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Abstract— This work presents the influence of heat sources on forming the weld zone structures between carbon steel and stainless 

steel. The results show that the weld structure includes the melting, transition, and heat-affected zones. The microstructure on the 

stainless-steel side is in the form of δ-Ferrite with thin fibers and clusters of Widmantes Austenite formed due to the high cooling rate 

in this area. On the carbon steel side, the influence of the concentration gradient and cooling rate changes the crystallization pattern 

from A-A-FA. The structure obtained from the melting boundary is a completely Austenite to Austenite + δ-Ferrite zone with δ-Ferrite 

varying from cylindrical, dendritic, and axial crystal forms. The δ-Ferrite content is inversely proportional to the hardness. In the 

melting zone, the change in the ratio value between temperature gradient and crystallization rate is the cause of the change in δ-Ferrite 

in this region. The HAZ region has Widmanstet phases, Bainite, and Martensite, which are phases with high hardness and brittleness. 

This area is thus easily destroyed. The results on the microhardness of the weld in the transition zone on the carbon steel side show that 

the microhardness result is 390HV in the fusion boundary area, the hardness value in the weld metal area ranges from 160 to 173HV, 

and the primary metal hardness value of carbon steel is from 134 to 146HV. 
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I. INTRODUCTION

Nowadays, materials are developing to satisfy the ever-
increasing demand for industrial manufacturing, including 

electrical-electronic field, shipbuilding, mechanical 

engineering, and buildings [1–7]. Material development 

mainly focuses on searching for new materials with low cost 

and high efficiency, solutions to material treatment, and 

enhancing the mechanical properties of materials [8–15]. 

Among these, welding produces most steel structures in 

engineering industries. Welding brings many advantages, 

such as not simple technology, low production costs, and high 

welding efficiency [16–19]. Especially welding between 

different materials such as stainless steel with carbon steel, 
stainless steel with copper, copper alloy, heat-resistant steel 

with stainless steel, titanium, and steel is increasingly being 

applied in many industries such as the chemical industry, 

mechanical engineering, shipbuilding, and aerospace due to 

the ability to combine good properties of different materials 

for each location and other mechanical engineering parts [20–

22]. However, one of the main difficulties in welding 

dissimilar materials using the fusion welding method is the 

formation of large amounts of intermetallic phases as well as 
the differentiation of weldment regions [23–25].  

Many scientific studies have shown that the influence of 

the distribution of intermetallic phases and the division of 

structure regions dramatically affects the mechanical 

properties of the weld [26–31]. Intermetallic phases have 

destructive properties, such as high brittleness or the heat-

affected zone of the weld, which is a place with low 

mechanical properties. Cracks often appear, destroying the 

weld [32–34]. Fusion welding methods have high flexibility 

in weld configuration and high welding productivity and are 

widely used in joining dissimilar materials [35,36]. However, 

it isn't easy to obtain a good weld when directly welding these 
materials, especially between steel and copper, because of the 
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formation of intermetallic phases and the thermal control of 

the conductive weld temperature field [37–40]. This leads to 

the welding heat-affected zone (HAZ) formation, which 

increases the possibility of weld cracking [41–43]. Chen et al. 

[44] reported higher weld tensile strength when laser welding 

with the laser beam shifted toward stainless steel. Some 

previous studies have shown that intermediate layers can 

effectively change the phase composition and suppress the 

intermetallic phase formation reactions. As reported, the Cu 

interlayer can limit the diffusion of Ti into the molten zone, 
and no formation of TiFe2 takes place at the interface between 

the molten zone and the steel [45]. The V element shows good 

bonding with neighboring materials in dissimilar welds 

between Ti-Fe [46]. Atomic diffusion and migration between 

Ti and Fe or C were effectively prevented by adding pure Ni 

as the interlayer metal, and a strong weld was obtained [47]. 

Therefore, an intermediate layer can limit atomic diffusion to 

prevent the formation of brittle IMCs and the formation of 

some other IMCs. Tomashchuk et al. [48] described that beam 

deflection dramatically affects the mechanical properties. 

