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ABSTRACT  

AISI 1020 grade of steel is well known for its good combination of high strength and fair ductility. Therefore, it is widely demanded 

in construction sectors. It possesses a good weldability too in both arc and gas welding conditions. In the present work four pairs of 

AISI 1020-0.2%C steel plates were welded by shielded arc welding method. Except one welded plate, other three were heat treated. 

Based on the heat treating, three different physical conditions were achieved- water quenched, oil quenched and annealed. All the 

samples were tested for tensile strength, hardness, and microstructure. The annealed specimen has showed a significantly improved 

tensile strength of 439 MPa which is 85% higher than as-welded specimen. Water and oil quenched specimens showed lesser strength 

than that of as-welded specimen. With regard to hardness, there were two different observations. The as-welded and annealed speci-

mens indicated the highest hardness at welded joint whereas the lower values were reported in base metal part. In contrary, the water 

and oil quenched specimens were harder in base metal zone as compared to welded zone. Both, strength, and hardness were found in 

good correlation with microstructural appearance of the plates.   
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INTRODUCTION 
 
AISI 1020 steel, a low carbon grade, is known for its good 

strength of nearly 420 MPa along with the toughness value of 

120 J. In untreated condition, it possesses an average hardness 

of 123 BHN. This grade of steel is widely used in fabrication 

and construction works. The weldability of 0.2% steel is very 

good [1]. Both, autogenous and homogenous type of welding 

can be performed in 1020 grade. Although the yield parameters 

during welding greatly affect the joint performance, the post 

weld heat treatment work can also play an important role to im-

prove the properties to a great extent. Heat treatment, a process 

of heating, holding and subsequent cooling at desired rate, is not 

a new technique. It is being utilized from many years [2]. But, a 

small alteration in process parameters can result into significant 

variation of mechanical properties. Hence, the old treatment 

methods are still being utilized with a small variation in peak 

temperature, soaking period, and cooling media to get the de-

sired output. During welding, a sudden local melting and solidi-

fication of metal causes thermal gradient throughout the welded 

plate. Therefore, a high chance of residual stress formation ex-

ists. Mainly, the heat affected zone is influenced by the residual 

stress. Hence, an adequate heat treatment is adopted to remove 

all the internal stresses present in the grains of steel.   

Annealing, a usually adopted technique, is a process of heating 

the samples up to austenite range and then cooling them into 

such a medium which possesses a less thermal conductivity. In 

this way, a slow cooling rate can result into coarse pearlite for-

mation with improved ductility, toughness and refined strength 

[3]. In some instances, the samples are hardened by applying 

various quenching techniques. Quenching does not/partially al-

low(s) the sample for phase conversion from austenite to pearl-

ite. The final microstructure of quenching comes out as ‘marten-

site’ which is highly hard [4].  

The present work deals with critical assessment of microstruc-

tural changes with three different types of heat treatment. The 

comparison among annealing, water quenching and oil quench-

ing have been carried out by selecting one sample in as-welded 

condition.  

 

LITERATURE REVIEW 

 
The post-weld heat treatment has been adopted by many re-

searchers for various grades of steel. Some of the previous out-

comes are discussed in this part.  

In a work, post weld heat treatment on SAF 2507 steel was per-

formed. The effects of heat treatment were analysed on micro-

structure and mechanical properties. They found that increment 

in hardness and reduction in toughness in the welded zone, it 

was due to the deviation from equilibrium state. They performed 

a brief heat treatment post-weld. It showed a remarkable in-

crease in the austenite volume fraction in the welded zone. The 

highest toughness after the post brief heat treatment at 1080 o C 

[5]. Järvenpää et al. (2019) studied the effect of reversion-treated 

and temper-rolled conditions AISI 301LN steel. By autogenous 

laser welding, coarse columnar grains were produced at the 

welded zone of 301LN. Also, the HAZ was very narrow in both 

the conditions, i.e., temper-rolled and reversion-treated. Both 

structures had weld metal with 240 HV hardness, matching the 

hot-rolled sheet. The specimens cut across the weld joint had the 
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same yield strength in reversion-treated and temper-rolled steels, 

