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Abstract  

Heat affected zone properties has been investigated in order to find changes in property of 

material due differences in welding parameters and conditions to achieve properties fulfilling the 

requirements put on welded structures. During welding, the high-temperature fusion process 

causes micro-structural and mechanical property changes adjacent to the weld line in the heat 

affected zone, which significantly alter the mechanical properties of the parent material.  

This work investigates mechanical properties and width of heat affected zone and microstructure 

of mild steel welded using manual metal arc welding process by preparing specimens with 

different thicknesses and welding parameters.  Experiments carried out to understand the effect 

of heat input with focus on welding current and welding speed  on hardness, tensile strength, 

toughness, width of heat affected zone and micro structure,.  

The results of the investigation indicate that significant increase in hardness with increase in heat 

input. Increase in welding speed which means decrease in heat input resulted in decrease in value 

of hardness of heat affected zone. From the experiment average HAZ hardness is higher than 

parent metal hardness by 16.5 % and HAZ toughness and tensile strength is lower than that of 

the parent material by 6.5% and 18.5% respectively. Varying the welding current found to cause 

more significant changes on mechanical properties of heat affected zone than varying welding 

speed. Thinner plates have wider heat affected zone compared to thicker plates for same heat 

input and with increase in heat input toughness and tensile strength decreased. Microstructure 

examination results show larger grain size in heat affected zone compared to the parent metal. 

Results from this work will be applicable in fabrication of low bed semi-trailer chassis 

components namely platte form and ramp. Moreover results from this work will be applicable in 

non-destructive testing of materials. 

 

Key Words: Micro structure, fusion, Heat Affected zone, Manual metal arc Welding, Parent 

Metal, Welding parameters, mild steel.  
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Chapter 1.  Introduction  

1.1. Background  

Welding is a method of repairing or creating metal structures by joining the pieces of metals 

through various fusion processes by application of high heat input. It is one of the most common 

fabrication techniques which are extensively used to obtain good quality joints for various 

structural components. Manual metal arc welding is one of the efficient and economical methods 

for joining of metals. The arc welding process is a remarkably complex operation involving 

extremely high temperatures, which produces severe distortions and high levels of residual 

stresses[1]. These extreme phenomena tend to reduce the strength of a structure, which becomes 

vulnerable to fracture, buckling, corrosion and other type of failures. Hardness is very important 

mechanical property of material but during welding high heating and rapid cooling influence the 

hardness of the weld as well as the Heat affected zone[1-4]. 

The heat affected zone is within the base metal itself and It has a microstructure different from 

that of the base metal prior to welding because it has been temporary subjected to elevated 

temperature during welding the portions of the base metal do not undergo any microstructure 

changes during welding as they are far enough away from the heat source and far lower 

temperature to which they are subjected. During the welding process some portion of the metal 

achieves the liquid state while the surrounding material suffers from the influence of the diffused 

heat. As result, three main regions can be distinguished in the weld microstructure: the base 

metal, the weld metal and the heat affected zone. HAZ is generally some millimeters in width, 

possesses an inhomogeneous microstructure accompanied with a steep gradient on mechanical 

properties[1,2]. As result a study of weld metallurgy is very important because the overall 

mechanical properties, of a weldment are determined by the characteristic properties of 

individual microstructure present in the weld deposit and the weld heat affected zone. 

A weldment introduces a structural heterogeneity with a corresponding change in hardness and 

other mechanical properties relative to the base steel. Every position in the HAZ relative to the 

fusion line experiences a unique thermal experience during welding, in terms of both maximum 

temperature and cooling rate. Thus, each position has its own micro structural features and 

mechanical properties. The partially melted region is usually one or two grains into the HAZ 
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relative to the fusion line. It is characterized by grain boundary liquation, which may result in 

cracking. 

In addition to metallurgical factors (such as the original grain size, grain orientation and degree 

prior cold work), the properties and microstructure of the HAZ highly depends on the rate of heat 

input and cooling rate. The microstructure of parent metal is known that it undergoes 

considerable changes because of the heating and cooling cycle of the welding process.  

1. 2. Statement of the problem  

Mild steel plates are popular in fabrication industry in our country and globally for their versatile 

application, excellent weldability and relatively low price. High demand and wide application of 

this material needs practical designs that fully utilize its structural capacity. The most significant 

challenge for using mild steel as structural material is the loss of strength after welding is 

involved [1,2]. During welding, the high-temperature fusion process causes microstructural 

changes adjacent to the weld line in the Heat-Affected Zone (HAZ), which significantly affect 

the mechanical properties [1].  It is expected that this phenomenon affect the final material 

properties across the weld line.  

The effects of welding on mild steel vary with the distance from the weld center; this effect may 

be categorized into areas that reflect the heat attained by the metal. The width of the HAZ, as 

well as the extent of metallurgical changes depend on the rate of heat input and heat dissipation. 

Heat input and heat dissipation are influenced by the welding process, thickness or geometry of 

the part, welding speed, and boundary conditions.  

Studies revealed change in material property after welding could be some of the factors that were 

not appropriately considered in design methodologies. The welding procedure can influence the 

strain response near weld toe in two ways: one is by generating residual stress, and the other is 

changing material properties in the heat affected zone.  

So, it is crystal clear that it is necessary to study changes in mechanical properties, 

microstructures and width of heat affected zone to minimize effects of welding on original 

properties of parent metal and contribute for design and inspection considerations. 
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1.3. Objective of the study  

1.3.1 General objective  

This study investigates mechanical and microstructure properties of heat affected zone (HAZ) of 

mild steel plates having different thickness and welded using manual metal arc welding by 

employing different welding parameters compare the results with parent metal and understand 

the changes in mechanical properties, microstructure and width of heat affected zone. 

1.3.2 Specific objective  

The following points were assessed to attain the general objective of the study:  

• Investigating mechanical properties of the heat affected zone and compare with parent 

metal properties. 

•  Investigating the effect of heat input which is highly related to weld parameters (welding 

current and welding speed) on mechanical properties and width of heat affected zone.   

• Investigating the effect of material thickness on width of heat affected zone.  

• Investigating micro structure of weld heat affected zone and compare  with parent metal 

1.4. Limitation of the study  

This work investigates microstructure, mechanical properties and width of heat affected zone of 

mild steel welded using manual metal arc welding process with reference to the weld and parent 

metal by preparing specimens with different thickness and welding parameters. This to the right 

and left of weld toe and the depth of HAZ across the thickness didn’t considered. In addition due 

the power load on the electric line from grid the current output from welding machine is lower 

than the machine reading, as a result higher current values than the recommended values used to 

weld test pieces. The effect of cooling rate which is believed to have some effects on HAZ 

properties is also not considered in this work [3]. 
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1.5 Organization of the study  

This study is organized into five chapters. Chapter1 is an introduction and back ground to the 

thesis which includes sub sections namely statement of problem, general and specific objectives, 

and organization of the study and limitations of the study. Chapter 2 presents literature review 

for the study. Literatures available around this topic reviewed in way it can contribute to this 

works and lessons and out puts from previous works properly captured in this section. Chapter 3 

focuses on experimental methods and conditions. Material, dimensions, test conditions and 

methods discussed in detail in this chapter. Chapter 4 deals with results from the study and 

discussion on research out comes. The last section, chapter 5 presents conclusions and 

recommendations for future work. 
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Chapter 2. Literature Review  

2.1 Introduction to HAZ 

A heat affected zone (HAZ) of a weld is that part of the welded joint which has been heated to a 

temperature up to solidus of the parent material resulting in varying degree of influence on 

microstructure which can result in change in mechanical properties as a consequence of heating 

and cooling cycle [1-3]. The temperature distribution around a metallic arc butt weld the leading 

edge of the temperature pattern is compressed, because the arc is continually moving cold metal 

and the trailing edge becomes extended because the arc leaves preheated metal in its wake. 

Conventional zones of the HAZ are described in Figure 1 and divided into four main regions. 

 

Part of HAZ which is heated to beyond the critical temperature of grain growth and extend up to 

the fusion boundary zone is called grain coarsened heat affected zone (CGHAZ). In this region, 

adjacent to the fusion boundary, the original microstructure has been reaustenitised at 

temperatures and retention times sufficient for marked grain growth to occur. The austenitic 

grain size attained will vary according to a number of factors like distance from the fusion 

boundary, being greatest immediately adjacent to it. Weld energy input, as a function of peak 

temperature and relative retention time. Original grain size; under the non-equilibrium 

conditions, finer austenite grain sizes may result from finer original microstructures. Steel 

compositions, particularly with respect to the presence of refractory carbides or nitrides which 

are difficult to dissolve in the available timescale at high temperature have also effect in this 

region. Composition may also affect the austenitising temperature itself and, hence, the extent of 

coarsening. The subsequent transformation products will be defined by the cooling rate, over the 

transformation range, and the composition and grain size of the prior austenite, and so may differ 

in detail from steel to steel, depending on the prior thermal history. In general, the grain 

coarsened region will consist of a variable mixture of constituents. These include one or more of 

the following, in order of decreasing transformation temperature: proeutectoid ferrite at prior 

austenite grain boundaries form; areas of high carbon content ranging from pearlite to 

morphologies in which carbides precipitate as rods or spheroids, bainitic colonies in which the 

ferrite plates may interlock or grow side-by-side in a manner resembling classical upper bainite, 

with plate widths dependent on transformation temperature; lower bainite and martensite [1]. 
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The fine grain growth portion of the heat affected zone (FGHAZ), is only exceeded in the high 

carbon constituents of the original microstructure, and the original ferrite is largely untouched. 

