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Abstract: In batch operation, most industries require engineers to maintain low hardness on the 

welded parts, particularly for low carbon steel. This article focuses on tungsten inert gas (TIG) 

welding performed on 0.90 mm of a C67 grade sheet by varying different welding parameters such 

as current, velocity, and temperature. Samples were collected from the tool side, mid-wall, and 

operator side for metallographic and micro-hardness examinations considering various parameters. 

Without post welding heat treatment (PWHT), the welded parts were quenched at room temperature, 

while with PWHT the welded parts were kept at 710 ℃ for 99 s after welding, and subsequently, the 

samples were cooled slowly by air at ambient temperature. An increase in hardness was registered in 

either the fusion zone or melted zone, with decrements in the heat affected zone (HAZ) for both 

procedures. When the the welding was performed without PWHT, a martensitic and bainitic 

microstructure was noticed in the melting zone (MZ) and HAZ, respectively. In contrast, a bainitic 

microstructure was observed in either the melting or heat affected zone in the welding with PWHT. 

Metallographic images revealed crack propagation when welding was performed without PWHT. A 

larger HAZ was noted in the welding sample with PWHT, and hardness was also relatively lower 

compared the samples without PWHT. There was no significant difference in hardness among the 

samples taken from tool side, mid-wall, and operator side for both procedures. Finally, the lowest 

microhardness (265 HV) was found in the MZ when the welding was carried out with PWHT 

employing a 90 A current and 10 mm/s velocity. 
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1. Introduction 

In recent years, researchers have focused more on investigating the strength and modulus of 

composite materials [1,2]. Because composite materials have some limitations for use in commercial 

activity, particularly with tungsten inert gas (TIG) welding, low or high carbon steel exhibits 

excellent compatibility with TIG welding [3–10]. TIG welding is widely used with stainless steel and 

nonferrous materials, such as aluminum and magnesium, but can be applied to nearly all metals, with 

notable exceptions such as lead and zinc. Its applications involving carbon steels are limited, not 

because of process restrictions, but because of the existence of more economical steel welding 

techniques, such as gas metal arc welding and shielded metal arc welding. For ferrous metals, TIG 

welding is frequently performed due to its simplicity and excellent final results [11,12]. In TIG 

welding, the weld area is protected from atmospheric contamination by utilizing a shielding gas, such 

as Argon. Sometimes, a filler metal is used, though for some welds, known as autogenous welds, a 

filler metal is not required. A constant current welding power supply produces energy, which is 

conducted across the arc through a column of highly ionized gas and metal vapors. According to Li 

et al. [13], the variation of welding parameters affects the temperature distribution and weld pools 

due to the oxygen concentration. Furthermore, Zmitrowicz et al. [14] concluded that alternating 

welding parameters can influence hardness, microstructure, and welding geometry. In the melting 

zone (MZ), the welding speed proportionally increases with the microhardness [15,16]. Li et al. [15] 

concluded that the fusion zone has a higher strength with decreased elongation compared with the 

base material. According to them, the uniform hardness value is found in the welded joint when fast 

cooling is performed. Post welding heat treatment (PWHT) is a common technology that has been 

widely used after TIG welding is executed [17–22]. Although it is very difficult to measure the grain 

size of low carbon steel, PWHT increases the grain size on the melting zone [12,23–25]. The main 

purpose of PWHT is to bring unform hardness in the base material (BM), heat affected zone (HAZ), 

and MZ [26]. According to Królicka et al. [19], a bainite microstructure is found on 55Si7 grade steel 

when TIG welding is conducted after PWHT. Lan et al. [27] exhibited a bainitic microstructure in 

the HAZ when the welding was executed on low carbon steel and the presence of an inclusion did 

not affect the refinement of the HAZ microstructure. Although many experiments were performed 

for various materials using TIG welding to improve the strength, our study correlates the 

microstructure with the hardness for different welded zone [28–33] for both types of welding. 

Welding technology, such as metal inert gas (MIG) welding, is not suitable for a flat sheet with low 

thickness (<3 mm) due to technical issues. Usually, TIG welding is performed on low carbon flat 

sheets because of its cheaper cost, distinct property, and availability in the market [33]. Current 

research studies aim to enhance the mechanical properties of welded metals, as well as to develop 

new techniques and optimize welding parameters in order to establish structure property 

relationships [34–36]. According to Kumar et al. [37], a thick cross-section can be welded as a single 

pass by TIG welding, and it substantially improves the welded joint by refining the welding 

penetration depth at a lower heat input. In this study, a TIG welding method is adopted on C67 grade 

materials by diversifying the welding parameters to compare the difference between welding with 

and without PWHT.  
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2. Materials and methods 

We investigated a standard C67 grade steel sheet material with 0.90mm thickness with the 

chemical composition and mechanical properties shown in Table 1.  

Table 1. Chemical composition used on for butt joint. 