but more than double in hot-rolled steel. Reversion-treated struc-

tures had lower but higher elongation than temper-rolled struc-

tures. Welded steels had almost the same fatigue life as hot-

rolled steel without welding [6]. Jorgea et al. (2018) presented a 

comparative study among various post-weld heat treatment con-

ditions of HSLA-80 Steel joined by multi-pass welding with 

coated electrodes. The Charpy impact test indicated that the 

HAZ was more durable than the welded metal for heat treated 

samples [7]. The fatigue characteristics of weld metal, fusion 

line, and fine grain heat affected zone were investigated by tak-

ing the surface notch root radii values of 0.1, 0.2, and 0.3 mm. It 

was seen that fatigue cracks of weld metal and fusion line begun 

at twin and then propagated along the martensite laths. The fa-

tigue crack in fine grain HAZ propagated through ferrite grains 

and thereby substantially blocked by fine grain boundaries [8]. 

Sharma et al. (2018) studied the relation between the heat-treat-

ing temperature and holding period of T91 steel (modified 9Cr-

1Mo steel), which lead to changes in microstructural properties 

such as un-tempered and fine martensite, alpha ferrite, fine and 

coarse precipitates, etc. Hot Wire TIG welding's low heat input 

reduced the heat affected zone (HAZ). It was found that the 

soaking time increased the T91 steel's toughness at 760°C due 

to fine-tempered martensitic formation. The steel specimen 

soaked for 2h at 760 °C and 790 °C had the most optimal hard-

ness [9]. Pandey et al. (2019) investigated the effect of PWHT 

on arc welded P92 joint. The experiment involved two different 

PWHTs. The first one was treated at 760°C for 2 hours and then 

cooled in air medium. The second sample was treated at 1040°C 

for 40 mins. The “as welded” sample had a higher degree of mi-

crostructural heterogeneity as compared to the PWHT samples. 

The toughness of the HAZ was lower in case of PWDT and 

greater in case of PWNT sample than the as-welded sample. In 

both the PWHTs the heterogeneity gradient reduced along the 

weld c/s. Ductile fracture was observed in the PWNT sample 

whereas brittle fracture was observed in the PWDT and as-

welded samples. The PWNT sample eliminated the δ ferrite 

patches, while the PWDT only changed range of hardness of the 

δ ferrite [10]. PWHT was performed on welded joint of 

A537CL1 steel and AISI A321 steel. The strength and hardness 

got reduced by heat treatment. 620 °C temperature was found 

highly suitable for the least residual stress [11]. Maraging steel 

and 13-8 Mo stainless steel was joined by TIG. Post-weld ageing 

significantly improved the yielding, tensile strength, and elon-

gation of the joint [12]. Dua et al. (2019) studied the effect of 

PWHT on the properties of laser beam joined 2205DSS and 

Q235 metals. Treatment was done at 600, 700, and 800 °C. At 

700 °C, Q235 BM carbon atoms diffused fastest, creating the 

thickest carbon-depleted layer. Without Fe3C to slow grain 

boundary migration, the carbon-depleted layer's ferrite grain 

coarsened quickly. At 600 °C the PWHT was found to be opti-

mal [13]. Due to the abundance of embrittling precipitates and 

metallurgical changes, joining duplex alloys is difficult, whereas 

improper welding circumstances and an unbalanced austen-

ite/ferrite phase ratio increase the risk of solidification cracking, 

corrosion, and decreased ductility. Since thick sections are used 

in many industries, such as the oil pipeline and shipbuilding in-

dustries, where higher productivity is required, this supports the 

need for higher heat input, interpass temperature optimization, 

cooling rate optimization, proper consumable selection, and de-

fect-free joints for quick and rapid productivity. To meet the de-

mands for better production without distortion, numerous inno-

vative procedures, such as plasma, laser, PCGTAW, A-TIG, and 

hybrid welding processes, are being developed, although these 

cause high ferritization [14]. One of the most efficient ways to 

stop cracking in laser-welded joints of NiTi/304SS (stainless 

steel) is to add Ni as filler material. NiTi/Ni/SS joint was heat 

treated undergo post-weld heat treatment (PWHT) at 650°C and 

850°C to enhance its mechanical capabilities. At the welds, more 

Ni3Ti was seen as the PWHT temperature rose. This process 

strengthened the sample leading to an increase from 375 HV0.2 

to 493 HV0.2 in average hardness and improved the tensile 

strength. The maximum joint average strength, which is nearly 

2.12 times greater than the joint's as-welded strength, was 643 

MPa at 850°C PWHT [15]. The viability of dissimilar friction 

stir welding (FSW) between the Incoloy 825 Ni-based superal-

loy and the SAF 2507 super duplex stainless steel was assessed. 