Some dilution of the high carbon austenite regions may occur by dissolution of the surrounding 

ferrite, and the subsequent transformed structure will depend on their composition and the local 

cooling rate. As the peak temperature progressively decreases, the size of the reaustenitised  

regions decreases, and the limit of the visible HAZ is defined by a region in which the structure 

of the pre-existing pearlite is merely degraded by some extent of spheroidisation [1-3]. 

 

Figure 1: Sub-divisions of HAZ for plain carbon steel on iron-carbon equilibrium diagram.  

Temperature ranges from 950
0
C to 1150

0
C, in the gran refined heat affected zone (GRHAZ), as 

the peak temperatures fall, the situation will eventually arise where the HAZ has been reheated 

just into the austenitising temperature range, bearing in mind the rapid heating rate and short 

retention time. This will give rise to very fine austenite, which coupled with the slower cooling 

rates at the increased distance from the fusion boundary, transforms to a fine equiaxed ferrite 

matrix with small areas of ferrite/carbide aggregate mixtures. 

In the partially transformed/ tempered heat affected zone, temperature ranges from 750 to 950
0
C. 

Outside the visible HAZ is a relatively broad zone in which the temperature peaks are low, but 

the heating times are long. This region was of great  importance with C and Mn steels, since it 

was possible for nitrogen strain ageing to occur, and was, indeed, the reason for the development 

of the original wells wide plate test, to investigate the effect of the consequent loss in cleavage 

fracture resistance, in full thickness welds [2-5].  
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2.1.1 Metallurgical and mechanical properties of HAZ 

Metallurgical characteristics of the weld metal as well as heat affected zone (HAZ) are very 

important because this directly influence the weld mechanical properties and joint performance. 

It is well known that the micro structure of base metal as well HAZ, are somewhat different with 

respect to distributions of pearlite, ferrite, and grain size depending on the weld condition 

adopted. In a pass of the welding touch, the material is rapidly heated to the maximum 

temperature and allowed to cool more slowly by conduction of heat into the bulk of the parent 

metal. Phase changes can occur depending on the temperature reached. Sufficiently far from the 

weld pool, the material remains unaffected [1,2].  

The region next to the fusion zone where microstructure changes have occurred but no melting 

of base metal will be affected by heat generated due to welding process. Such microstructure 

changes can affect the mechanical properties of the weld and need to be controlled. At lower 

energy input (i.e. with low level of current), the time for solidification is less. The rapid cooling 

promotes smaller grains. With higher energy input, the time required for solidification decrease, 

and therefore cooling rate slows down which yields coarse grain. Coarse grain in the 

microstructure indicates lower hardness and low tensile strength. Mechanical properties are 

important characteristics of the weldment that must confirm to the application feasibility as well 

as functional requirement of the welded joint [5].  

These include hardness, impact strength (toughness), yield strength, ultimate tensile strength, 

percentage elongation, resistance to wear and corrosion etc. These mechanical properties greatly 

depend on weld microstructure, which in turn is related to cooling condition, composition of base 

metal, wire electrode as well as flux. Moreover welding process parameters also improve 

direct/indirect influence on weld mechanical properties and microstructure.  Examined the 

effects of two fluxes of different basicity’s when used with two experimental wires and a 

Columbian bearing base plate, the flux basicity was seen to have an effect on the transfer of 

hardenability element of the weld deposit and on the result and microstructure and impact 

properties. Quantitative image analysis was used to document the effect of flux basicity on 

microstructure and not metallic inclusion found that filler material and flux composition in 

MMAW would influence the growth of austenite consideration. It is demonstrated that the notch 

toughness of the coarse grained HAZ decreased with increased in energy input. They also found 
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that stress relieving reduced the notch toughness of both the weld metal and HAZ as a result of 

embrittlement caused by carbide precipitation [4].  

The other paper provided some information to deal with a few of the important mechanical 

properties and described some of the innovative treatment under development for the production 

of better welds or for the exploration of welding technologies in novel application [3].  

It has been found that the lower the micro shear toughness, the smaller the charpy V-notch 

impact toughness, as well as the tearing modulus. Finally, the results showed that the micro shear 

test method may be developed as a supplement test method investigated the effect of coarse 

initial grain size with varying heat input on microstructure and mechanical properties of weld 

metal and heat affected zone. It was concluded that the coarse initial grain size had a great 

influence on the microstructure, hardness and toughness of HAZ of low carbon steel. The 

investigators recommended a higher heat input to obtain maximum toughness of the HAZ in the 

welding of grain-coarsened low carbon steel, taking into consideration the plate thickness [1, 5].  

An experiment made with all weld metal deposited with various types of electrodes and reported 

the role of different alloying elements such as manganese, carbon and chromium on the tensile 

properties, hardness as well as in the microstructure of MMAW weldment. The experiment 

suggested criteria for selecting the weld metal composition of tensile strength and toughness. It 

was concluded that an increase in Mn, C or Cr individually produced an increase of tensile 

strength and hardness the relationship between microstructure and toughness of weld deposit was 

studied by means of hardness, V-Charpy notch and metallographic test in specimens at 

transversely the weld beads [4].  

2.1.2 The nature of the heat affected zone   

The visible weld heat affected zone (HAZ) is by definition, that part of the weld joint lying 

between the fusion boundary with the weld metal and that part of the structure retaining, at the 

optical microscopy level, the original as-delivered microstructure. Within this narrow band, a 

few millimeters wide, the steel will have been subjected to one or more thermal cycles due to 

heating by the individual weld beads laid down. The nature of these thermal cycles at a given 

location in the HAZ is a function of the position relative to the weld bead, and the factors 

affecting heat flow (thickness, initial steel temperature, weld energy input).  
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The reheated areas of HAZ's can often be observed in macrographs of multi run welds. Within 

this narrow band of material, there exists a continuum of heating cycles, decreasing in peak 

temperature and overall cooling rate, from the fusion boundary to the outer HAZ edge, giving 

rise to microstructures which change continuously over this region. A number of general zones, 

within the visible HAZ, can be identified, the extent and nature of which will vary with steel 

composition, the thermal cycle sustained and, to a variable extent of the original microstructure. 

These factors are adequately dealt with in the more modern fine grained CMnNb and CMnNbAl 

steels, and nitrogen strain ageing is no longer the potential problem it was. The various regions 

described above merge into each other and it would be impossible in most instances to decide on 

a distinct boundary between them. In practice, there is no great necessity to do so, since, so far as 

fracture resistance is concerned, it is the grain coarsened region which shows the greatest degree 

of degradation from the original properties. The extreme heterogeneity of even the HAZ adjacent 

to a single run weld, to which must be added the variability of tempering by subsequent runs, in a 

multirun situation, delineates the problem facing the research worker investigating the properties, 

or even the microscopy, of real welds. The process zone associated with the smallest mechanical 

test piece is bound to encompass regions of markedly different microstructures and properties, 

tending to blur any relationships sought between structure and properties and, possibly, to 

introduce scatter in repeat tests taken from nominally the same position with reference to the 

weld. To some degree, the original steel is itself heterogeneous with variable structures from 

surface to center and center to edge in plate products, and between regions of differing thickness 

in rolled sections [1,3,5].  

2.1.3 Importance of heat affected zone properties 

The overall aim in a welded joint, with respect to fitness-for-purpose, must be to obtain a joint in 

which the three component parts consists of parent steel, HAZ and weld metal, are each capable 

of withstanding the demands which the application places upon them, bearing in mind the 

probable size and location of defects either present after fabrication or developing during service. 

The degree of attention which the engineering industry has focused on each of these three types 

of material has varied from time to time, depending on the major current problems [1-5]. 

In the early days of brittle fracture, the major cause of concern was the fracture toughness of the 

parent material, leading to the wide spread use of  the Charpy impact test to classify materials, as 

an aid to selection of steel  for applications of varying severity [6]. Other studies of the factors 
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affecting toughness led to a long process of improvements in steel composition and processing, 

has led to a situation where, it is possible to conclude that, for the majority of structural 

applications, the range of steels currently available is adequate to guarantee safety against fast 

fracture over those parts of the structure unaffected by welding. As steel properties have 

improved, and as welded structures have developed into larger and more complex designs, 

increasingly operating under more severe conditions and with serious commercial and safety 

penalties in the event of failure, complementary developments in welding consumables and 

procedures have been necessary [2,8]. The offshore oil and gas field exploitation, and the 

accompanying distribution systems and processing plants, have resulted in a marked increase in 

fundamental work and commercial development work on both manual and automatic 

consumables and procedures, such that the properties required, particularly fracture toughness, 

have been achievable in massive complex structures. Defect tolerance approaches to design, 

facilitated by improved stress calculation methods and inspection techniques have played a vital 

role. Interest in the HAZ has varied from time to time, in technical terms, and has in more recent 

years assumed strong commercial aspects. 

