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This paper presents analysis and comparison into mechanical behaviour and microstructural attributes of postweld heat-treated
AISI 1020 (0.21%-C) plates joined by the shielded metal arc welding (SMAW) process. The purpose of this work is to heat the
welded samples uniformly so that a possible formation of austenite can be obtained, and hence, residual stresses, if any, can be
recovered. Four pairs of such steel were taken and welded to form four joints. Welding was followed by heat treatment. The
heating temperature and holding time were selected as 1040°C and 60 minutes, respectively. Different cooling media such as sand,
water, oil, and air were used to cool the samples. Hence, there were four different samples according to their physical conditions:
sand-cooled, water-quenched, oil-quenched, and air-cooled. For analysing mechanical behaviour of all the plates, standard-
shaped specimens were prepared out of them. The tensile strength, impact strength, hardness, and the microstructural attributes
were analysed in four welded samples after heat treatment. Significant variations in tensile strength and hardness were reported
when compared with each other. Oil-cooled sample showed a remarkable enhancement in tensile strength. The sand-cooled
sample possessed the highest toughness, whereas water-quenched samples were found to be highly hard. Furthermore, a good
combination of strength, hardness, and ductility was reported in oil-cooled sample. Pearlite (coarse and fine) and martensite were
the main microstructural findings in the study. A clear vision of ferrite, cementite, and martensite on various heat-treated samples
made this study important. All the mechanical properties are in good corroboration with microstructure. A significant refinement
into all the mechanical properties was achieved in this work.

1. Introduction extensively used for construction, fabrication, and

manufacturing of different products such as angle, channel,
Steel is one of the highly demanded metals all over the world. ~ bars, slabs, and sheets. AISI 1020 steel possesses an ideal
Different grades of steels are used for different working  combination of formability, weldability, and machinability
conditions. In such grades, AISI 1020 is very common and is [1-3]. This grade comes under low carbon steel category.
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Hence, the carbon content varies between 0.1 and 0.2%.
Some important properties and ingredients of 1020 steel are
written in Tables 1 and 2. The most important characteristic
of the steel is to change the mechanical properties according
to various heating and cooling methods. Heat treatment can
reform the properties of the metal as per the requirement. In
addition, the annealing heat treatment technique is adopted
to remove the internal stresses in the steel specially in welded
joint. The fusion welding process imparts a complex cooling
and solidification phenomena. As the welded zone is sud-
denly converted into liquid state, a lot of thermal gradients is
produced on the other parts of the welded plate [5].
Therefore, there is always a chance of formation of residual
stresses in the heat-affected zone and welded zone. Other
defects such as strain hardening due to improper cooling can
also be generated in the welded joint. These defects begin to
remove as soon as recrystallization starts in the y-austenite
zone [6].

Analysis of postweld heat-treated plates is not a new
development. This research work has been taken into
consideration by many researchers in the last two decades.
Still, in the view of production economy and wide appli-
cation of the steel, continuous research is necessary. Here,
some of the previous research works are summarized as
follows.

PWHT is conducted to achieve stability in metallurgical
structure and to increase service life of the steel [7]. After
applying PWHT, Yamaguchi et al. [8] noticed that the heat-
affected zone (with fine-grained structure) possessed higher
fatigue strength than that of fusion line and weld metal zone.
Jorge et al. [9] conducted multipass welding of HSLA-80
steel by using a coated electrode. They used five different
conditions: only preheating, pre and postheating, only
postheating, and without pre- or postheating. They con-
cluded that there was a minor influence of heat treatment on
the welding of this steel. The toughness was reported high at
the heat-affected zone of heat-treated samples.

In an experiment, H13 hot worked tool steel was heat-
treated in three different conditions, i.e., (a) after tempering;
(b) while quenching; and (c) while tempering. High hard-
ness was reported on the tool steel after applying heat
treatment methods. Steel was found to be hardened due to
the presence of retained austenite [10]. The pretempering
treatment was applied on two different kinds of steels, i.e.,
quenched and partitioned steels. These steels possessed
ferrite and martensite structures. During experiment, both
microstructure and mechanical properties of the steel got
affected. The treatment had increased the strength and
toughness of the samples [11]. In a work, the high strength
steel (with Fe, C, and Mn as main constituents) was tem-
pered. As a result, cementite got coarser. Due to this, Mn was
found to get partitioned from the cementite matrix [12]. The
restoration and recovery of retained austenite (intermixed
with martensite) were done by applying the thermo-me-
chanical technique. As a result of thermal recovery, degree of
dislocation got reduced, and therefore, martensite got soften
[13]. A high chromium cast iron was tempered to check the
microstructural and mechanical property variation. As a
result of tempering, hardness got reduced, and the material
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became more tough and highly wear-resistant [14]. Calik
[15] investigated the hardness variation in relation with
microstructure by adopting various cooling rates in steels.
As soon as the cooling rate was enhanced, the hardness got
increased. Accordingly, the microstructure had also changed
significantly. Htun et al. [16] found that, as soon as the
tempering time and temperature were increased, the
hardness and ultimate tensile strength got reduced.
Machado [17] conducted heat treatment of two different
grades of steels, i.e., AISI 1020 and 52100 with an application
of electrical power. The effect of input voltage on hardness
was observed. Hardness was greatly enhanced by increasing
voltage input.