Because of recrystallization and grain refining, the joint showed 

greater hardness than the base metals. After undergoing tensile 

testing by SEM, the welded sample demonstrated ductile frac-

ture mode and had equal strength to the Incoloy 825 parent metal 

[16]. The different stainless steels (AISI304L and AISI430) 

were welded together using GTAW and then heat treated at tem-

peratures of 860 °C and 960 °C to check the variation in micro-

structure and mechanical characteristics. The heat-treated plates 

had achieved the highest tensile strength and a minimal corro-

sion resistance [17]. Due to inconsistent heating and cooling dur-

ing welding, residual stresses, deformation, cracking, and HAZ 

formation might emerge from the operation. V. D. Kalyankar in 

this publication discuss the effects of different post-weld heat 

treatments on the characteristics of pressure vessel steels. Nu-

merous issues that arise both during and after welding are dis-

cussed, along with details on various heat treatment methodolo-

gies that may be used to address these issues. It also contains a 

summary of the literature study of earlier significant studies 

upon that and its impact on the mechanical characteristics of the 

material [18]. In Grade 91 steel, it was seen than corrosion phe-

nomenon was highly active HAZ in the as-welded which further 

got increased after tempering [19]. Three PWHTs were carried 

out on laser welded T-250 maraging steel. They are aging (A), 

solution-aging (SA) and homogenizing+solution+aging (HSA). 

Finely dispersed Ni3(Ti, Mo) precipitates, tiny martensite laths, 

and reverted austenite along the grain boundary made up the mi-

crostructures of the weld metals produced by the A and SA pro-

cedures. This work emphasises how important martensite and 

the Ni3(Ti, Mo) precipitate are to ensuring the high strength of 

welded joints. The toughness of welded joints is significantly 

influenced by the reverted austenite because of its uneven defor-

mation with the martensite matrix. It demonstrates how the re-

moval of reverted austenite during PWHT using the HSA 

method might affect the mechanical behaviour of welded joints 

[20]. With variable heat treatment temperatures and times, the 

microstructure of T91 steel underwent various structural trans-

formations, including the production of untempered martensite, 

fine martensite, alpha ferrite, fine and coarse precipitates, etc. 

Due to the Hot Wire TIG welding process's low heat input, the 

heat affected zone is narrow. With longer soaking times, T91 

steel that has been heat treated at 760°C becomes more robust. 

The production of fine-tempered martensitic is responsible for 

this. The steel reached its maximum hardness after being im-

mersed for two hours at two different temperatures (760 °C and 

790 °C) [21]. The impact of PWHT on grade S690 high strength 

steel welded connections that have been reheated, quenched, and 

tempered (RQT) was investigated by M.S. Zhaoa. The hole drill-

ing test reveals that PWHT decreases the residual stress level at 

that place and tensile results show that it can improve ductility 

and maximum resistance keeping plastic resistance low. How-

ever, it was shown that although the ductility could still be en-

hanced if the specimens were heated, the drop in load bearing 

capability was significant [22]. 

  

MATERIAL AND METHODS 
 
A total of eight nos. of AISI 1020-0.2% steel plates of dimension 

100×50×5 mm were taken in this work. By using shielded metal 

arc welding, four pairs are joints were made. A common welding 
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parameter i.e., 50 V voltage and 180 A current was used in each 

joining. So, the theoretical power input was 9000 W. The elec-

trode, grade E6010, with steel rod of 2 mm and cellulose coated 

flux was utilized during welding. As the primary aim of this 

work is to examine the mechanical property alteration via heat 

treatment, therefore the yield parameters were randomly se-

lected prior to welding. After welding is completed in all four 

pairs, one plate was kept in as-welded condition while other 

three were undergone through heat treatment process. These 

three plates were heated in an induction furnace at 950oC for 1.5 

hr of soaking time. At this stage, the plates became completely 

red hot. Then, three of them were cooled in three different media 

like Water, Oil, and Furnace+Sand. The sample got cooled 

within 0.5 min inside water. This sample was named as ‘Water 

quenched’ sample. In case of oil, the sample took nearly 5 min 

to cool down. This was named as ‘Oil quenched’ sample. The 

third sample was cooled in two steps- initial 2 hours in furnace 

and then cooling inside sand till room temperature. Hence this 

sample was considered as ‘annealed’ sample. An outline of ex-

perimental work has been shown in Fig. 1.  
 