In the past, the importance of HAZ toughness has been closely considered with the incidence of 

hydrogen induced cold cracking, on which a vast amount of research work has, and is being 

carried out. It is now clearly understood that three conditions must be present for H2 cracking to 

occur: - An HAZ with a susceptible hardened microstructure, promoted by higher carbon 

equivalent values (CEV) and faster cooling rates [2,3].  

Until relatively recently, the properties of the HAZ have only been regarded in the sense of their 

ability or otherwise to tolerate the presence of spasmodic hydrogen cracking. The relative defect 

tolerance of the HAZ against other potential failure modes has, by comparison, received much 

less attention, historically, perhaps for the very good reason that it is almost impossible to 

discover any failures in which the HAZ has been the prime cause, except in the presence of H2 

cracks. The measures taken to design out hydrogen cracking (lowering of CEV, reduced cooling 

rates, etc.) will also tend to improve the fracture toughness of the HAZ a dual gain in joint 

reliability. Therefore, the potential failure modes are initiation from lack of fusion/penetration 

defects, after fabrication, or due  to environmental effects during service (fatigue, stress 

corrosion, corrosion  fatigue)[7].  The toughness required to withstand preexisting fabrication 

defects can be assessed using well established defect tolerance approaches, based in this case on 
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the grain coarsened HAZ properties, together with knowledge of the service stresses and NDT 

discrimination level. The situation with respect to in-service cracking is extremely complex, 

particularly when corrosive environments are involved. Design procedures against fatigue in 

normal atmospheres are well established and now being included in British Standards. HAZ's are 

of interest because the likely initiation sites at the edges of the weld reinforcement, for instance, 

will ensure that the growing crack will, firstly, have its tip located in the HAZ for the first part of 

its growth, and, secondly, will, during this period, be subjected to the maximum stress 

concentration factors due to the weld profile and any geometric effects associated with the weld 

location. It is relatively easy, however, to define a worst case after the potential fatigue initiation 

sites have been identified and to calculate the fracture toughness required to ensure the survival 

of the structure over this interval of fatigue crack growth. A number of factors combine to reduce 

the probability of failure from fatigue cracking: The region of lowest toughness, the grain 

coarsened HAZ, usually has the highest strength, and an advancing crack will tend to turn 

rapidly away into softer material, of higher toughness [3,8]. This phenomenon presents constant 

problems in the fatigue pre cracking of HAZ test pieces, particularly where cracks adjacent to the 

fusion boundary are required. The outer areas of the HAZ and the parent plate, which come into 

play as the crack grows, are of higher toughness and can provide the necessary increased defect 

tolerance, once this initial danger period is over. In many instances, e.g. fillet welds, the stress 

concentration factor associated with the fatigue crack initiation sites decays very rapidly, and this 

effect coupled with the probability of increasing crack tip toughness, can cause a progressive 

decrease in crack growth rate [4].  

The crack tip fracture toughness, per se, may be reduced, resulting in a lower tolerable defect 

size. Crack growth can continue under lower stress ranges, making the situation of sessile non-

critical cracks less likely. The relatively high strength of some parts of the HAZ, in comparison 

to the parent plate, and the presence of residual stresses from welding can sensitize the areas 

adjacent to welds to certain forms of environment cracking. In some cases, the resistance of the 

parent steel to more generalized types of cracking will be important. The consideration of these 

environmental effects, which are of prime interest at present in the oil and gas recovery and 

processing fields, are, however, outside the scope of this report, but may have some influence on 

attitudes towards the properties of welded joints under less severe conditions.  
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Steel and/or weld procedure selection may be constrained, for instance, by a maximum HAZ 

hardness criterion. Another important aspect which has reduced the effect of local embrittlement 

is the narrowness of the band of material worst affected, generally 1 mm or less. Unless the 

properties are at or, near the lower shelf of the transition behavior, or loading is extremely rapid, 

the plastic zone at the crack tip will be able to grow, under increased loading, to such an extent 

that tough material on either side becomes involved in the pre fracture process zone, giving 

increased crack tip toughness. Ductile crack growth, if it occurs and the mechanical constraints 

on crack propagation are not too severe, will tend to favor movement into softer and tougher 

HAZ regions. There is a close similarity to the situation referred to above for advancing fatigue 

cracks, in that once an initial danger period is past, the situation at the crack tip can improve 

markedly. This inability of most HAZ's to contain a critical event is the most likely reason for 

the absence of failure case histories citing the properties of sound HAZ's as a cause of failure, 

and has led to the recommendation in the UK that it is unnecessary to carry out HAZ testing, on 

the normal types of structural steels, where the weld energy lies between 1.5 kJ/mm and 4-4.5 

kJ/mmt1-7)- There is, of course, great commercial interest in increasing productivity by using 

higher weld energies, but it becomes advisable then to assess the effect of HAZ degradation, 

since the increased HAZ width may allow the HAZ to assume a potentially more significant role 

in possible failure modes [16]. 

Heat affected zones in electro slag welds are an extreme case, being not only extremely wide, of 

the order of 5-8 mm, but having an extended region of very coarse austenitic grain size adjacent 

to the fusion boundary. The combination of low toughness and large width make the reliability of 

the HAZ for structural purposes very suspect. The weld metal, similarly, with a coarse as-cast 

structure, has very poor toughness, and it has been usual to normalize electro slag welds intended 

for service at ambient temperatures. The economic advantages of the process still motivate 

development work, directed towards improving the as-welded properties of electro slag welds, 

such as narrow gap welding to reduce heat input, improved alloyed weld metals, and the use of 

steels more tolerant of high heat inputs [5]. 

2.2 Influence of welding parameters on HAZ properties  

 In order to understand the developing microstructure in a weld metal it is important to consider 

the welding parameters applied. It has been well researched that the microstructure that develops 

in the weld joint is influenced by the chemical composition of the base metal, the filler metal, the 
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flux and the actual cooling rate experienced by the weldment [1-3]. These factors includes the 

heat input, alloy chemistry and weld pool geometry all of which affect the actual cooling rate 

experienced by the weld joint and, consequently, its microstructure and mechanical properties. 

2.2.1 Effect of heat input on HAZ  

Heat input is a relative measure of the energy transferred per unit length of weld. It is an 

important characteristic because, like preheat and interpass temperature, it influences the cooling 

rate, which may affect the mechanical properties and metallurgical structure of the weld and the 

HAZ [1,3,4]. It is calculated from equation 1 below  

 

𝐻 =
60𝐸𝐼

1000𝑠
……………………………….……………………. (1) 

H = Heat input (kJ/inch or kJ/mm) 

           E = Arc voltage in Volts 

           I = Current (Amps) 

           S = Travel speed (inch/min or mm/min)  

 

Starting from the universal differential Eq. (2), Analytical models of heat conduction in welding 

were derived that describe the effect of momentary and movable heat sources on individual 

models of solids being welded. 

𝜕𝑇

𝜕𝑡
 =𝛼(

𝜕2T

𝜕𝑥2 + 
𝜕2T

𝜕𝑦2 + 
𝜕2T

𝜕𝑧2) ………..…………………………….. (2) 

 α – coefficient of thermal diffusion m
2
/s. 

This is a second order homogenous partial linear differential equation of parabolic type that 

provides the connection between the temperature change rate of a given point and the 

temperature distribution in the environment of that point. If a workpiece is influenced by a heat 

source F(x,y,z,t) and simultaneously heat transfer from a metal object to its environment occurs, 

the heat conduction Eq. (2) will have the following form: 

 

𝜕𝑇

𝜕𝑡
 =𝛼(

𝜕2T

𝜕𝑥2
 + 

𝜕2T

𝜕𝑦2
 + 

𝜕2T

𝜕𝑧2
)+

1

𝜌.𝑐
 . F(x,y,z,t)-b.t …….………………………. (3) 
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Whereas: c, λ, ρ − material’s physical properties; b − coefficient of temperature drop intensity 

due to heat transfer from the object into the environment, s−1. The differential Eq. (2) resulted in 

solutions for cooling upon the action of a fixed momentary (impulse) heat source for common 

combinations of solid shape and the shape of fixed heat sources. 

 

The effect of heat input on microstructure has been extensively investigated by researchers. For 

example, Kumar et al. [16] studied the influence of heat input on the microstructure and 

mechanical properties of gas tungsten arc welded 304 stainless steel (SS) joints. Three heat input 

combinations designated as low heat (2.563 kJ/ mm), medium heat (2.784 kJ/mm) and high heat 

(3.017 kJ/mm) were selected from the operating window of the gas tungsten arc welding process. 

The results of the investigation indicate that significant grain coarsening was observed in the heat 

affected zone (HAZ) of all the joints and it was found that the extent of grain coarsening in the 

heat affected zone increased with increase in the heat input. The average dendrite length and 

inter-dendritic spacing in the weld zone was found to increase with increase in the heat.  