Element C Mn Cr Si P S Al V Pb 

% Weight 0.674 0.64 0.032 0.226 0.010 0.002 0.009 0.003 0.001 

The material has an ultimate tensile strength and yield strength of 587 and 490 N/mm
2
, 

respectively, with 21% elongation. A butt joint was made with the same C67 steel with single pass 

and without adding any other material. In this experiment, no preheating was performed prior to 

welding and the welding samples were examined with and without PWHT for the same material and 

thickness. The welded part was drastically cooled at room temperature without PWHT, kept to     

710 ℃ for 99 s, then was slowly cooled at ambient temperature. We selected this temperature and 

time which was optimized during welding experiments. The different parameters such as current, 

velocity, and phase used to weld the sheet metal are listed in Table 2.  

Table 2. Welding parameters employed in this study. 

Input Voltage Power(V) Current(A) Velocity(mm/s) 

380 65 4 

380 100 7 

380 90 6 

380 120 15 

380 33 6 

380 90 10 

The samples were characterized at the tool side, mid-wall, and operator side, where two types of 

characterizations (morphological and mechanical) were carried out to understand the structure 

property relationship.  

2.1. Metallographic examination 

The structural properties were investigated using a Nikon CFI60 Infinity Optical System. Three 

transverse specimens were selected from the machine side, mid-wall, and operator side for the C67 

material. An abrasive cut-off blade with lubrication was used to cut the different sections of the 

sample, followed by cleaning and polishing. After polishing, a Nital2 solution was used for etching. 

Finally, the micrographs were analyzed with and without PWHT.  

2.2. Microhardness test 

A microhardness test was executed using a Shimadzu HMV-G30DT Vicker’s microhardness 

tester. A relatively low Vickers Hardness (0.5 kg) was chosen to obtain the precise hardness in the 
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different locations: the MZ, the HAZ, and the BM. A microhardness test was executed with and 

without PWHT from the tool side to the operator side. For each sample, we conducted 21 

microhardness tests with a dwell time of 15 s.  

3. Results and discussion 

A bainite microstructure was obtained when TIG welding was performed on a C67 material 

with PWHT in the MZ (Figure 1). As soon as welding was performed, the welded part of the 

material was heated by an electric heater at 710 ℃ for 99 s followed by air cooling at ambient 

temperature.  

During continuous cooling, the cooling rate to form bainite is higher than that required to form 

pearlite, but slower to form martensite (in steels of the same composition). Most alloying elements 

will lower the temperature required for the maximum rate of formation of bainite, and carbon is the 

most effective among them [19]. Even though the microstructures of martensite and bainite at first 

seem quite similar, under a simple optical microscope, the microstructure of bainite appears darker 

than martensite due to its low reflectivity. 

 

Figure 1. Melting zone area for different welding parameters with PWHT. 

A relatively increased degree of hardness was observed on the tool side (Figure 2) of the welded 

part with PWHT for all welding parameters. Welding was initiated from the tool side and concluded 

on the operator side. The welding part on the tool side takes more time compared to operator side 

when the welding part is kept in the maintaining phase at 710 ℃ (i.e., the tool side started to cool 

while welding was continued on the operator side). 
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Figure 2. Hardness in tool, mid-wall and operator side. The welding was performed with PWHT. 

As a result, the tool side rapidly cooled and developed an increased degree of hardness 

compared to the operator side. In our study, the highest degree of hardness measured in the tool side 

was 267 HV, while it measured 264 HV in the operator side of the MZ area. The hardness difference 

among the three zones is not statistically significant (p < 0.05). When the hardness was measured 10 

mm from the center line of the MZ, the hardness was similar to the BM area and hardness was 

evenly distributed throughout the HAZ area.  

The thermal diffusivity of the base material plays a vital role—if the diffusivity is high, the 

material cools fast and the HAZ is relatively small [22]; conversely, a low diffusivity leads to slower 

cooling and a larger HAZ. In addition, the amount of heat generated during welding is an important 

parameter to consider. For example, a processes like oxyfuel welding uses a high heat input which 

rises the size of the HAZ (Figure 3). A bainitic microstructure was formed in the MZ, while a mixer 

of globular and bainitic structures was evident in the HAZ. Moreover, processes like laser beam 

welding and electron beam welding give a highly concentrated, limited amount of heat, resulting in a 

small HAZ. 

 

Figure 3. Base material, heat affected zone and melting zone in PWHT condition. 
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On the contrary, the HAZ without PWHT was relatively smaller in size (Figure 4) when 

compared to samples with PWHT. The heat spread out for a long area owing to slow cooling, while 

with PWHT, it cools quickly and does not have sufficient time to spread the heat. 

 

Figure 4. Base material, heat affected zone and melting zone when the welding was 

performed with the PWHT. 