 
Fig. 1 Outline of the experimental process  

 

(a) 

 
(b) 

 
Fig. 2 (a) Fractured tensile test specimens; (b) Polished samples 

for microstructural analysis 

All the four welded plates were cut through wire-electric dis-

charge machining to get tensile test specimens. The specimens 

were prepared as per ASTM standard. The 10 mm wide plates 

were cut off from each plate for hardness testing at one cross 

section and micro-structural testing at another section. Tensile 

test was performed on a universal testing machine (capacity 

600kN). The strain rate was fixed at 0.001 s-1. The stress-strain 

graphs were plotted during each tensile test. Fractured tension 

test specimens are shown in Fig. 2 (a). For hardness testing, 

Rockwell hardness (B-scale) test was conducted on the cross-

sectional surfaces of each welded plate. A total of 31 indentation 

were done on each plate in such a way that one indent was done 

in the centre of welded joint, 15 indents were on the left side of 

the plate and another 15 indents on the right side. There was a 

gap of 2 mm maintained between each indent. For microstruc-

tural study, the plates were superfinished by using a rotating disc 

polishing machine. The plates were first inserted in a hard-rub-

ber mould and then polished together. Various grades of sand-

papers, i.e., of grit sizes 1000, 1400, 1800, 2200, 3000 were uti-

lized for polishing the samples. Nital etchant was prepared and 

applied on the polished surfaces of the plates before microscopic 

observation. The polished samples are shown in Fig. 2 (b).   

 

RESULTS AND DISCUSSION 
 

The experiment-wise results have been discussed in this sec-

tion.  

Tensile test analysis: The stress-strain graphs of as-welded, wa-

ter quenched, oil quenched and annealed specimen have been 

provided in Fig. 3. The as-welded sample had shown the ulti-

mate tensile strength (UTS) of 237 MPa. The maximum strain 

reported in the sample was 6.1%. An approximate value of yield 

strength of the sample was 75 MPa. The outcomes of as-welded 

samples were kept as reference for other samples. In general, the 

attributes of as-welded sample are ductile because of possessing 

fair development of elongation prior to fracture. The water-

quenched sample had shown a UTS of 208 MPa which is nearly 

12% lower than that of as-welded sample. Also, there is a great 

reduction in elongation prior to failure. The strain in this sample 

was observed as 3.6% only which is 41% smaller than that of as-

welded sample. Water quenched sample, being rapidly cooled, 

did not get sufficient time to change its phase from austenite to 

pearlite. Therefore, a brittle martensitic structure had reduced its 

strength and ductility to a great extent. Oil-quenched sample 

showed a bit improvement in tensile properties as compared 

with water quenched sample. The UTS value and strain of oil-

quenched sample were reported as 227 MPa and 5.5% respec-

tively. The UTS of oil quenched sample is almost 4% lower than 

as-welded specimen whereas its value is 9% higher than water 

quenched product.  Also,  the  strain recorded  in  oil  quenched  

 
(a) 
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(b) 

 

(c) 

 

(d) 

 
Fig. 3 Stress-strain graph of (a) As-welded sample; (b) Water 

quenched sample; (c) Oil quenched sample; (d) Annealed sam-

ple  

 

sample has got improved by 52% with respect to water quenched 

sample, although this value is still 10% lesser than as-welded 

sample. Annealed sample was provided sufficient time to get 

cooled up to room temperature. It showed the UTS of 439 MPa 

which nearly 85% higher than as -welded product. With such an 

improved strength, the elongation shown by the sample is also 

very high (7% higher).    