2.2.2 Effect of cooling rate on HAZ  

The cooling rate of weldments depends on the heat input by the welding arc. Heat input is 

controlled by three variables, namely: current, voltage and travel speed. It is generally believed 

that travel speed affects heat input and heat input affects the cooling rate. With higher heat input 

the cooling rate is faster and vice versa. During welding, a large amount of heat is applied. 

Solidification of the weld pool takes place followed by cooling to room temperature. The heat 

applied is transferred during and after welding by conduction from the molten pool to the base 

metal and creates the heat affected zone. The cooling rate is a primary factor that determines the 

final metallurgical structure of the weld and HAZ. There are many models developed for 

understanding the concept of cooling rate in a welded joint. The results showed a significant 

cooling rate near the HAZ. It was found that the major influential property in connection with 

cooling rate, is heat loss. It is well established that microstructure and micro-hardness depend on 

the cooling rate. Increasing cooling rate generally will lower the austenite to ferrite 

transformation start temperatures [20]. The effect of cooling rate on residual ferrite content and 

composition was evaluated [15]. It showed that as the cooling rate increased, the amount of 

retained ferrite increased, the ferrite's chromium content decreased, and its nickel content 

increased.  
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The effect of cooling rate on the evolution microstructural product such as allotriomorphic ferrite 

and pearlite was studied [3]. The study concluded that lower cooling rates cause the development 

of other phases such as allotriomorphic ferrite or pearlite but a high volume fraction of acicular 

ferrite can be achieved using two stage continuous cooling cycles. The role of cooling rate in a 

welding process is critical in obtaining improved toughness, ductility and minimal residual 

stresses in the weld. It is also necessary to understand the stability of ferrite under multiple-pass 

welding conditions or during elevated-temperature applications by utilizing cooling rate 

information. 

2.3 Manual metal arc welding 

Welding is one of the most common fabrication techniques which is extensively used to obtained 

good quality weld joints for various structural components. Shielded metal arc welding is one of 

the world's most popular welding processes, accounting for over half of all welding in some 

countries. Because of its versatility and simplicity, it is particularly dominant in the maintenance 

and repair industry, and is heavily used in the construction of steel structures and in industrial 

fabrication. In recent years its use has declined as flux-cored arc welding has expanded in the 

construction industry and gas metal arc welding has become more popular in industrial 

environments [1]. 

Manual metal arc welding was first invented in Russia in 1888. Manual metal arc welding 

(MMAW) is also known as shielded metal arc welding (SMAW), flux shielded arc welding or 

informally as stick welding. The development of coated electrodes did not occur until the early 

1900s when the Kjellberg process was invented in Sweden and the quasi-arc method was 

introduced in the UK [1].  It is worth noting that coated electrodes were slow to be adopted 

because of their high cost. However, it was inevitable that as the demand for sound welds grew, 

manual metal arc became synonymous with coated electrodes.  

Manual metal arc welding is a process that melts and joins metals by heating them with an arc 

established between a sticklike covered electrode and the metals, as shown in Figure 2. It is often 

called stick welding. The electrode holder is connected through a welding cable to one terminal 

of the power source and the workpiece is connected through a second cable to the other terminal 

of the power source. The core of the covered electrode, the core wire, conducts the electric 

current to the arc and provides filler metal for the joint. For electrical contact, the top 1.5 cm of 

the core wire is bare and held by the electrode holder. The electrode holder is essentially a metal 
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clamp with an electrically insulated outside shell for the welder to hold safely. The heat of the 

arc causes both the core wire and the flux covering at the electrode tip to melt off as droplets.  

The molten metal collects in the weld pool and solidifies into the weld metal. The lighter molten 

flux, on the other hand, floats on the pool surface and solidifies into a slag layer at the top of the 

weld metal. [1]  

 

Figure 2: Schematic diagram of manual welding process 

When an arc is struck between the metal rod (electrode) and the work piece, both the rod and 

work piece surface melt to form a weld pool. Simultaneous melting of the flux coating on the rod 

will form gas and slag which protects the weld pool from the surrounding atmosphere. The slag 

will solidify and cool and must be chipped off the weld bead once the weld run is complete (or 

before the next weld pass is deposited).  

Welding has made significant impact on the large number of industry by raising their operational 

efficiency, productivity & service life the plant and relevant equipment. The present trend in the 

fabrication industries is to automate welding processes to obtained high production rate. Shielded 

(manual) metal Arc welding, which is heat-type welding, is one of the most important 

manufacturing operations for the joining of structural elements for a wide range of applications, 

including guide way for trains, ships, bridges, building structures, automobiles, and nuclear 

reactors, to name a few [4-5].  
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Figure 3: Range of application for different type of welding 

MMAW requires a continuous supply of either direct or alternating electric current, which create 

an electric arc to generate enough heat to melt the metal and form a weld. The arc welding 

process is a remarkably complex operation involving extremely high temperatures, which 

produces severe distortions and high levels of residual stresses. These extreme phenomena tend 

to reduce the strength of a structure, which becomes vulnerable to fracture, buckling, corrosion 

and other type of failures. Hardness is very important mechanical property of material but during 

welding high heating and rapid cooling influence the hardness of the weld as well as the heat 

affected zone (HAZ). 

 

Figure 4: relative thermal efficiency of different welding types 

2.3.1 Chemical aspect of manual metal arc welding 

It is quite understandable that composition of base metal, electrode wire and flux impose 

profound effect on chemical properties of the welded joint, which in turn depends on 

microstructure of weld metals and heat affected zone (HAZ). A manual metal arc (MMA) 
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electrode consists of a metal core rod and a clay-like covering and powdered minerals such as 

fluoride carbonate oxide, organic minerals and alloying additives [1]. A silicate binder is used to 

help extrude the flux ingredient into the metal core rod. During welding both base metal and 

electrode are melted by the heat generated from arc. Many factors are responsible for the transfer 

mode of MMA welding. The major ones are the current, voltage, electrode diameter, melting 

temperature of the core material, coating thickness and temperature of the electrode. Literatures 

reported about higher penetration due to increase in Sio2 content of the flux. It was reported that 

sodium and potassium salt and other elements which improved arc stability and reduced cathode 

spot wandering generally increased penetration [5]. 

2.3.2 Electrode melting rate 

Literature depicts that ample work has been done to study the effect of parameter variations, base 

metal and flux composition on electrode melting rate during MMAW. Studied the characteristics 

of the weld bead penetration, melting rate under variable operating current conditions and found 

that those increase in current and also investigated that increase in welding voltage produced 

flatter and wider beads with increased flux composition studied the effect of welding parameters 

on weld bead geometry as well HAZ and concluded that welding parameters and influx basicity 

appreciably influenced the depth of penetration of the weld bead. Conducted experiments 

employing modified refractory flux welding and studied the effects of welding variables on 

formation of root (backside) welds, including the root bead (deposit inside the groove) and root 

reinforcement (deposit outside the groove). The work also revealed that welding variable 

produced profound and sometimes conflicting effects on the root weld’s shape. For example 

increasing the current increased the deposition rate and the depth of joint penetration; however 

root bead shape detoriated and slag pockets formed, which might invoke defects in the weld [1, 

5,7]. 

2.4 Mild carbon steels 

The first recorded use of iron was the ancient Assyrians about 3700 B.C. This given them an 

advantage compares to other nation since it was in making weapons [11]. Low/mild carbon steel 

is steel that contain fine grain and it started being designed since years of 1960. Mild carbon steel 

can be classified when the carbon content is lower than 0.2 percent (American Society for 

Testing and Materials). 
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Low carbon steel is widely used in fabrication industry due to excellent to weight ration and one 

of the applications are in automobile industry [11,17] This material is suitable to use in 

automotive industry because it can absorb high impact force without cracking. This happen 

because it has low carbon which make it as ductile  material compare to high carbon steel that 

more brittle and easy to crack although it have more strength. The used of low carbon steel is not 

limited just on creating the frame for bridge construction or building construction only but low 

carbon steel also is used a lot in making car chassis for automotive industry because of the high 

strength, brittle and easily to welding. This material also good in weight because it reduces the 

weight of material that being used which can help to reduce oil consumption at once decrease the 

gas emissions and improves crash safety . Now through studies and sophisticated technology will 

expand the application of low carbon steel in the used for bridge construction industry. Low 

carbon steel is used as a bridge frame. Low carbon steel also work as a link for bridge 

construction in many way purposely for strengthen the bridge frame structure to make sure it will 

not easily deflected or strain experienced because of high loading force. Other than that, it also 

will be welding between two part of low carbon steel is carried out to combine and usually 

strengthen the frame of bridge.  