They reported that the electron beam shifted toward the steel, 
and the Cu interlayer could inhibit the melting of the titanium 

alloy and the formation of brittle Fe-Ti phases. A maximum 

tensile strength of 350 MPa was achieved with a diffusion 

path length of 40-80 µm of Ti. Hao et al. [49] found a Ti/Cu 

reaction zone formed between the TC4 substrate and the solder 

joint using copper-based filler wire, FeTi and Fe2Ti 

compounds were also generated with increasing welding heat 

input. However, all joints broke at the Ti/Cu reaction zone due 

to the brittleness of natural Ti-Cu phases. According to the Ti-

Cu and Cu-Fe binary phase diagrams, different Ti/Cu brittle 

phases are formed at the diffusion transition zone; however, 
the microstructure of the Cu-Steel interface is mainly solid 

solvent phases. The study of Yao et al. [50] stated that solid 

solution phases have more properties than brittle intermetallic 

phases. 

Cao et al. [44] Zhao et al. suggested that the CMT method 

could achieve excellent Ti/Cu joints, and all joints fractured 

in the HAZ of Cu with ductile fracture mode. This indicates 

that a layer of intermetallic compounds with 120 µm is 

controlled with different ring configurations. Studying laser 

welding between Ti and Cu, Zhao et al. [51] It was found that 

an intermetallic layer about 25 µm thin was formed between 

the weld metal and the Ti substrate, with the laser shifting to 
Cu. Intermetallic compounds such as TiCu, TiCu2, Ti2Cu, and 

Ti3Cu4 are formed and considered the bond's weakest region. 

Chen et al. [52] studied Cu-steel welds by laser welding, and 

the results showed that the tensile strength depends weakly on 

the melting of Cu. Magnabosco et al. [53] joined a Cu plate to 

three different stainless-steel plates and showed a complex 

heterogeneous fusion zone microstructure characterized by 

rapid cooling and poor material mixing. The transition zone 

contains significant elements that are insoluble in each other. 

Besides, the joint shape can increase the effective bonding 

area and improve the welding quality. The wetting and 

spreading ability of molten metal plays a vital role in the 

morphology of the weld. Dual electrode gas metal arc pulse 

for welding Al and galvanized mild steel and found that 

alternating transfer of droplets can improve the wettability of 

molten aluminum [54]. The magnetic field affected the 

flowability and surface spreading ability of the molten filler 

metal on the TA2 plate, thus improving the wetting behavior. 

[55]. Effect of heat input on the microstructure of Al/Cu joints 

using low heat input dual electrode gas arc welding [56]. A 
quadratic relationship between the IMC layer thickness and 

the welding heat input is derived using the theory of the 

thermal activation process. Besides, the variable droplet 

transfer process can affect the weld formation process. 

Studying the impact of Zn coating on the wetting process of 

liquid droplets by Cao et al. [57] revealed that the evaporation 

of Zn can reduce the temperature at the contact surface and 

expose new metals to the steel surface. 

The input temperature dramatically influences the 

difference in structure zone division in the weld [58,59]. The 

correlation between the temperature of the solder and time can 
be expressed theoretically through heat transfer analysis 

during the welding process. The heat transfer of solder 

includes many complex phenomena such as convection, 

radiation, heat conduction, and movement of liquid metal 

flow [60–66]. Understanding this process requires solving 

heat transfer differential equations using numerical methods 

such as finite differences or finite elements with computer 

software [67–74]. The heat transfer process here can be 

divided into two stages: the first stage considers the 

characteristics of the welding arc and the movement of 

particles in the liquid metal droplet from the moment of 
formation until impact with the bare metal; the second stage 

is the heat transfer process from the heat source (center of the 

weld) to the surrounding environment [75,76]. This work 

summarized research results on the influence of the mixture 

of elements in the forming process of the weld area and the 

influence of the heat transfer process on weld formation. 