A martensitic microstructure is obtained by utilizing TIG welding on C67 material is done 

without post welding heat treatment (PWHT) in the MZ (Figure 5). The welding was performed 

above 1500 ℃ and the welded part was cooled to room temperature in air. The martensite is formed 

by rapid cooling (quenching) of austenite, which traps carbon atoms that do not have time to diffuse 

out of the crystal structure [38]. This martensitic reaction begins during cooling when the austenite 

reaches the martensite start temperature (MST) and the parent austenite becomes mechanically 

unstable. At a constant temperature below MST, a fraction of the parent austenite transforms rapidly, 

preventing any further transformations.  
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Figure 5. Melting Zone area when the welding was performed without PWHT. 

As the temperature decreases, more of the austenite transforms to martensite, and eventually 

completes the transformation when the martensite finish temperature (MFT) is reached, generating a 

crack in the middle, particularly in the MZ area (Figure 6). This crack results from nonequilibrium 

cooling: thermodynamically metastable phase martensite is formed instead of stable phase where 

energy is released by crack formation. The microstructure of the HAZ and MZ are also similar to the 

welding sample without PWHT. Hence, the hardness of those two areas are not significantly 

different for all welding parameters.  

 

Figure 6. A crack was found in the melting zone area when the welding was performed 

without PWHT. 
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A martensitic microstructure is observed in the welding sample without PWHT, while bainite is 

developed with PWHT. In the HAZ, all parts of the material can’t completely transform to 

martensite and the hardness of the HAZ area is relatively lower than melting zone area:  the area of 

the HAZ is relatively higher in PWHT samples. Therefore, a sharp change of the hardness value is 

found in the HAZ compared to TIG done without PWHT (Figure 7). Overall, samples without 

PWHT possess relatively increased hardness values compared to PWHT due to martensite formation. 

The MZ area of the welding sample performed with PWHT is different from the welding sample 

performed without PWHT when the same parameters are used.  

 

Figure 7. Hardness in tool, midwall and operator side. The welding was performed with PWHT. 

A relatively high hardness is observed on the tool side (925 HV) compared with the operator 

side (910 HV) when a 100 A current with 7 mm/s velocity is used. The hardness measured 5mm 

from the center line of the MZ is similar with the BM area in this procedure. Moreover, a crack in the 

middle part was observed in samples without PWHT because of non-equilibrium cooling and the 

formation of meta-stable phase martensite.  

In this study, hardness of the MZ and HAZ were insignificant when the welding was executed 

with PWHT. To obtain the minimum hardness in the MZ area, a 90 A current and 10 mm/s velocity 

were used, then the welded parts were kept at 710 ℃ for 99 s. A relatively higher magnitude of 

current was employed when the welding speed rose to avoid the welding spots [39]. Hence, a 

relatively higher welding speed (15 mm/s) was used where the 120 A current was applied.  Moreover, 

a 265 HV hardness was detected on the MZ area where the hardness was distributed uniformly. 

Finally, we noticed a crack on the machine side where the welding was performed with a relatively 

low current and velocity (Figure 8).  
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Figure 8. The welding section in tool’s, midwall and operator side when the same 

parameters was used. The welding was performed with PWHT.  

4. Conclusions 

This work concentrates on the investigation of microstructure and mechanical properties of TIG 

welded on a C67 material considering its hardness by using different welding processing parameters. 

A higher hardness was noticed in the MZ area when TIG welding was performed without PWHT, 

and a sharp change of the hardness was observed in the HAZ area. The microhardness in the MZ 

zone was around 900 HV when the welding was executed without PWHT, and it was about 280 HV 

with PWHT. A crack in the middle part of the welded sample was noticed when the welding was 

performed without PWHT, as well as a sharp change of hardness. Furthermore, optical micrographs 

exhibited bainite formation in the MZ area when PWHT was performed, while a martensitic 

microstructure was developed when TIG welded was performed without PWHT. Overall, an 

increased degree of hardness was obtained in the welded samples without PWHT in either the MZ or 

HAZ. The microhardness was uniform on the tool side, mid-wall, and operator side for both 

procedures. The Vicker’s hardness between the machine side and tool side was not statistically 

significant (P < 0.005). Though the microstructure was similar from the tool’s side to the operator’s 

side, a relatively higher hardness was detected in the tool’s side, regardless of the application of 

PWHT. In this study, a larger HAZ area was seen when the welding was performed with PWHT. 

Finally, the lowest hardness was measured with a 90 A current and 10mm/s velocity was employed 

for welding, followed by PWHT and the hardness was 265 HV.  

In the future, a laser welding can be performed on 0.90 mm of a C67 grade sheet to verify the 

microhardness and microstructure in the melting zone and compare it with the TIG welding. Our 

research didn’t use any preheating on the samples before the welding, which could affect the grain 

size of the heat affected zone for welding with PWHT. Additionally, we can compare the grain size 

with preheating for both procedures. 
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