2.4.1 Properties of mild steel 

Mild carbon steel is a steel that contain fine grain with ferrite phase structure. The mechanical 

properties for low carbon steel are better because of soft matric ferrite with good ductility. These 

become the factor to low carbon steel to have good mechanical properties which is from the high 

in yield and tensile strength and also high absorption force. Other than that, mechanical 

properties for low carbon steel is depends on others various factor such as ferrite mechanical 

properties which contains carbon and fine grain size. Final strength for ferrite structure is 

determined through the decrease of carbon content in the material. The reduction of carbon 

indirectly will increased the elongation of low carbon steel when there is a tensile load. This 

shows that a ductility property of the material is increased. The ductility of the low carbon steel 

is also being influence by the increment of fraction grain boundaries which will increase the 

number of dislocation sources which in turn would increase the frequency of the dislocation 

density and high strength carbon steel [1,11]. 
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Low carbon steel will be able to absorb a high shock impact and this mechanical properties is 

really needed in construction industry to absorb any force that being given to the bridge frame to 

make sure the structure of bridge always in strong condition and did not collapse easily. Welding 

process that created on the low carbon steel material is a one of the factor that influence the 

change in mechanical properties because this process will control the material phase size, volume 

fraction and others phase formation in low carbon steel material. This is because, welding 

process will created heat which is being called heat affected zone (HAZ). The heated given on 

low carbon steel will come from welding process which change the ferrite phase to and austenite 

phase and back into ferrite phase. This will increase the strength of material but the ductility will 

decreased because of hardness material is increased. Next it will decreased the level of 

absorption shock that being given to the material.  

 

Low carbon steel is produce for various applications such as in automotive industry and 

construction industry. Mechanical property for low carbon steel is greatly influenced by the 

phase structure of the material and others alloy elements that being added into low carbon steel. 

The content in low carbon steel influenced the ferrite phase structure in the material.  
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Chapter 3. Experimental Methods and Conditions 

3.1 Materials  

Chemical composition of materials used specifically test plate and welding electrode in the 

experiments are discussed in brief in this section. These materials and welding techniques were 

selected because of their availability and wide range of application in medium and small scale 

metal fabrication industries in Ethiopia and globally [17]. 

 

3.1.1 Test metal 

Probably the most important factor relating to the weldability of steels is their chemical 

composition. The term weldability has no universally accepted meaning and the interpretation 

placed upon the term varies widely according to individual viewpoint. The American Welding 

Society defines weldability as the capacity of a metal to be welded under the fabrication 

conditions imposed, into a specific, suitably designed structure, and to perform satisfactorily in 

the intended service. The selected carbon steel plate has excellent weld ability and instantly 

welded by all the conventional welding processes, Good balance of toughness, strength and 

ductility. The material also has a wide range of application in fabrication industry. 

The chemical composition, mechanical and physical properties of test piece is given in table 1 

and 2 below respectively. Spectrometer test has been done to know the chemical composition of 

test piece  and from the table comparing chemical composition the specimen is equivalent to 

carbon steel SAE 1003. 

Table 1: chemical composition of test sample 

 

 

Material  Chemical composition   

SAE 1003 Carbon, C  Manganese, 

Mn  

Iron, Fe Phosphorus, 

K   

Sulfur, S   Chromium, 

Cr 

0.026 0.27 99.4 0.023 0.004 0.015 
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Table 2: Mechanical and physical properties of mild steel  

 

Material  Mechanical  & physical properties  

SAE 1003 Tensile 

Strength, 

Ultimate  

Tensile 

Strength, 

Yield  

Elongation 

before 

fracture   

Poisson’s 

Ratio  

Shear 

Modulus  

Density  

380 MPa  205MPa  25.0 % 0.290  80.0 GPa  7.87 g/cc 

 

3.1.2 Electrode  

Carbon steel welding electrode is suitable to work in all positions with excellent welding 

technological properties, stable arc, less splash and shaped good appearance, Due to this property 

AWS E6013 mild steel welding electrodes are selected. 

  
Table 3: Electrode conditions 

 

Electrode type E 6013 

Electrode diameter 3.2 mm 

Electrode extension 20mm 

Electrode feed rate 180mm/min 

Work angle 30
o   

from vertical 

Type of welding Horizontal 

 

3.2 Dimensions   

Cut 100mm X 110mm pieces using shearing machine, do not use any thermal cutting devices to 

avoid interruption on test results due to heat generated in the cutting process. (12 pieces needed 

for one thickness). 
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Figure 5: Sample dimensions  

3.3 Conditions 

3.3.1 Welding method 

Manual Metal Arc Welding (MMAW) is selected as a welding process; this process involves 

striking an arc between a covered metal electrode and a work piece. Manual Metal Arc welding 

is the most flexible and one of the most widely used arc welding processes. Manual metal arc 

welding is one of the efficient and economical methods for joining of metals. For this specific 

work CEMONT Welding Machine having the following specification used. 
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Figure 6: Welding machine used for experiment  

 

CEMONT YARD power sources are rectifiers for MMA coated electrode welding. They are well 

suited for both workshop and outdoor working conditions. Easy to use with adjustment using the 

shunt, they are for professional and intensive applications. 

 

Table 4: Specification of welding machine 

 

Input power 22.8 KVA – 13 KW 

Maximum input current  57 A – 30 A 

Input voltage bi tension 230 V 
three phase 400 V 

Effective input current 34 A – 19.5 A 

Welding current range 50 A – 325 A 

Connector size   13 mm 
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Start 

End 

3.4 Experimental method 

The systematically organization of this study is represented in flow chart in figure 7. To 

investigate the properties of heat affected zone it is important to come up with optimum welding 

conditions for experiment first. As a result three of the most influential welding parameters 

namely welding current, welding speed and arc voltage on quality of welding identified.  Then 

investigation of welding parameter optimization for weld bead quality using manual arc welding 

technology is done. This customizes system to ensure the optimum welding current and travel 

speed of welding process of experiment sample. Manual arc welding is extensively used for 

making straight welds using the same welding machine and electrode used for making final 

experiment samples. The work pieces are then clamped in a steady position on the working 

bench. In this work, mild steel plate AISI 1003 and electrode AWS E6013 which is similar to be 

used to make the test samples chosen to optimize the welding parameter 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

  Figure 7: Methodology flow chart 

Design of experiment 

Conduct experiment and data collection 

Data validation 

Result 

Conclusion 
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3.5 Design of experiment  

In this project, design of experiment considers multiple factor interaction effects. The experiment 

is carried out by running the complete set of noise factor settings at each combination of control 

factor settings (at each run) to come up with optimum welding condition before setting 

parameters for this specific work oh heat affected zone of weld. The response data from each run 

of the noise factors in the outer array are aligned in a row, next to the factors settings for that run 

of the control factors in the inner array. Taguchi Technique is applied to plan the experiments to 

decide optimum welding parameters for making experiment samples. The Taguchi method 

provide good improvement productivity during this work and development, so that high quality 

weld can be produced quickly and at low cost for experiment. The DOE using Taguchi approach 

can significantly reduce time required for experimental investigations. In this investigation, in 

the first stage, Taguchi's orthogonal arrays were used to conduct the experiments to find the 

optimum welding condition for selected material. Analysis using Taguchi design L9 (3**3) 

which represents, 

 L9 9 RUNS 

 3 3 LEVELS 

 3 3FACTORS 

The following are the 3 Levels which are considered in Taguchi design 

 High 

 Medium 

 Low 

The combination Design of Experiments with optimization of welding control parameters to obtain best 

results can be achieved in the Taguchi Method and table 5 below shows the selected welding parameters 

and their level. 

Table 5: Electrode conditions  

 

Welding parameter Level 1 Level 2 Level 3 

Welding current (A) 200 240 280 

Welding speed (mm/min) 80 90 100 

Arc voltage (V) 22 25 28 
 

To optimize welding parameters for this experiment nine set of specimen of welded AISI 1003 samples 

with different set of combination of parameter had been carried out. 
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Table 6: Taguchi design L9 (3**3) for input value parameter setting of weld bead 

 

Sample of weld bead Welding current (A) Welding speed (mm/min) Arc voltage (V) 

A 200 80 22 

B 200 90 25 

C 200 100 28 

D 240 80 25 

E 240 90 28 

F 240 100 22 

G 280 80 28 

H 280 90 22 

I 280 100 25 

 

The welds are inspected visually for penetration and hardness of the weld bead measured using 

Vicker’s hardness. Welds with better penetration and welded bead surface that showed highest 

reading of HV value was the most preferable criteria.  

Optimization of control parameters to obtain best results for surface roughness and highest value 

of hardness is achieved by using the Taguchi Method. 

In Taguchi method, there are 3 Signal-to-Noise ratios of common interest for optimization. There 

are 3 Signal-to-Noise ratios of common interest for optimization 

i. Smaller-The-Better: 

                  n = -10 Log10 [mean of sum of squares of measured data] 

ii. Larger-The-Better: 

                  n = -10 Log10 [mean of sum squares of reciprocal of measured data] 

iii. Nominal-The-Best: 

                   n = 10 Log10 
𝑠𝑞𝑢𝑎𝑟𝑒 𝑜𝑓 𝑚𝑒𝑎𝑛

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒
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From the optimization experiment 200A, 80mm/min, and 25V found to be optimal Welding 

current, welding speed and arc voltage values respectively for 6mm thick plate. . 240A, 

80mm/min, and 25V found to be optimal Welding current, welding speed and arc voltage values 

respectively for 8mm thick plate. 280A, 100mm/min, and 25V found to be optimal welding 

current, welding speed and arc voltage values respectively for 10mm thick plate. Optimum 

welding currents are 200A, 240A and 280A while optimum welding speeds are 80mm/min and 

100mm/min In this work welding parameters to be considered to study mechanical properties 

and microstructure of heat affected zone are,  

 Current and 

 Welding speed  

Welding voltage kept constant at optimum. The tested welding current value set combining 

optimum currents set by different thickness to see its effect when this parameter is at optimum or 

below and above the optimum values by varying the current values.. 

