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Abstract  

This work is a contribution study of the heat-affected zone in the real welded joint of stainless 

steel 304L. This zone was compared to the heat-affected zone obtained by using a thermal cycle 

simulation of welding. This experimental technique is based on thermal cycle simulation of 

welding by rapid heating and cooling treatments of the base metal in a specific simulation 

equipment. The samples were analyzed by scanning electron microscopy equipped with energy 

dispersive X-ray, and microhardness measurements. Microstructures and mechanical properties 

of the simulated heat affected zone were also determined. Thermal cycle simulation technique 

has revealed more details on the microstructure and the mechanical behavior of the heat-affected 

zone. 
 

Keywords: stainless steel, thermal cycle simulation, welding, microstructures, microhardness 
 
 

1 Introduction 

Austenitic stainless steels are the most common and familiar types of stainless steel. They are 

most extremely formable and weldable [1]. Among the many 300 series austenitic stainless steel 

grades, AISI 304L stainless steels are extensively used in industries due to their superior low 

temperature toughness and high corrosion resistance [2]. Additionally, it is among the cheapest 

grades of stainless steels, making it the favourite choice of industry.   American Iron and Steel 

Institute (AISI) type 304 is the formation of 300 series austenitic stainless steels is by far the 

oldest, largest and most important group in the stainless steel range. The L grades represent low-

carbon variants with nominal carbon level of 0.03 % depending on the specification to which is 

manufactured, which are used for general stainless steel fabrication, elevated temperature 

applications and resistance to pitting corrosion [3].  

It is known that the heat generated during welding induces an important temperature gradient in 

and around the welded area. The region outside the welded joint that is thermally affected by the 

welding treatment is known as the heat-affected zone (HAZ) [4]. Its property and microstructure 

are affected by the thermal cycle. The mechanical properties of the welded metal and the HAZ 

are closely related to their microstructures, which are dependent on the chemical composition of 

the material and the thermal history (cycles) due to the welding processes [5, 6]. The welded 

joints under exploitation conditions can be affected by the chemical heterogeneity or mechanical 

properties of base material, heat affected zone and weld metal. It has been concluded that by 

improving the microstructure of the HAZ, the properties of the welded joint can be improved 

[7]. Excessive heat input could result in a wide HAZ with low impact strength [8]. As reported 
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by Gu et al. [9], the degradation in strength and toughness of welded joint, is always happens in 

HAZ.            

For this reason, weld thermal cycle simulation can be used for optimizing the welding 

technology since it enables some mechanical testing for properties that cannot be made on real 

welded joints because of small width of HAZ. Weld thermal cycle simulation facilitates gaining 

of results needed for optimization of high-alloy steel welding parameters, which can be further 

used for real-conditioned welding [10]. This technique consisted of rapid heating and cooling 

treatments of the base metal in specific simulation equipment. The HAZ can be simulated by 

heating the base metal at different temperatures, which correspond to the temperature at HAZ of 

the real welded joint. This technique has been used in our previous works [8, 11]. We studied the 

heat-affected zone by thermal cycle simulation of   welded INC 738 LC alloy [11] and low 

carbon steel [6]. We found a similarity between the microstructure obtained by thermal cycle 

simulation of welding and the microstructure of the HAZ of the real welded joint. 

We notice that the previous work on welding of 304L stainless steel were focused on 

microstructure and corrosion behavior of welded material [12-14] and there is not a specific 

investigation on heat affected zone of welded 304L stainless steel. The objective of this present 

investigation is to study the microstructures of the HAZ of 304L stainless steel by a thermal 

cycle simulation.   
 
 

2 Experimental materials and methods 

The base metal (BM) is AISI 304L Austenitic stainless steel which is used for transport gas 

pipeline applications, generally welded for pipeline construction. The chemical composition of 

304L steel is presented in Table 1. 
 

Table 1 Chemical composition of AISI 304L austenitic stainless steel (wt %) 

Fe C Mn Si P S Ni Cr 

Balance 0.026 1 .07 0.40 0.038 0.001 8.11 18.50 

 
 

To obtain real welded joint, V-shaped butt welds were prepared using two consecutive passes 

with gas tungsten arc welding (GTAW) method and ER-308L filler was used as electrode. The 

chemical composition of the electrode is presented in Table 2. In addition, argon gas was used 

during welding to avoid a penetration into weld region of some undesirable elements (N2, O2, 

H2). 
 

Table 2 Chemical composition of the electrode (Wt.%). 

Fe C Mn Si P S Ni Cr 

Balance 0.026 1 .07 0.40 0.038 0.001 8.11 18.50 

 
 

For thermal cycle simulation study, specimens 10 mm thick 10 x 57 mm2  of AISI 304L 

Austenitic stainless steel, were heat treated for the simulator tests TCS 1405 (Fig. 1). Simulation 

studies of thermal cycles consisted of resistive heating of samples. Based on phase diagram of 

Fe-Cr, thermal cycles were simulated at the following temperatures: 600°C, 700°C, 800°C, 

900°C, 1100°C, and 1200°C (Fig. 2).  
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Fig. 1 Smitweld thermal cycle simulator in application 
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Fig. 2 ( a ): Equilibrium diagram of Fe-Cr [5] and (b) heated samples by thermal cycle simulator 
 
 

The specimens for metallographic examination were polished using different grades of emery 

papers. Final polishing was done using the diamond compound (0.5 μm particle size) in the disc-

polishing machine. Samples were etched with V2A reagent to reveal the microstructure. The 

etched samples were observed by Scanning Electron Microscopy (SEM) Bruker, which is 

equipped with en energy dispersive X-ray (EDS) detector for chemical composition 

microanalysis. Vickers’s microhardness testing machine was employed for measuring the 

hardness of the specimens with 0.1 kg load. 
 