II. MATERIALS AND METHOD 

A. Prepare Welding Samples and Welding Procedures 

Stainless and carbon steel are cut on a wire cutter to create 
panels measuring 275x85x3 mm. The samples are ground 

clean at the weld seam to remove surface impurities and avoid 

possible defects. Because the samples are thin, there is no 

need to perform chamfering. After that, the panels are welded 

and fixed at both ends. In this experiment, an arc welding 

machine welds stainless steel with carbon steel. Welding 

electrode: 304 austenitic stainless steel and carbon steel are 

welded using a 3mm E309L-16 electrode. Before welding, the 

electrode must be dried to avoid defects caused by moisture. 

Table I gives the chemical composition of the base metal and 

electrode metal.  

TABLE I 

CHEMICAL COMPOSITION OF BASE METALS AND ELECTRODE METALS 

Element C [%] Mn [%] Si [%] S [%] P [%] Cr [%] Ni [%] Mo [%] V [%] 

Austenitic stainless steel 304 0.09 1.54 0.49 0.005 0.005 18.3 7.56 0.13 0.11 

Carbon steel 0.18 0.62 0.02 0.04 0.05 0.02 0.08 0.005 0.01 

E309L – 16 welding electrodes 0.03 1.34 0.71 0.005 0.003 23.7 12.6 - - 
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After preparation, the steel samples are welded together using 

the SMAW method. Welding modes are given in Table II. 

TABLE II 

WELDING MODE 

Welding 

parameters 

I 

(A) 

U 

(V) 

V 

(mm/ph) 

Environmental 

temperature (0C) 

Values 80 25 100 30 

B. Experimental Method of Analyzing Welded Joints 

Optical methods, scanning electron microscope: 
Samples measuring 20x10x3mm were cut on the weld cross-

section to prepare for the testing process. The sample 

preparation is performed sequentially from grinding, 

polishing, and etching. First, the sample is sanded on 

sandpaper 100, 200, 400, 600, 800, 1000, 1200, 1500, and 

2000 so that the surface is shiny and free of scratches. Then, 

polish on a Struers machine using 5μm Al2O3 grinding 

powder. Finally, the sample was etched with an etching 

solution, as shown in Table III. The microstructure was 

captured using a Leica 4000 optical electron microscope and 

a FESEM (Field Emission Scanning Electron Microscopy) 
scanning electron microscope.  

TABLE III 

ETCHING SOLUTION PROPERTIES 

Materials Austenitic stainless steel 304 Welding metal Carbon steel 

Etching solution type 5g FeCl3 + 15cm3 HCl + 50cm3 H2O 5g FeCl3 + 15cm3 HCl + 50cm3 H2O 3% HNO3 

EDS analysis determines the number of alloying elements 

at a point or line. EDS-line is used at the fusion boundary on 

the carbon steel side and the stainless steel side after welding 

and after heat treatment to determine the concentration 

distribution curve of alloying elements in this region, 

especially the concentration of carbon, to determine the 
ability of carbon to diffuse from carbon steel to weld metal. 

Point EDS is performed to determine the chemical 

composition of the carbide particles formed in the weld. 

C. Determination of microhardness 

Microhardness was determined for the samples after 

welding and after heat treatment. Microhardness was 

performed on a Galileo hardness tester with a measuring load 

of HV0.05. Measure microhardness at the following 
locations: 

 From the carbon steel molten border to the two sides 

are the carbon steel HAZ region and the weld metal 

region. The distance between measurement marks near 

the border is 10 - 20μm to determine the change in 

microhardness due to the influence of carbon diffusion 

from the HAZ region of carbon steel to the weld metal 

region. 

 Measure points at the center of the weld metal. 

 From the stainless-steel molten border to both sides are 

the HAZ region of stainless steel and the weld metal 

region; γ 

III. RESULTS AND DISCUSSION 

A. Blending and zoning of the weld 

Austenitic stainless steel is a type of steel widely used in 

practice with a basic composition of high Cr and Ni content. 

The microstructure of stainless steel is  as shown in Fig. 1a. 