Table 7: Selected welding current for the experiment 

 

Welding speed is the linear rate at which an arc is moved along the weld joint. With any 

combination of welding voltage and welding current, the effect of changing the welding speed 

confirms to a general pattern.  Weld penetration is affected more by welding speed than any 

variable other than current. Controlling welding speed is one of the challenges provided manual 

arc welding technique As a result the welding is done with accuracy of +/- 3 seconds to weld the 

pieces. The tested welding speed set by optimization experiment, while voltage kept constant at 

optimum value. 

Table 8: Selected welding speed for the experiment  

 

 
 

 

 

 

Welding Parameters  

  

Current values for experiment (A)  

 

Current  

 

200 

 

240  

 

280 

 

Welding Parameters  

  

Welding speed values for experiment (mm/min) 

 

Welding speed  

 

80 

 

100 
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3.6 Sample preparation 

Appropriate sample design and preparation is crucial to come up with valid results. The 

following figure shows the general procedure followed for sample preparation and details are 

discussed under section 3.6.2 

 

 

 

 

 

Figure 8: Process flow chart for test piece preparation 

Mild steel plates of thickness 

6mm, 8mm and 10mm cut 

with dimension of 100X100 

mm, 12 pieces needed for 

each thickness 

Work pieces cut with single 

V edge of 60
o

 , root spacing 

2mm and root face of 2mm. 

Surface of all samples 

cleaned 

Welding is done as per the stated 

parameter, the test samples for 

hardness, tensile, toughness and 

microstructure tests prepared 

from each 18 work pieces. 

Tensile test sample made as per ASTM E8/E8M cut from 

adjacent to the weld bead using power hack saw and 

machined to dimension. Tests carried out as per ASTM 

A370-14 using calibrated tensile testing machine 

Samples for micro structure made in accordance to ASTM 

E 23. The same pieces used for hardness testing after 

micro structure investigation 

Toughness test pieces are prepared using E23-07a standard 

from a piece cut from cross section of weld bead of the 

work piece. For this experiment charpy V notch impact 

test is used 

Samples for hardness made in accordance to ASTM E 23. 

The same pieces used for hardness testing after micro 

structure investigation 
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3.6.1 Welding work piece  

3.6.1.2 Pre weld surface cleaning 

The surfaces of edges of the work pieces are suitably prepared by removing surface 

contaminations like dirt, metal particles, oil grease, paint and moisture with wire brush and 

alkaline cleaner.  

3.6.1.3 Edge preparation  

Edge preparation and type of joint before the welding at the mating edges improves joint 

strength. So, in this work the type of joint selected is single V with broad root spacing as per ISO 

9692 joint preparation recommendations. Thus the work piece cut with groove angle of 60
o 

, root 

spacing of 2mm and root face of 2mm. Surfaces of the all samples were cleaned mechanically 

and finished for a single V-edge of 6o degree as shown in Figure 9 below. 

 

 

Figure 9: Edge Preparations 
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3.6.1.4 Welding samples 

Once the edge preparation for all workpieces is done then the work pieces are welded using 

manual metal arc welding using welding parameters explained in section above. Test pieces 

thickness and welding parameters are shown in the tables below. The 36 work pieces prepared 

are welded in to 18 test pieces using the following welding parameters and thickness. Certificates 

of the welder are annexed.  

Table 9: 6mm thickness specimen with different weld parameters 

 

Sample 

No.   

Thickness  Welding current 

           (A) 

Welding speed         

     (mm/min) 

1 

   
  
  
  
  
  
 6

 m
m

 

 

200 

80 

2 100 

3  

240 

80 

4 100 

5  

280 

80 

6 100 

 

 

 

Table 10: 8mm thickness specimen with different weld parameters 

 

Sample 

No.   

Thickness  Welding current 

           (A) 

Welding speed         

     (mm/min) 

1 

   
  
  
  
  
  
8
 m

m
 

 

200 

80 

2 100 

3  

240 

80 

4 100 

5  

280 

80 

6 100 

 

 

 

 

 

 

 

 

 



32 

 

Table 11: 10mm thickness specimen with different weld parameters 

 

Sample 

No.   

Thickness  Welding current 

           (A) 

Welding speed         

     (mm/min) 

1 

   
  
  
  
  
  
 1

0
 m

m
 

 

200 

80 

2 100 

3  

240 

80 

4 100 

5  

280 

80 

6 100 

 

 

3.6.2 Preparing samples and conducting tests 

Once the welding process is done each workpieces cut in to test samples using power hack saw 

with application sufficient coolant to avoid unnecessary heat generated from cutting process as 

shown in the figure below. Then there will be test pieces for hardness testing, micro structure 

testing, tensile testing and impact/compression testing. The preparation process of each test piece 

and test procedures are discussed below.  

 

Figure 10: Test pieces preparation 
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3.6.2.1 Hardness testing 

Hardness is the ability of materials to resists penetration, abrasion, scratching or cutting. It is the 

property by which material resists permanent deformation. Various hardness tests are available 

such as Rockwell Hardness Test, Vickers Hardness Test, Brinell Hardness Test, Knoop Hardness 

Test, Scleroscope Test and Durometer Test. Hardness testing of this specimen was performed in 

accordance to ASTM A370-14 standard using Vickers Hardness Testing Machine. The sample 

specimen was placed with the surface on the anvil, and slowly turning the hand wheel until the 

specimen was raised to touch the indenter.  

 

 

Figure 11: test piece for hardness 

Because the weld bead was not flush with the rest of the material, the surface to be tested for 

hardness was grinded down so that it would fit flat on the base area of the testing machine. The 

relatively small impression made by a Vickers indenter requires that the surface be flat and 

perpendicular to the indenter and the surface have a fine surface finish. Vickers hardness 

measurements made on a metallographically prepared surface. The surface of the specimen 

should be prepared in such a way that the ends of the indentation diagonals are clearly defined. 

Care has been taken in preparing the surface so that tempering during grinding or work-

hardening during polishing is avoided and used surface grinder with adequate coolant.  
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From the hardness test there are two major parameters to be tested. Analyzing the change in 

hardness in the weld heat affected zone and sizing the width of heat affected zone following 

changes in hardness value as we move from the weld bead to parent metal.  

 

 

Figure 12: Vicker’s hardness testing machine used for hardness test 

The reference manual for the hardness testing machine recommends using a load time of 10-15 

seconds while the loading speed remains around 70 micrometers per second. The same loading 

time and speed was used for every test done on this machine to minimize the variability of each 

test and to compare hardness tests with each other. The indenter on the Vickers Hardness 

machine is a diamond in the form of a square-based pyramid. 
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Figure 13: test piece for hardness testing 

 

3.6.2.2 Tensile testing 

Tensile strength is the maximum stress that a material can sustain in tension. In other words we 

can say the amount of applied load per cross sectional area that a material can withstand before 

failure. Mathematically it is calculated as the ratio of maximum tensile load to the original cross 

section area. One of the most common ways to test a material’s strength is by using tensile 

testing. Tensile tests measure the stress over the strain of a material under uni-axial loading 

conditions. Because testing is done under one stress state (only one direction), it can be 

concluded from the test that the strengths in this tests are the maximum a specimen at a certain 

thickness and temperature can withstand. Tensile test was conducted on sub size  the sample 

made as per ASTM  E8/E8M cut from Adjacent to the weld bead using a hydraulic extensometer 

with prepared machined specimen dimensioned 100 × 10 × 2 mm. Tensile samples were 

prepared by milling of the top and bottom surfaces to remove flashing and other surface 

irregularities. The standard shape is obtained using milling machine as shown in the figure 15 

and 16 below. 
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Figure 14: Tensile testing piece 

The ultimate tensile strength of the machined specimens measured on a calibrated Controlab 

testing machine. Tensile test was carried out according to ASTM A370-14 standard, which is the 

“Destructive tests on welds in metallic materials-Transverse tensile test”.   

 

Figure 15: test piece for tensile testing 
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During uni-axial tensile testing, the upper head or grip moves upward hydraulic force, while the 

lower head or grip stays stationary.  

 

 
Figure 16: Tensile testing machine 

For tensile testing, it is considered a “static” test, meaning the force is to be applied slowly. 