In the direction of improvement of mechanical prop-
erties, the present work deals with postweld heat treatment
of low carbon steel (1020 grade). As the manual welding of
the steel plates was done through SMAW, there might be
chances of nonuniform cooling of welded zone up to room
temperature by Kumaran et al. [18-20]. In such cases, the
solidified welded joint may contain residual stresses which is
the main cause of joint failure in impact loading condition.
In general, the predominant effects of residual stresses re-
main at the heat-affected zone as it is the zone which does
not melt but undergoes some microstructural variations due
to high temperature. To remove any residual stresses or
irregularity (if present) in microstructure of as-welded plate,
heat treatment was performed. Such heat-treated samples
were compared with each other based on the mechanical
properties and microstructural attributes.

2. Materials and Methods

The experimental work imparts shielded metal arc welding
of four pairs of AISI 1020 (0.21% C) steel plates. Each plate
has a dimension of 100 x 50 x 5mm. A proper edge prep-
aration was done prior to welding. The voltage and current,
i.e, 65V and 150 A were selected for welding the plates.
Hence, the ideal heat input (P = V x I) was 9750 J/s. With this
high heat input, a common welding speed of 5mm/s was
selected for each pair of welding. The cellulosic electrode of
grade E6010 containing low carbon steel rod with 2.5 mm
diameter was used as electrode material. The yield param-
eters for welding were randomly selected as our main aim
was to find the effect of heat treatment on mechanical
properties and microstructure behavior. After welding and
cooling of all the plates, heat treatment methods were fol-
lowed. For this purpose, all the plates were heated in furnace.
The heating time was common for all the samples which is 60
minutes. For that period, the temperature was maintained at
1040°C. Temperature measurement was done by means of a
laser pyrometer. The heated samples were, then, taken out
one by one. First sample (sample A) was put inside the sand
for cooling up to room temperature. The sand is the same
which is used for construction purpose. Second sample
(sample B) was dipped into 11 water to cool down at room
temperature. Water took least time to cool down the heated
plate. Third plate (sample C) was dipped into 11 oil for
cooling purpose. Mustered oil was used for this work. Fourth
sample (sample D) was taken out from the furnace and kept
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TaBLE 1: Physical properties of 1020 (0.21%-C) steel [3].

Properties Ultimate tensile strength Yield strength (MPa)

Elongation (%) Hardness (BHN) Impact energy (J)

Values ~600 MPa 362

25 224 101

TaBLE 2: Elements included (approximately in weight %) in 1020
steel [4].

Sr. no Elements Composition by weight, %
1 Carbon 0.210%

2 Silicon 0.25%

3 Manganese 0.83%

4 Nickel 0.085%

5 Chromium 0.08%

6 Molybdenum 0.02%

7 Phosphorous 0.006%

8 Iron Rest

in open atmosphere to allow it for cooling in air. It was
noticed that sand cooling took the longest time, whereas
water cooling time was too small. A welded plate and open-
hearth furnace are shown in Figure 1. From every heat-
treated sample, tensile test specimen was prepared according
to the ASTM E-8 M standard [21]. For this purpose, wire-
EDM was used to cut the steel samples (as shown in Fig-
ure 1). The tensile test specimens are shown in Figure 2.
Brinell hardness test was conducted to find variation in
hardness from the welded zone to base metal zone. The load
was taken as 1500N for conducting hardness test. One
sample from every welded plate was cut and polished at its
cross-sectional area. The polished surface underwent
microexamination to detect possible changes in grain
structure after heat treatment.

3. Results and Discussion

After performing experiments and tests, all the results were
noted down properly. This section includes a complete detail
of parameters selected for experiments, procedure of tests,
and detailed findings of work. The result analysis and dis-
cussion are as follows.