The carbon steel used has a low carbon content of about 

0.18%. The microstructure of the carbon steel, as shown in 

Fig. 1b, includes clusters of pearlites (black area) and ferrite 

(white area) with pearlite content of about 22.5% (calculated 

according to the Fe-C state diagram). Major elements such as 
carbon (C), silicon (Si), manganese (Mn), vanadium (V), and 

chromium (Cr) are known to significantly influence 

mechanical properties and microstructure in the weld between 

carbon steel and stainless steel. For example, the formation of 

a refined grain structure is attributed to the presence of Mn 

and V, while carbide formation is due to the presence of C. 

 

 
(a) 

 
(b) 

Fig. 1. a) Microstructure of stainless steel (x200); b) Microstructure of carbon 

steel (x200) [77] 

According to ASTM standards given in Table IV, 

austenitic stainless steel has relatively higher strength, yield 
strength, and elongation than carbon steel. The increased 

durability limit of austenitic steel is due to the nickel content 

of about 8%. The element Ni not only has the effect of 

stabilizing austenite at normal temperatures but also improves 

the durability, ductility, and toughness of the steel. 
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TABLE IV 

MECHANICAL PROPERTIES OF STAINLESS STEEL AND CARBON STEEL 

Type 
Strength 

(MPa) 

Yield limit 

(MPa) 

Relative 

elongation (%) 

Stainless steel >515 >205 >40 
Carbon steel >415 240 30 

 

When welding stainless steel with carbon steel, the 

microstructure of the welding metal changes. The main 

factors affecting the change in microstructure include the 

chemical composition of the material, temperature, and 

cooling rate [78,79]. The weld is divided into the following 

zones: melting zone (also known as the weld metal zone after 

crystallization), transition zone at the carbon steel border, 

heat-affected zone on the carbon steel side, and transition 

zone on the outside. stainless steel side, stainless steel side 

heat affected zone, and original base metal zone [80]. Fig. 2 

shows an overview diagram of the division of regions in a 

weld of two dissimilar materials. 

 

 

Fig. 2  Overview diagram of the structure of the weld between stainless steel and carbon steel [77] 

 

The weld metal region (also known as the molten region or 

weld pool region) consists of the electrode metal and the base 

metal in a completely liquid state after crystallization to form 

a weld joint. The structure in this region is -ferrite on an 

austenite base. 

The transition zone is a small area limited by the fusion 

boundary and the weld zone [81–83]. Here, electrode metal 

and molten base metal are mixed. If the chemical composition 

of the electrode and the base metal is equivalent (e.g., on the 

stainless-steel side), it is difficult to determine the size of this 

region. The concentration difference can be determined using 

the EDS line if it is significant. The HAZ is calculated from 
the melting boundary to the temperature zone of 500oC. 

Different from the stainless-steel side, the structure changes a 

lot on the carbon-steel side compared to the organization of 

the original base metal. During the process of welding two 

different materials, under the effect of the welding arc, the 

electrode metal and base metal will melt, then the liquid metal 

will undergo a crystallization process to form a welding bond. 

[84,85]. The fluid flow and heat transfer greatly influence the 

properties of the weld metal in the weld pool. Liquid metal 

flow is affected by the following factors: surface tension, 

buoyancy, and electromagnetic force when current flows 

through [86,87]. Welding gas dynamics also significantly 
impact the convection process of liquid metal in the weld 

pool. The buoyancy effect will lead to spatial variation of 

liquid metal density, mainly by temperature changes over a 

smaller range, creating local mixing in this region. The 

influence of the electromagnetic field is a consequence of the 

interaction between the distributed current in the weld pool 

and the generated magnetic field. The contact of the driving 

force to the weld pool surface can be the leading cause of flow 

dynamics [88,89]. Fluid flow, convection, and heat transfer 

are often crucial in determining the weld pool's size and 

shape, the weld's microstructure and macrostructure, and the 

material's weldability. 

Under the influence of physical processes, in the outermost 

boundary layer of liquid metal, substances will be mixed from 

the electrode metal and the base metal in a ratio of 80 - 20%, 

called the "unmixed zone". The redistribution of substances 

here is mainly due to the movement of liquid flow and solutes 

in the liquid alloy. The diffusion distance of the elements is 
called the “thickness of the solute layer at the boundary zone”. 