Applying the load too fast may result in skewed results, therefore a slow speed is chosen to best 

represent static loading. Once all the parameters have been specified, the test begins to run and 

the lower head begins to drop at a constant rate. The force required to keep the head continuing 

upward at the constant speed is recorded as a function of displacement. After the specimen 

breaks, the test is stopped and the digital screen displays the load in KN and elongation in mm.  
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Figure 17: Tensile test pieces after destructive testing 

3.6.2.3 Impact/toughness testing 

Fracture toughness is one of the most important mechanical properties of the HAZ since it 

represents the crack resistance of HAZ in industrial application for a given welding procedure. It 

remains the key to the structural integrity of major steel structure. Toughness is the capacity of a 

material to absorb energy by deforming plastically before fracture. It is determined by combined 

strength and ductility of material and usually is measured by the amount of work absorbed 

during the propagation of crack through a structural member or a standard specimen. 

Consideration of toughness during design of a part will permit selection of materials with low 

probability of failure by fracture.  

 

For this experiment charpy V notch impact test is used.  The positioning of the notch for all CVN 

test specimens done by first machining the specimens from the test weld at the appropriate depth 

as shown in Figure 19. The specimens should be made slightly over length to allow for exact 

positioning of the notch. Next, the bars etched with a mild etchant such as 5% nital, to reveal the 

location of the weld fusion zone and HAZs. The longitudinal centerline of the specimens shall be 

transverse to the weld axis and the base notch shall be perpendicular (normal) to the surface. The 

centerline of the notch shall then be located in the HAZ of sample at a distance of 2mm from the 

fusion line. All the test samples are prepared using ASTM E23 and AWS D1.1/D1.1M standards 

from a piece cut across section of weld and HAZ region of the work piece. The prepared sample 

placed on the machine and the Pendulum was set to predetermined level and released to strike 

and fracture the positioned specimen. The value of energy Impacted recorded. 
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Figure 18: Location of sample for toughness   

 

  

 

 

Figure 19: Sample preparation for toughness test  

The difference in potential energy from before the hammer strikes the specimen to after it strikes 

is the amount of energy that the material can withstand before it fails. Because the hammer 

swings from a bearing, simulating that of a pendulum, there are friction forces that are involved 

that contribute to the energy loss before and after striking the specimen. 
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Figure 20: Toughness test pieces after impact test 

 

The machine used in this experiment accounts for those losses and displays the amount of energy 

that was expended in breaking the sample. The machine that was used in this research project 

was ENKAY pendulum Impact Machine, Model EKEMAT20 and serial no. 2011/41 

 

 

Figure 21: pendulum impact testing machine 

3.6.2.4 Metallographic Testing  

Metallographic samples were produced from welds in accordance to ASTM E 23. Grinding, 

Polishing, etching and metallographic examination of butt and groove welds, HAZ and parent 

metal were performed using Olympus optical microscope with magnification ×100 at scale of 
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10µm. Metallographic specimen preparation was started with sectioning operation. In order to 

get a representative specimen from the bulk welded specimens, a convenient size which includes 

the weld metal, HAZ region and base metal is removed by using a power hack saw. There are 

several process needed to be done before the microstructure can be analyzed which is sectioning, 

grinding and polishing and etching. At the end, free of scratches, a bright mirror like polished 

surface was obtained. Finally the samples were ready to be viewed. Images being scanned on a 

digital imaging system be taken by using an attached camera. Mounting operation was not 

performed since the cut specimens were large enough for handling during preparation and 

examination. However, sharp edges and corners were eliminated to increase safety and to avoid 

damage to the papers and cloths used in preparation.  

 

 

Figure 22: Sample for microstructure test 
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Figure 23: specimens for different tests  
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4. Results and Discussion  

4.1 Mechanical properties  

4.1.1 Hardness  

Figures below shows the hardness profile across the HAZ of the 18 test pieces. From the figures, 

as we go through the section from the weld center a higher hardness value reaching 271 HV 

compare to HAZ which has an average value of 197.5 HV as well as the parent metal with an 

average value of 173 HV, the variation in the stress across the weld may be attributed to several 

factors such as residual stresses developed just after welding. Average heat affected zone 

hardness values are 209.5 HV, 209HV and 194.4 HV, for thicknesses 6mm, 8mm and 100mm 

respectively. From the experiment in general HAZ hardness is higher than parent metal hardness 

by 16.5 %. 

 

In some of test pieces One of the factors contributing to lower hardness in the HAZ zone is high 

heat input below it melting point and hence retention of heat in this region. This phenomenon is 

observed in test pieces with small thickness and high input. The lower hardness in the HAZ 

might be explained by the intense grain growth in this region resulting from high heat input 

below it melting point.  

 

Although there are different parameters that affect hardness such as microstructure and phase 

composition, it is usually expected that the maxima in hardness should correspond to the maxima 

of compressive residual stress, since the hardness of the material is also a measure of dislocation 

density. Therefore the observed hardness profile in the present weld samples does show a direct 

correlation with the residual stress.  

 

As we can see from the graph between distance from the weld center and hardness there is nearly 

constant variation of hardness but there is sudden increase in hardness on the parent metal next to 

weld metal. This is because there is a thermal gradient between welding heat and atmospheric 

temperature due to this sudden cooling by air there is formation of martensitic structure in HAZ 

causing increase in hardness [3] 
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Figure 24: hardness graph for 6 mm thick samples 
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Figure 25: hardness graph for 8mm samples 
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Figure 26: Hardness graph for 10 mm thick samples 
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4.1.1.1 Effect of heat input (current and welding speed) on hardness of HAZ 

 

Heat input is found to be the most significant factor for controlling hardness and width of Heat 

affected zone (HAZ). Heat input is a factor welding current and speed. The effect of heat input 

on hardness of HAZ has been investigated by this work. The results of the investigation indicate 

that significant increase in hardness with increase in heat input. Increase in welding speed which 

means decrease in heat input resulted in decrease in value of hardness of HAZ.  As a result, 

proper control on welding speed is become the important parameter for controlling the HAZ 

hardness.  

From graphs below with increase in heat input which is increase in current and decrease in heat 

input the hardness of heat affected zone increased (heat input calculated using equation 1).  

 

 

 

Figure 27: Heat input Vs Hardness 6mm thick plate 
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Figure 28: Heat input Vs Hardness 8mm thick plate 

 

 

 

  

  

Figure 29: Heat input Vs Hardness 10mm thick plate 
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The speed of movement of the welding arc determines the welding speed. Broadly it may be 

defined as the rate of travel of the electrode along the seam or the rate of the travel of the work 

under the electrode along the seam.   Hence it can be concluded that at constant arc voltage and 

welding current the hardness will increase with decreasing welding speed and is found to be 

maximum at optimum value after which hardness starts increasing with decrease in welding 

speed. When we compare the effect of welding speed and current on hardness, the effect of 

current is more significant than the effect due to welding speed. 

 

4.1.1.3 Effect of material thickness on hardness of HAZ 

 

The results of the investigation indicate insignificant change in hardness across different 

thickness for similar heat input values. Smaller thicknesses have quite bigger hardness values 

than thicker plates. 

 

 

Figure 30: Heat input Vs Hardness of the three thickness 
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4.1.2 Tensile Strength  

 

The effects of heat input (current and welding speed) on ultimate tensile strength of the weld heat 

affected zone are shown in figures below. A significant decrease in ultimate tensile strength 

value was recorded as the heat input increased which means current increased and welding speed 

decreased or kept constant. Heat affected zone tensile strength is lower than that of the parent 

metal by 18.5 %.  The decrease in strength may be associated with the presence of void and other 

defects occurring as a result of increasing current. Excessive grain growth could also lead to the 

decrease in the tensile properties [1].  

 

 

Figure 31: Heat input Vs tensile load 6mm thick plate 
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Figure 32: Heat input Vs tensile load 8mm thick plate 

 

 

Figure 33: Heat input Vs tensile load 8mm thick plate 
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Figure 34: Heat input Vs tensile load  all thickness 

 

4.1.3 Toughness  

With increase in heat in put a decrease in impact (CVN) value has been recorded in the experiment.  The 

change in across thickness recorded is not significant but there a small increase in CVN value across 

different thickness. The toughness decreases with an increase of heat input in most  cases, so, increase of 

heat input brings out appearance of more proeutectoid ferrite which affect to toughness decrease [1].  

One of the reasons of the lowest toughness of the sample 1 and 9 is the fact that the two samples were 

tested with high heat input and thickness low, resulting in fine-grained structure.  
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Figure 34: Heat input Vs Impact 6mm thick plate 

 

 

Figure 35: Heat input Vs Impact 8mm thick plate 
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Figure 36: Heat input Vs Impact 10mm thick plate 

 

 

Figure 37: Heat input Vs Impact all thickness 
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4.2 Width of heat affected zone 

4.2.1 Effect of heat input (current welding and speed) on width HAZ 

From the experiment with increase in heat in put there is an increase in width of Heat affected 

zone. As we can see from the graph between distance from the weld center and hardness there is 

nearly constant variation of hardness but suddenly the parent metal next to weld metal i.e. HAZ 

there is increase in hardness because there is a thermal gradient between welding heat and 

atmospheric temperature due to this sudden quenching by air there is formation of martensitic 

structure in HAZ causing increase in hardness.  