 

3 Results and discussion 

3.1 EDS  analysis and microstructure of the base metal  

The EDS spctrum of the AISI 304L austenitic stainless steel is presented in Fig. 3. The main 

alloying elements ( Cr, Ni, Mn, Si ) were detected.  

( a ) ( b ) 
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Fig. 3 EDS spctrum of AISI 304L austenitic stainless steel 
 

 

The microstructure of the AISI 304L austenitic stainless steel is homogeneous and it is mainly 

composed of austenite phase (Fig. 4). 
 

 

Fig. 4 Microstructure of the stainless steel 304L 
 

 

3.2 Microstructure and hardness Vickers of the real welded joint  

Generally, the metallurgy of the welded joint can be categorised into two major regions, the 

fusion zone (FZ) and the heat-affected zone (HAZ). Fig. 5 presents the microstructure of the 

welded joint of the stainless steel 304L with the average hardness value of each zone. In this 

case, it is easy to distinguish the FZ to the rest of the zones (HAZ and BM). FZ is delimited by 

yellow discontinuous line. However, it is not easy to make a difference between the HAZ and 

BM. In addition, there is a slight difference between the hardness values between the three zones 

( BM, HAZ and FZ ). For this reason, the investigation of HAZ by thermal cycle simulation 

welding is necessary.  
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Fig. 5 Microstructure of the welded joint of stainless steel 304L 
 
 

3.3 Microstructures and hardness after thermal cycles 

Fig. 6 shows the microstructures of stainless steel 304L obtained after different thermal cycles 

(600, 700, 800, 900, 1100, and 1200 °C ) with the corresponding hardness value respectively 

(297.85, 227.87, 225.35, 225.25, 163.500, and 162.50 Hv ). The main observed transformation 

was the development of the grain growth reaction during the thermal cycle at 1200 °C. At this 

temperature, the mobility of the grain boundaries is higher as indicated by an arrow, which 

corresponds to the regeneration of new grains. It has been reported that austenitic steels may 

undergo microstructural changes in the course of the welding process or when they are exposed 

to elevated temperature for a shorter or longer period of time [15]. The thermal cycle at 800°C 

and 900 °C leads to the carbide formation as indicated by square in figure 6. The main carbides 

observed in 304L steel were Mn5C2, Mn7C3 and Mn23C6  [16]. These hardened compound phases 

contribute to the increase of the hardness in HAZ.    

However, with the increase of temperature more than 900 °C, the hardness HV decreases. This 

decrease is due to grain growth and dissolution of the carbides. It could be also attributed to a 

lower stress level and to change in microstructure as it has been found by Kozuh et al.  [17, 18]. 

These authors studied the mechanical properties and microstructure of austenitic stainless steel 

after welding and post-weld heat treatment. In addition to this work,  it has been found also that 

the coarse grain formation in the HAZ occurring by recrystallization and grain growth in fully 

austenitic metals increases susceptibility to liquation cracking, while ferrite forming composition 

are not susceptible [18].  

Based on the above results we can deduce that the HAZ is not a homogeneous structure but it 

can be divided in successive subzones. The microstructure and the hardness change from the 

base metal to the fusion zone, i.e.,  the microstructure of the nearest subzone to the FZ has the 

lowest hardness and the highest grains size; however the nearest subzone to the BM has the 

highest hardness and the lowest grains size. Jelani et al. [19] concluded that the sensitivity of the 

mechanical properties of 304L stainless steel to temperature, i.e., the material becomes softer 

and more ductile with the increase of the temperature up to 900 °C. For this reason, the nearest 

subzone to the FZ has the lowest hardness. These hardness values are more precise than the 

hardness values measured on the real welded joint.  

HAZ 

+ 

BM 

FZ 170 Hv 

180 Hv 

175 Hv 
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Fig. 6 Microstructures of 304L after simulation welding process and their plotted temperature-

time during the welding thermal cycle (a-f) 
 
 

4 Conclusion 

In summary, the simulated HAZ of the welded stainless steel 304L has been investigated by the 

thermal cycle simulation technique and compared to the HAZ obtained from the real welded 

joint. The microstructural observation of the HAZ in real welded joint did not reveal more 

details. However, the investigation of the simulated HAZ by the thermal cycle simulation 

technique has given more information. The HAZ is not a homogeneous structure but it is formed 

with different subzones. The thermal cycle at 800 and 900 °C leads to the carbide formation. By 

increasing the temperature by simulation technique, the HAZ becomes softer which corresponds 

to the nearest subzone to the FZ.  This softening phenomenon is due to the grain growth and the 

dissolution of carbides.  
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