The transition zone observed at the fusion boundary of carbon 

steel is a region where the concentration of elements changes 

from the weld metal to the base metal. In the experiment, the 

EDS-line method cutting through the carbon steel melting 

boundary on the weld cross-section is used to determine the 

size of this region and the distribution curve of alloying 

elements. The experimental measurement results are shown in 

Fig. 3. 

It can be seen from Fig. 3 that the distribution curve of the 

alloying elements is divided into three distinct regions: the 
horizontal region on the left has the content of the elements 

coinciding with the content of the electrode metal; The 

horizontal area on the right has an elemental content identical 

to that of carbon steel; The transition zone is the area in 

between where the content of elements changes. The width of 

this region is measured to be 80μm. In particular, the content 

of Fe element gradually increases, and the content of Cr and 

Ni gradually decreases from the carbon steel side to the weld 

metal side. 
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Fig. 3  Concentration distribution curves of elements in the transition zone [77] 

 
(a) 

 
(b) 

 
(c) 

Fig. 4  Chemical composition at the carbon steel melting boundary; a) SEM 

analysis of EDS points, b) Results of analysis of EDS points 3, c) Results of 

analysis of EDS points 5 [77] 

 

However, at different locations on the melting boundary, 

the element distribution curves are different. For example, at 
measurement point 3 in Fig. 4(a-c), the content of alloying 

elements is 3.3%Cr, 0%Ni; but at measurement point 5, the 

content of alloying elements is 3.8%Cr, 1.3%Ni, 0.8%Mo, 

0.3%Si. The change in the content of alloying elements 

affected the thickness of the Martensite layer formed at the 

boundary. The structure area on the weld metal side is 

obtained as a completely Austenitic area 5-20μm wide (white 

area running along the border), followed by the δ - Ferrite 

structure on the Austenite base. Besides, the black region 

running along the melting boundary is predicted to be a 

completely Martensitic region. However, the size of the 
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Martensite layer is not uniform, ranging from 2 to 10μm, as 

shown in Fig. 5. 

 

 
Fig. 5  Microstructure at carbon steel melting boundary (x500) [77] 

The formation of a martensite layer with a variable width 

from 5 - 10μm along the molten border of the weld metal is a 
combination of the rapid cooling rate of the welding process 

and the local chemical composition at the molten border. In 

the area adjacent to the base metal, a stable layer of Austenite 

exists during the welding process, so during the cooling 

process, because the cooling speed in this area is very high, 

the temperature drops rapidly from the Austenitization 

temperature T ~ Tsolid to normal temperature To = 30oC, so 

according to the CCT diagram, a part of Austenite transforms 

into martensite. The transformation process begins to occur 

when the temperature is lower than the transformation starting 

temperature Ms. The Ms value can be determined based on 
the composition of the alloying elements. 

With low alloy steel (content of alloying elements less than 

5%): 

�� = 561 − 474%� − 33%� − 17%��
− 17%�� − 21%�� 

(1) 

With alloy steel (chromium content less than 14%) 

�� = 635 − 474%� − 33%� − 17%��
− 17%�� − 21%�� 

(2) 

With stainless steel: 

�� = 502 − 810%� − 13%� − 12%��
− 30%�� − 6%�� 

(3) 

 

The width of the martensitic layer varies along the melt 

boundary which can be explained by the concentration 

difference of the alloying elements. At the molten boundary 

layer, there exists a layer of metal whose composition of 

elements continuously changes from the base metal to the 

electrode metal [90]. The difference in concentration 

gradient at the locations leads to different Ms temperatures. 
Therefore, the width of the martensite layers will vary 

depending on the location. It could be seen the 

microstructure of steel at the molten boundary with a 

magnification of 1000 times in Fig. 6. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

Fig. 6  Molten boundary shape change (x1000 times) [77] 
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Mixing in the transition zone causes the formation of 

boundary layer separation as well as the change in the shape 

of the molten boundary layer. There are four types of 

organization, as shown in Fig. 6. The transition zone in terms 

of composition has a change in composition. This is the cause 

of the formation of carbon from the base metal to the metal 

electrodes when working at high temperatures [91]. The 

Martensite layer is a hard and brittle phase, running along the 

melt boundary and forming a clear separation between the 

base metal and the electrode metal [92]. This may be the area 
where cracks and destruction appear under long-term working 

conditions [77]. 