 

 

Figure 38: Heat input Vs width of HAZ 6mm thick plate 

 

Figure 39: Heat input Vs width of HAZ 8mm thick plate 
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Figure 40: Heat input Vs width of HAZ 10mm thick plate 

 

 

4.2.2 Effect of variation of thickness on width of HAZ 

 
At constant heat input there is a decrease in width of heat affected zone with increase in 

thickness and the increase in amount of heat input increases the width of HAZ. Figure below 

shows the variation of width of HAZ with the change in Heat Input across different thicknesses. 

Figure 43 show the hardness profiles for various section thicknesses of mild steel plate. From the 

experiment average width of heat affected zone was 17mm, 15mm and 14mm for thicknesses 

6mm, 8mm and 10mm respectively.  The decrease in width of the HAZ as the section thickness 

increases that is due to the effects of the heat sink [1]. This is because a thicker workpiece acts as 

a better heat sink to cool the weld down. The graph is not very linear because the welding is done 

manually and there is a slight deviation across the weld on welding speed.   
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Figure 41: Heat input Vs width of HAZ all thickness 

4.3 Micro structure  

The microstructure of a mild steel plate welded by manual metal arc welding has been evaluated 

and microstructure of each of the specimen at the weld, heat affected zone and parent metals are 

investigated.  

 

The results of the investigation indicate that significant grain coarsening was observed in the heat 

affected zone (HAZ) of all the joints and it was found that the extent of grain coarsening in the 

heat affected zone increased with increase in the heat input. The average dendrite length and 

inter-dendritic spacing in the weld zone was found to increase with increase in the heat input. 
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Figure 42: Microstructure of Sample 1,2 and 3  
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Figure 43: Microstructure of Sample 4,5 and 6  
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Figure 44: Microstructure of Sample 7,8 and 9  
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Figure 46: Microstructure of Sample 13,14 and 15  
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Figure 47: Microstructure of Sample 16,17 and 18  
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5. Conclusion and Recommendations 

5.1 Conclusion 

 
The mechanical properties and microstructure of a mild steel plate welded by manual metal arc 

welding process has been evaluated and it has been observed that, 

 The input of heat tended to increase the hardness of the joints with increasing intensity. 

As we go through the section from the weld center a higher hardness value reaching 271 

HV compare to HAZ which has an average value of 197.5 HV as well as the parent 

metal with an average value of 173 HV, As we go from the weld center and there is 

nearly constant variation of hardness but suddenly the parent metal next to weld metal, 

there is increase in hardness because there is a thermal gradient between welding heat 

and atmospheric temperature due to this sudden cooling. From the experiment in general 

average HAZ hardness is higher than parent metal hardness by 16.5 %. 

 

 A significant decrease in ultimate tensile strength value was also recorded as the heat 

input increased which means current increased and welding speed decreased or kept 

constant. The decrease in strength could be associated with the presence of void and 

other defects occurring as a result of increasing current.  From the experiment in general 

average HAZ hardness is higher than parent metal hardness by 18.5 %. 

 

 With an increase in heat in put a decrease in impact value has been recorded in the 

experiment.  The change in across thickness recorded is not significant but there a small 

increase in CVN value across different thickness. Average heat affected zone toughness 

is lower than the parent metal’s toughness by 6.5 %.  

 

 From the experiment with increase in heat in put there is an increase in width of Heat 

affected zone. When we compare the effect of welding speed and current on hardness, 

the effect of current is more significant than the effect due to welding speed. that the 

microstructure of each of the specimen at the Heat Affected Zone, has a direct effect on 

the hardness of the welded joint with respect to the distributions of the ferrites, pearlites 

and some infusions.  



65 

 

 

 The results of the investigation indicate that significant grain coarsening was observed in 

the heat affected zone (HAZ) of all the joints and it was found that the extent of grain 

coarsening in the heat affected zone increased with increase in the heat input. Excessive 

grain growth could also lead to the decrease in the tensile properties. The average 

dendrite length and inter-dendritic spacing in the weld zone was found to increase with 

increase in the heat input. It is also observed that the difference in microstructure of 

across different thicknesses tested is not significant. 
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5.2 Recommendations  

This study revealed that welding significantly affect mechanical properties and micro structure of 

heat affected zone. Based on the understanding of effect of welding parameters on microstructure 

and mechanical properties of heat affected zone the following are recommended to be considered 

in design of steel structures and materials testing industries. 

 It is important to use optimal heat input conditions which is a factor welding current and 

welding speed to minimize these effects on HAZ.  When we compare the effect of 

welding speed and current on mechanical properties, the effect of current found to be  

more significant than the effect due to welding speed. Therefore, more attention should 

be given to control welding current. 

 

  It is important to consider the changes in mechanical properties parent metal due to 

effect of heat during welding. In this case HAZ hardness is higher than that of the parent 

metal by 16.5 % and HAZ toughness and tensile strength low than that of the parent 

metal by 6.5 % and 18.5 % respectively. 

 

 At constant heat input there is a decrease in width of heat affected zone with increase in 

thickness and the increase in amount of heat input increases the width of HAZ. As a 

result it is important to keep the width of heat affected zone as minimum as possible by 

using different optimum welding condition for different thicknesses.  

 

 

 As heat affected zone is the most susceptible part of weld structure for failures like cracks 

it is important to be sure on the width of heat affected zone to be covered by 

nondestructive testing of materials. This work showed the average width of heat affected 

zone ranges from 12 mm to 18 mm for the specified thicknesses.  

 

 As heat affected zone is revealed to be the weakest part due to changes in material 

property after welding, HAZ properties should be appropriately considered in addition to 

parent metal properties in design of welded structures.  
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Annex 1: Average hardness Across HAZ and parent metal with heat inputs 

 

Sample no. 
Average HAZ hardness 

(HV) 

Average parent metal 

hardness (HV) 

Heat input 

(kJ/mm) 

1 208.7 175.7 3.9 

2 204.4 169.9 2.9 

3 176.7 176.3 4.6 

4 207.9 175.7 3.7 

5 182.3 176.8 5.3 

6 186.4 175.6 4.2 

7 204.2 175.8 3.9 

8 203.5 171.7 2.9 

9 232.8 178.0 4.6 

10 211.1 177.9 3.7 

11 176.1 174.3 5.3 

12 226.1 177.3 4.2 

13 200.0 173.3 3.9 

14 195.9 171.7 2.9 

15 210.8 175.7 4.6 

16 205.9 175.9 3.7 

17 218.2 177.0 5.3 

18 226.1 177.0 4.2 
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Annex 2: Average hardness across samples tested 
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Annex 3: Tensile test results   

   

 

 

Sample No. Thickness (mm)  
Ultimate tensile load (KN)  

Heat input (kJ/mm) 
HAZ 

Parent 
metal 

1 6 38.5  
 
 

41.9 

3.9 

2 6 37.8 2.9 

3 6 38.3 4.6 

4 6 33.6 3.7 

5 6 30.6 5.3 

6 6 25.5 4.2 

   

 

 

   

 

 

Sample No. Thickness (mm) 
Ultimate tensile load (KN) 

Heat input (kJ/mm) 
HAZ 

Parent 
metal 

7 8 39.0  
 
 

40.2 

3.9 

8 8 38.0 2.9 

9 8 38.1 4.6 

10 8 33.3 3.7 

11 8 31.2 5.3 

12 8 28.7 4.2 

   

 

 

   

 

 

Sample No. 

Thickness (mm) 

Ultimate tensile load KN 

Heat input (KJ/mm) 
HAZ 

Parent 
metal 

13 10 41.8  
 
 

42.3 

3.9 

14 10 41.5 2.9 

15 10 37.9 4.6 

16 10 32.9 3.7 

17 10 32.4 5.3 

18 10 31.0 4.2 
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Annex 4: Impact test result  

   

 

 

Sample No. Thickness (mm)  
Impact value (CVN) 

Heat input 
(KJ/mm) HAZ 

Parent 
metal 

1 6 183  
 
 

192 

3.9 

2 6 184 2.9 

3 6 178 4.6 

4 6 184 3.7 

5 6 168 5.3 

6 6 181 4.2 

   

 

 

   

 

 

Sample No. Thickness (mm) 
Impact value (CVN) 

Heat input 
(KJ/mm) 

HAZ 
Parent 
metal 

7 8 180  
 
 

189 

3.9 

8 8 195 2.9 

9 8 175 4.6 

10 8 187 3.7 

11 8 166 5.3 

12 8 180 4.2 

   

 

 

   

 

 

Sample No. Thickness (mm) 
Impact value (CVN) 

Heat input 
(KJ/mm) 

HAZ 
Parent 
metal 

13 10 179  
 
 

189 

3.9 

14 10 181 2.9 

15 10 168 4.6 

16 10 181 3.7 

17 10 165 5.3 

18 10 177 4.2 
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Annex 5: Average width of heat affected zone  
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Annex 6: Features of welding machine used for this test 
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Annex 7: Welding joint preparation standard  
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Annex 8: Spectrometer test result of test pieces  
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Annex 9: Test piece preparation standard for tensile test.  
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Annex10: Toughness sample location standard  

 

 



82 

 

Annex 11: Toughness Sample preparation standard  
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Annex 12 : Welding certifications of the welder 
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