	20-24

76-80

	Specimen 7

(E=5.7 kj/min)

(p=0.57 mm)
	Pearlite

Ferrite
	80-85

15-20
	75-80

20-25
	15-20

80-85

	Specimen 5

(E=4.56 kj/min)

(p=1.5 mm)
	Pearlite

Ferrite 
	50-55

45-50
	85-88

12-15
	22-25

75-78
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Figure 7.2 Microstructures of specimen 4, Magnification 200 X
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Figure 7.3 Microstructures in specimen 8, Magnification 200 X
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Figure 7.4 Microstructures in specimen 7, Magnification 200 X
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Figure 7.5 Microstructures in specimen 5, Magnification 200 X
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Figure 7.6 Microhardness distribution in specimen 1 
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Figure 7.7 Microhardness distribution in specimen 2 
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Figure 7.8 Microhardness distributions in specimen 3
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Figure 7.9 Microhardness distribution in specimen 4
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Figure 7.10 Microhardness distribution in specimen 5
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Figure 7.11 Microhardness distribution in specimen 6
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Figure 7.12 Microhardness distribution in specimen 7
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Figure 7.13 Microhardness distribution in specimen 8
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8.1 Conclusion


The effects of welding process parameters on weld bead geometry when bead-on- plate welds are deposited using GMAW process have been studied and the following conclusions may be drawn from this analysis.

· The Fractional Factorial Design is found to be very efficient for quantifying the main and interaction effects of welding parameters on weld bead responses.

· Mathematical models developed from experimental results can be used to control the welding process parameters in order to achieve the desired weld bead geometry.

· The values of weld bead penetration, weld bead width and weld penetration shape factor increase with the increase in wire feed rate. Where as these values decrease with the increase in welding speed. 

· It was observed that interaction effects have considerable influence over the weld bead geometry and their effects can not be neglected. 

· It was observed that Microhardness values are high in weld metal and HAZ at low heat input and Microhardness values are low in weld metal and HAZ at high heat input.

8.2 Scope for future work


In this study selected parameters were arc voltage, wire feed rate, welding speed, shielding gas (carbon dioxide) and nozzle-to-plate distance. Study can be done by selecting more parameters such as electrode angle, electrode type, electrode size, shielding gas type and mixture, thickness of material etc. 
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Nozzle-to-plate distance in mm
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On weld reinforcement form factor





-1





-0.8





-0.6





-0.4





-0.2





0





0.2





0.4





0.6





0.8





1





3.175





3.2





3.225





3.25





3.275





3.3





3.325





3.35





3.375





3.4





3.425





3.42





3.18





3.18





3.42





G=-1





G=+1





























Nozzle-to-plate distance in mm





WRFF
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Estimated value of Penetration in mm





Scatter Diagram for weld penetration
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Estimated value of width in mm





Scatter Diagram for weld width
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Estimated value of reinforcement in mm





Scatter Diagram for reinforcement height
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Estimated value of WPSF





Scatter Diagram for WPSF
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Scatter Diagram for WRFF
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Distance from weld centre in mm





VHN, 100g load





WM                    HAZ                                       BM





Heat input rate 6.38 KJ/cm
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Distance from weld centre in mm





VHN, 100g load





WM         	HAZ 					BM	





Heat input rate 9.41 KJ/cm
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Distance from weld centre in mm





VHN, 100g load





WM 		HAZ 				BM





Heat input rate 7.98 KJ/cm
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Distance from weld centre in mm





VHN, 100g load





WM		 HAZ				 BM





Heat input rate 11.76 KJ/cm





0





0.5





1





1.5





2





2.5





3





3.5





4





4.5





5





5.5





6





100





120





140





160





180





200





220





240





260





280





300





























Distance from weld centre in mm





VHN, 100g load





WM 		HAZ 					BM





Heat input rate 4.56 KJ/cm
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Distance from weld centre in mm





VHN, 100g load





WM 		HAZ 					BM





Heat input rate 6.72 KJ/cm





0





0.5





1





1.5





2





2.5





3





3.5





4





4.5





5





5.5





6





100





120





140





160





180





200





220





240





260





280





300





























Distance from weld centre in mm





VHN, 100g load





WM 		HAZ 				BM





Heat input rate 5.7 KJ/cm
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Distance from weld centre in mm





VHN, 100g load





WM 		HAZ 				BM





Heat input rate 8.4 KJ/cm
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