B. Influence of microstructure formation on the properties of 

the transition zone 

Considering the change in hardness in the transition zone, 

according to the hardness value given in Table V, the hardness 

at the molten boundary layer is the largest up to 390HV. This 

is completely appropriate because a Martensite layer is 
formed here running along the carbon steel molten border. 

Martensite is a hard and brittle phase, so the hardness is high. 

TABLE V 

HARDNESS VALUES AT THE TRANSITION ZONE ON THE CARBON STEEL SIDE 

Position Border 
Welding 

materials 
Carbon steel 

Distance from 
the melting 
boundary (µm) 

0 100 200 100 200 

Hardness (HV) 390 173 160 146 134 

 
Considering the tensile test results, all test specimens were 

not destroyed at the transition zone. Although the formation 

of Martensite is a hard and brittle phase between soft phases, 

the width of this region is very small (about 5 - 10μm), so it 

does not affect the overall mechanical properties of the entire 

weld. 

C. Influence of the input heat field on the diffusion ability of 

elements forming the weld 

The welding heat source affects the diffusion ability of 

weld metal elements, thereby forming a structure in the weld. 

The welding heat source is evaluated through the line energy 

dq and this value depends on the welding parameters. Kou et 

al. [25]  pointed out that, as the line energy increases, the 

shape of the weld pool will be elongated, changing from an 

ellipse to a droplet shape, and this change in shape is also 

different for each type of material. Line energy also 

significantly affects the structure of the weld metal area and 

the HAZ [76]. In the 202 austenitic stainless-steel welds, 

when the line energy is small, the δ - ferrite in the weld metal 

region is small in size, and the distance between the branches 
is small and vice versa. In the HAZ, the greater the line 

energy, the greater the width of the HAZ. The size of the 

particles in this region is also proportional to the line energy. 

Many different views have been given regarding the influence 

of line energy on the mechanical properties of welds. Some 

studies have shown that as line energy increases, 

microhardness in the weld metal and HAZ increases, tensile 

strength increases, and impact toughness decreases. [93–95]. 

However, in some cases, hardness and tensile strength 

decrease with increasing line energy. The cause is the 

formation of carbides or the creation of brittle and unstable 

phases in the HAZ of the material [96,97]. 

Determining the maximum temperature curve plays an 

important role in calculating the cooling rate, and the width of 

the heat-affected zone as well as predicting the organization 

in the HAZ zone of the weld. Maximum temperature is the 

highest temperature at each location on the HAZ area 
achieved during the welding process [98–100]. From the 

Rossenthal equation, the maximum temperature at each point 

is determined by finding the extrema for Eq. (4) for thin plates 

and Eq. (5) for thick plates. 

- With thin plate (2D): 

�� − �� = � 2���
�/� �/ 

!"#2� (4) 

- With thick plate (3D): 

�� − �� = � 2���
�/ 
"#�� (5) 

where Tp comprises the maximum temperature at a 
distance r from the heat source, (oC). Ramy et al. [101]  

determined the influence of heat input and residual stress on 

fatigue crack propagation. For this study, they created a finite 

element model and showed that changing the heat input will 

change RS distribution, welding deformation, and weld 

penetration. However, the shift in welding HI did not have a 

significant effect on the magnitude of the welding induction, 

as shown in Fig. 7.  

 

 
Fig. 7  Effect of change in heat input on weld line distribution [101] 

 
Jinfeng et al. [102]  studied the effect of energy input on 

the mechanical and microstructural properties of laser welded 

DP1000 steel and they concluded that as the input energy 

decreased, the weld line width and the softening zone shrinks 

and there is an increase in mechanical properties as the energy 

input decreases. The study further shows that as the energy 

input increases, the grain of this zone becomes coarse, and the 

mechanical properties of the weld become poorer, as depicted 

in Fig. 8.  