3.1. Mechanical Behavior

3.1.1. Tensile Test. All the welded and heat-treated plates
underwent through two different mechanical tests, i.e.,
tensile test and hardness test. The tensile test was performed
on FIE Make Universal Testing Machine (UTM), UTES-100.
The tensile specimens were prepared according to ASTM
E-8 M standard in which the gauge length was kept as
45 mm. The rate of deformation was selected as 0.0001/s. The
stress-strain graphs of four specimens are shown in Figure 3.
For each test, the corresponding values of tensile strength,
maximum force, and elongation are shown in Table 3.

It can be noticed that the nature of curves is similar in
sample A (sand-cooled) and sample D (air-cooled). Also,
there is much similarity in the oil-cooled and water-cooled
samples. Sample D has a tensile stress value of 200 MPa and a
good extension of 0.7 mm. Higher strain value indicates the

lower value of modulus of elasticity (stress/strain). The
modulus of elasticity in the air-cooled sample was reported
as 57551 MPa. The similar kind of characteristics were ob-
served in sand-cooled specimen but with improved material
properties. The tensile stress value of 332 MPa was found in
sand-cooled sample. This value is almost 66% greater than
air-cooled sample. The load requirement to achieve this
tensile strength is 11960 N. It is the highest value of load as
compared to other samples. Also, the extension of the
sample A (sand-cooled) at the tensile strength is 1 mm. It is
the maximum extension among all the samples. It indicates
that the sand-cooling method has increased the ductility of
the sample.

Sample B (water-cooled) has shown the tensile stress of
289 MPa which is 44% higher than air-cooled sample and
13% lower than sand-cooled sample. Hence, the water-
cooling process has drastically increased the tensile stress as
compared with the air-cooled sample. The extension at
tensile strength is 0.2mm which is much lesser than the
same of sand- and air-cooled samples. Therefore, water
cooling has reduced the ductile behavior of the sample. As
the sample has showed less value of strain, it possesses the
highest value of modulus of elasticity, i.e., 69399 MPa among
all samples. The oil-cooled sample, sample C, has shown
almost similar characteristics as those of water-cooled
sample. However, the tensile stress (550 MPa) is almost 90%
higher as compared with sample B. Also, there is an in-
crement of 146% was observed in extension value in
comparison with sample B. The possible reason of the
highest tensile strength in oil-quenched sample is the for-
mation of a mixture of martensite and very fine pearlite (i.e.,
bainite). Bainite structure provides a good strength to the
steel. A comparative assessment between water-quenched
and oil-quenched samples are shown in Figure 4.

3.1.2. Fractographic Test. The middle part of broken tensile
specimens was observed under field emission scanning
electron microscopy (FESEM) for observing the fracture
behavior of the specimens. All the specimens got broken
through welded joint but with different fracture behavior.
Figure 5 shows the fractographic images of all the samples.
Figure 5(a) belongs to water-quenched specimen. As per an
approximate observation, it has low magnitude of peaks and
valleys which is an indication of brittle fracture. Also, cracks
and cleavage facet [22] were significantly available in the
sample as an indication of brittle fracture, although many
dimples are also visible in the sample as a sign of ductile
failure. Unlike water-quenched sample, oil-quenched
specimen is not possessing facets and cracks. Also, the peaks
and valleys formation are high enough to prove a ductile
fracture of the specimen. In addition, there are many
microdimples available in the fractured zone (Figure 5(b)).
Figure 5(c) is an image of sand-cooled specimen with full of
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F1GURE 1: Experimental procedure. (a) Welded plates were heated in an open-hearth furnace; (b) temperature values were observed by using
a pyrometer; (c) sample preparation for further analysis; (d) a tensile test specimen prepared by using wire-EDM.

dimples and significant magnitude of peak (shown inside a
rectangular area) and valley (shown inside a circular area).
No cracks are visible on the fracture zone. Therefore, it is
clear indication of ductile fracture. In Figure 5(d), the air-
cooled specimen is possessing lesser amount peaks/valley
than sand-cooled sample. Some cracks and facets are
available, but they are in lesser quantity than in water-
quenched sample. A lot of dimples are present throughout
the area. It shows a combination of both brittle (in a little
magnitude) fracture and ductile fracture.