Fractography analysis: The fractured samples from tensile test-

ing have been utilized for field emission scanning electron mi-

croscopy (FESEM). The central part of the fractured zone was 

focussed and observed under high magnification value of 1500 

X. The images in all the samples were recorded at a same scale 

of 10 µm. The objective behind this study is to evaluate the na-

ture of failure- brittle and/or ductile. The symptoms observed in 

as-welded sample are numerous dimples, micro-pores and 

macro-pores (Fig. 4a). Also, some indications of plastic flow of 

metal could be noted in this. These all are highly related with 

ductile failure and therefore this sample showed a good elonga-

tion prior to fracture. The FESEM image of water-quenched 

sample is shown in Fig. 4(b). Dimples are available in this im-

age. Unlike, as welded sample, pores and whirl-like plastic flow 

of metal are completely absent. It means that water quenching 

has made the metal some brittle as compared with as-welded 

one. The fractography image of oil-quenched sample is shown 

in Fig. 4(c) in which, similar to water-quenched, dimples are 

present with no substantial pores. In addition, little zones of plas-

tically deformed zones were also reported in the same. Both the 

indications, i.e., ductile and brittle fracture were observed in the 

oil-quenched sample. Fig. 4(d) is representing the FESEM im-

age of annealed sample. This image is full of whirl-like appear-

ance which is nothing but plastic flow of material under the ef-

fect of tensile loading. Pores are the central part of these whirls. 

Numerous micro-dimples are present all over the fractured sur-

face. These symptoms are mainly belong to ductile behaviour of 

the material.  

(a) 

 
(b) 

 
(c) 
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(d) 

 
Fig. 4 Fractography analysis of broken tensile specimens; (a) as-

welded; (b) Water quenched; (c) Oil quenched; (d) Annealed  

 

Hardness analysis: Rockwell hardness (B scale) tests were per-

formed on the cross-sectional surfaces of four welded plates. 

The surfaces were made smooth prior to test. Total 31 indents 

were made on each plate out of which one was made on the cen-

tre-position of the plate, i.e., in welded zone. 15 indents were 

made on left side of the plates, and another 15 sets were on right 

side also. Based on the recorded hardness values, a comparative 

graph has been plotted (Fig. 5). The hardness profile of water 

quenched and oil quenched samples are similar in nature. Too, 

the pattern of graphs in as-welded and annealed samples are 

alike. Hardness at base metal zone is higher than welded zone in 

both water & oil quenched specimens whereas the welded zone 

was found harder than BM in annealed and as-welded speci-

mens. The average values of hardness at BM, HAZ and WZ in 

as-welded specimen are 69 HRB, 71 HRB, and 73.2 HRB re-

spectively. The water quenched specimen has shown an incre-

ment of hardness by 14%, 5%, and 5% at BM, HAZ and WZ 

respectively in comparison to as-welded specimen. In a similar 

manner to water quenched sample, oil quenched product has 

shown almost same increment in hardness. Annealing has re-

duced, but not significantly, the hardness at all the zones. The 

reduction percentage at BM, HAZ, and WZ is 4%, 6%, and 7% 

respectively. A comparative bar chart of hardness in correlation 

with microscopic views at BM, HAZ and WZ is shown in Fig. 

6.      

 

 
Fig. 5 Hardness profile of four different welded plates 

 

Microstructural analysis: The microstructural appearance at 

three different zones is completely different in all the four 

welded plates. The heat treatment has completely varied the 

grain structure of the same. Fig. 7 is showing the microstructure 

of as-welded specimen in three different zones. The BM consists 

of mainly ferrite and pearlite. Ferrite is predominantly available 

in the same whereas the appearance of pearlite is relatively fine. 

The ferrite can be recognized by its bright coloured appearance 

while pearlite is completely black (Fig. 7a). The fusion boundary 

can be seen in Fig. 7(b). The equiaxed ferrite has started to elon-

gate from this zone. Also, a high amount of pearlite transfor-

mation has begun. Fig. 7(c) is focussed on welded zone where 

both coarse and fine pearlite can be seen. The ferrite and pearlite 

lamella are elongated in this zone.  

 

 
Fig. 6 Comparative analysis of hardness at various zones of the 

plate 

 

Fig. 8 belongs to the microstructure of water quenched plate. 

The BM is fully containing acicular martensite. Pearlite is al-

most negligible in this region. A clear view of needle shaped 

martensite is shown in Fig. 8(a) inside white rectangles. In fig. 