 

755



 

Fig. 8  Division of welding zone structure when (a) Input energy is 325 J/mm; (b) Input energy is 217 J/mm; (c) Input energy is 163 J/mm; ( d) input 

energy is 130J/mm; (e) input energy is 108 J/mm and (f) input energy is 93 J/mm [102] 

 

Leonardo et al. [103]  determined the heat input effect on 

the properties of an AA5052 friction stir weld and observed 
an increase in power with diameter, as well as a lower level 

of defects in the stirring line. Hardness also decreases with 

tool diameter, due to higher thermal effects on the 

microstructure, as shown in Fig. 9.  

 

Fig. 9  SEM images of the weld deposition impact test surface under different 

heat inputs [103] 

 
(a) 

 
(b) 

 
(c) 

Fig. 10  Microstructure of the weld joint with a process heat input of 0.051 kJ/mm (a); 0.043 kJ/mm (b); 0.037 kJ/mm (c) [106] 
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Chellappan et al. [104] studied the effect of heat input on 

the mechanical and microstructural properties of AISI 410S 

martensitic stainless steel welds, welded using the GTAW 

method. Gao et al. [105] studied the effect of heat input on the 

mechanical and microstructural properties of pulsed laser 

welds in Ti6Al4V/Nb, two different alloys, they concluded 

that when there is an increase in heat input, the width of the 

HAZ at the Ti6Al4V edge increases significantly and the 

filling defects move out of the melt zone. The mechanical 

properties as well as the microstructure and inhomogeneity of 
the weld in the fusion zone increase as the heat input 

increases. Adam et al. [106]  studied the effect of heat input 

on the hardness distribution and microstructure of steel 

welded with Si-Al alloy by laser method. For this study, the 

authors considered applied heat input values of 0.037-0.053 

kJ/mm and the results obtained showed no significant impact 

on the microstructure and microhardness of the laser molten 

metal area. While the HAZ and melt zone sizes increase with 

increasing heat input as well as the fact that a heat input of 

0.051 kJ/mm is responsible for the excessive grain growth, the 

value of this parameter must be limited to about 0.045 kJ/mm, 

as shown in Fig. 10.  

Lichan et al. [107] determined the effect of welding heat 

input on the microstructure and grain size of 316L SS welds. 

Zhang et al. [108] studied the effect of heat input on the 

mechanical and microstructural properties of DSS welds 
welded using the EBW process. The results show that 

increasing heat input will promote the growth of grain 

boundary austenite and the formation of fine austenite inside 

the grain. EB has significantly higher microhardness than 

BM, and EB welds have relatively lower strength than BM 

when varying the value of heat input, as depicted in Fig. 11.  

 

 

Fig. 11  SEM images of EB welds with different heat inputs of (a) 0.43, (b) 0.46, (c) 0.50 kJ/mm, and (d) BM [106] 

 

IV. CONCLUSIONS 

The change in microstructure after welding is limited 

around the fusion zone and HAZ zone, which is the main 

reason for the inhomogeneity in mechanical properties 

between the zones and the process of diffusion phase 

transformation during heat treatment. Based on the 

crystallization mechanism, the liquid phase transition 

(corresponding to the melting zone) and the solid phase 

transition mechanism (corresponding to the HAZ zone) are 
used to explain the organization obtained in the zones. The 

transition zone between the solid base metal and the 

completely liquid metal region has three factors 

simultaneously changing: the mixing of the chemical 

composition of the elements, the morphology of the 

solid/liquid phase interface, and the crystallization model. 
The concentration gradient is small on the stainless-steel 

side, so the crystallization model is FA. The HAZ is the 

region with the lowest mechanical properties partly due to 

the appearance of hard and brittle phases such as 

Vidmantes Ferrite, Bainite, and Martensite. These phases 

are products of the austenitic transformation process upon 

continuous cooling under the influence of the maximum 

temperature at points during the welding process, the 

difference in cooling rate, and the concentration gradient. 

Martensitic bands appear along the fusion boundary 

reaching the largest value in the entire weld, at about 390-
400HV. 
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