3.1.3. Hardness Test. The hardness of the welded zone, heat-
affected zone, and base metal zone was analysed by the
Brinell hardness tester. The steel ball indenter was used for
this purpose. Hardness test was performed at a load of
1500 N. Prior to conducting the test, one side of the cross-
sectional surface of each plate was smoothed properly so that
a good result could come out. The center point of the welded
zone is marked as “0.” Besides center point, there were eight
indents were made on either side of the plate. Just for
reference purpose, negative sign was used for leftward
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FIGURE 2: Tensile test specimens as per ASTM E-8 M standard.
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FIGURE 3: Tensile test and stress-strain diagrams of (a) sand-cooled; (b) water-cooled; (c) oil-cooled; and (d) air-cooled samples.

indents and positive sign was used for rightward indents. An
appropriate gap between two consecutive indents was
maintained so that the plastic deformation zone of the
previous indent could not affect the next indent area. By
using graph, hardness profile of each sample is compared as
shown in Figure 6. Representation of indentation on the
cross-sectional surface is shown in Figure 6. Hardness profile
of all the samples is similar. A common observation with all

the samples is that the welded zone possesses higher
hardness than other parts.

3.1.4. Impact-Energy Test. The Charpy test was used to
analyze the impact energy of the welded joins. The samples
were prepared as per the testing requirement. “V” notch was
cut from the weld centreline in such a way that a common
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than sand-cooled)
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TaBLE 3: Different parameters corresponding to tensile test.
Prop N rties/ Air- Water-quenched Oil-quenched Sand-cooled
Specimen cooled
Tensile strength 550 (175%7 than air-cooled; 90%7T
200 289 than water-quenched; 66%7 than 332
(MPa)
sand-cooled)
Extension at 1 (43%7 than air-cooled; 400%7T
tensile strength 0.7 0.2 0.5 than water-quenched; 100%7 than
(mm) oil-quenched)
Load at tensile 11960 (66%T than air-cooled; 15%T
strength (N) 7214 10424 9013 than water-quenched; 33%7 than
oil-quenched)
Modulus of 69399 (20%7 than air-cooled;
57551  13%T7 than oil-quenched; 22%7 61344 57024

Lesser Peaks
and Valleys
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Steel

Water possesses
high
thermal conductivity.

Hence, sample gets
cooled faster

Possible formation of
martensite (significant)
along with fine pearlite

Result in high
hardness (mainly)
with low strength

Oil quenched
Steel

Oil possesses
comparatively lower
thermal conductivity.
Hence, ample gets
cooled slower

d

Possible formation of very
fine pearlite (bainite) with
a little martensite

J

Result in a good
combination of high
hardness and high strength

FiGURE 4: Comparative assessment between water-quenched and oil-quenched samples.
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FiGgure 5: Continued.
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FIGURE 5: Fractographic analysis of specimens broken though tensile test. Observation into (a) water-quenched specimen, (b) oil-quenched
specimen, (c) sand-cooled specimen, and (d) air-cooled specimen.
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FIGURE 7: (a) Specimens of impact strength analysis. (b) Broken samples after test. (c) Values of impact strength. (d) A comparative analysis

among all samples.
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Figure 8: Continued.
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F1GURE 8: Polished welded plates and microstructures. (a, b) sand-cooled samples with coarse pearlite; (c) water-cooled sample with
martensite formation; (d, e) oil-cooled sample possesses both pearlite and martensite as well as cementite-mix region; (f, g) air-cooled

sample with lamellar structure of pearlite regions.

angle of 110° can be formed, as shown in Figure 7(a). A
hammer, set at an inclination of 135° from the actual po-
sition of the specimen, was allowed to fall freely through the
specimens. As soon as hammer breaks the samples through
its notch, the value of impact energy is shown by the energy
indicator. The values of impact energy for each specimen are
shown in Figure 7(c). The broken/deformed samples are
shown in Figure 7(b). Also, a comparative analysis among
the toughness of the samples is also shown by a bar chart in
Figure 7(d). It was noticed that all the samples were broken
in this test except sand-cooled sample. The impact energy
consumed by sand-cooled sample was found the highest, i.e.,
102] among all. On the other side, water-cooled sample
showed the least value of impact strength, i.e., 88]. The
impact test results are as per the expectation drawn after
observing fractographic images.

3.2. Microstructural Behavior. For microstructural obser-
vation, the samples were properly polished with abrasive
papers of grit sizes 1000, 1500, and 2000. Nital reagent was
used as an etchant with 2.5% nitric acid and 97.5% ethanol.
By using a thick cotton, the etchant was fully spread on the
highly polished surface of the welded plate for nearly 1 min.
The polished samples and microstructural images captured
for each sample are shown in Figure 8.