8(b), a transition between BM and WZ can be seen where the 

martensite has started to convert into pearlite. Pearlitic growth 

could be seen in boundaries. Fig. 8(c) is the welded zone where 

a little amount of martensite is still existing, but the major part 

is composed of both fine and coarse pearlite. Some lamellar 

α+Fe3C could also be reported in this zone. Due to this structure, 

the WZ in water quenched specimen has become less hard than 

BM.  

Fig. 9 shows the microscopic images of oil quenched sample. 

Unlike water quenched sample, the BM imparts martensite as 

well as pearlite. As oil has provided a little lesser cooling rate 

than water, some amount of austenite has converted into pearlite 

also. As soon as the study shifts towards WZ, a transition from 

martensitic structure to pearlitic structure can be seen. The fu-

sion boundary consists elongated ferrite and very fine pearlite 

(Fig. 9b). The WZ is fully composed of very fine pearlite, few 

martensite and a very little amount of coarse pearlite. All the 

structures have been properly indicated in the figure itself.  
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The annealed sample showed a coarse and equiaxed ferrite con-

tents in the BM zone (Fig. 10a). The appearance of pearlite 

(black) is relatively coarser also. It is because of very slow cool-

ing rate. A sufficient time has been provided to sample to con-

vert into fully ferrite and pearlite. At the fusion boundary (Fig. 

10b), the equiaxed α+Fe3C has started to transform into elon-

gated ferrite and pearlite. In the WZ (Fig. 10c), both fine and 

coarse pearlite have been reported. A columnar growth of ferrite 

with Fe3C boundaries have been observed. Some dendrites of 

ferrite could also be observed in the WZ. Due to this structure 

tensile strength of the samples got increased with a loss of hard-

ness. 

 

 
 

 
 

 
Fig. 7 Microstructure of as-welded specimen; (a) at BM; (b) at 

HAZ; (c) at WZ 

 
 

 
 

 
Fig. 8 Microstructure of water-quenched specimen; (a) at BM; 

(b) at HAZ; (c) at WZ 
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Fig. 9 Microstructure of oil-quenched specimen; (a) at BM; (b) 

at HAZ; (c) at WZ 

 

  

 

 
Fig. 10 Microstructure of annealed specimen; (a) at BM; (b) at 

HAZ; (c) at WZ 

 

DISCUSSION AND CONCLUSION  

The present work represents a comparative assessment of water 

quenched, oil quenched and annealed and un-treated welded 

specimens of AISI 1020-0.2%C steel on the basis of tensile 

strength, hardness and critical microstructural observations. 

Heat treatment has significantly modified the mechanical char-

acteristics of the plates. The observations can be concluded as 

follows:  

 As per the tensile test results, it was seen that both types 

of quenching have negative effects on strength. All the 

samples got broken through the welded joint. Water and 

oil media has reduced the tensile strength of the plates 

by 12% and 4% respectively, although oil quenched 

product has provided a comparable value of strength 

with as-welded plate. The annealed specimen has shown 

a great improvement in strength i.e., 85% higher than as-

welded plate.  

 The elongation provided by the samples during tensile 

tests is completely different in each condition. Water and 

oil quenched specimens showed lesser values of strain 

i.e., 41% and 5.5% lesser than as-welded. Annealed sam-

ple has attained high ductility and hence its strain value 

was recorded as 6.5%. These results have been estab-

lished by the fractography analysis. Both as-welded and 

annealed samples exhibit plastically deformed zone 

along with numerous dimples whereas the quenched 

specimens have no symptoms of any plastic flow.  

 Based on hardness results, it was observed than both the 

quenching media have improved the hardness of BM and 

reduced the same for WZ. The hardness profile of as-

welded and annealed specimens is almost same. In these 

two, WZ has been reported harder than BM and HAZ.     

 Microstructural appearance of four different plates cor-

roborate with the mechanical properties of them. Pos-

sessing martensitic structure at the BM zone, both the 

quenched specimens are hard. At welded joint, marten-

site has substantially changed into pearlite. In case of an-

nealed sample, the coarse and equiaxed α+Fe3C at BM 

has got elongated in the form of dendrites at WZ.  
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