Figures 8(a) and 8(b) show the microstructural images of
sand-cooled sample. In this, a clear view of coarse pearlite
and cementite is available. In the fusion zone, the coarse
pearlite in lamellar form is visible. In addition, there is a
difference in microscopic view of heat-affected zone and

welded zone. As sand provides slow cooling rate, the
gamma-austenite got a sufficient time to fully convert into
coarse pearlite. As the previous study reveals, the coarse
pearlite makes the steel ductile and tough [3]. In this work,
sand-cooled specimen was reported comparatively more
ductile due to possessing coarse pearlite. Figure 8(c) shows
the microstructure of water-cooled sample. This image has
completely different appearance than Figures 8(a) and 8(b).
The acicular martensite was observed in the water-cooled
sample. As water cooling occurs at very fast rate, austenite
does not convert into 100% pearlite. Some amount of
retained austenite is remained with pearlite. Therefore, this
needle-like structure makes the sample very hard. It can be
corroborated with hardness test also. The water-cooled
sample possessed the highest hardness among all samples.

Figures 8(d) and 8(e) are referred to microstructures of oil-
cooled sample. In these images, there were three different
structures observed. The bright-coloured zones are ferrites
which are surrounded by dark zones, cementite. Cementite
possesses dark appearance due to carbon composition in it.
Specifically, in Figure 8(d), the martensite was found to be
surrounded by pearlite (ferrite + cementite). This martensite is
nothing but retained austenite resulted by the rapid cooling
process. Although this sample possesses martensite, the amount
of martensitic structure is not as much as water-cooled sample.
So, it can be derived here that the oil-cooling process has the
capability to maintain the hardness, toughness, and ductility in
the steel by the virtue of imparting ferrite, cementite, and
martensite simultaneously. Figures 8(f) and 8(g) show the
microstructures of air-cooled sample. These images are very
similar to those of sand-cooled samples. Mainly, pearlite was
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observed in a clear lamellar form. Air cooling provided the
sufficient time to cementite to precipitate over ferrite. Due to
this type of microstructure, air-cooled sample possesses proper
amount of ductility with good tensile strength.

4. Conclusions

The effect of heat treatment on mechanical properties
(tensile strength, hardness, and toughness) and micro-
structural behavior of welded joint of AISI-1020 samples was
analysed in this study. Four different welded plates were heat
treated in four different manners. Heating was done up to a
common temperature of 1040°C but cooling media were
sand, water, oil, and atmospheric air. The following con-
clusions are made:

(1) The heat treatment process has made the air-cooled
and sand-cooled samples ductile and tough. Both the
samples possess high extension values and therefore
high strain energy. In addition, the tensile stress of
sand-cooled specimen (332 MPa) was found to be
66% higher than that of air-cooled specimen. Also,
the extension in sand-cooled specimen is 81% higher
than air-cooled specimen. It shows that sand-cooling
method has drastically increased the ductile nature of
the steel. On the other hand, water-cooled and oil-
cooled samples have shown short extension prior to
fracture and hence lack of ductility.

(2) The water-cooled specimen showed the tensile stress
of 289 MPa and that is 44% higher than air-cooled
specimen but 13% lower than sand-cooled specimen.
This tensile strength was achieved with the loss of
ductility as the extension was reported very low, i.e.,
0.2mm.

(3) Oil-cooled specimen showed a good combination of
strength and ductility. It showed the highest tensile
stress of 550 MPa which is 175%, 90%, and 65%
higher than that of air-cooled, water-quenched, and
sand-cooled specimens, respectively. Also, it pos-
sessed 146% higher extension than water-cooled
sample. It indicates that the limitations involved in
the water-cooling method can be overcome by the
oil-cooling process.

(4) Although the hardness profile of all the samples is
similar in nature, water-cooled samples showed
higher hardness at every point. It can be concluded
that hardness at the welded zone > hardness at the
heat-affected zone > hardness at the base metal zone.

(5) The impact test results corroborate with the mi-
crostructure. It was found that sand-cooled sample
(1027) possessed the highest toughness among all.
Due to martensite formation, water-cooled sample
showed only 88] of toughness.

(6) The various heat treatment approach has changed
the appearance of microstructural appearance of
steel. The sand-cooled sample imparts a lamellar-
shaped coarse-grained pearlite. Means, austenite has
fully converted into pearlite which makes the steel
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ductile and tough. The air-cooled sample showed
almost similar characteristics of microstructure.
However, the exact size of the grains could not be
reported in this study. On the other side, the mar-
tensitic structure has been observed in water-cooled
sample. Oil-cooled sample showed all the three types
of microstructures, i.e., ferrite, cementite, and
martensite. The bright and dark appearance establish
the appearance of ferrite and cementite, respectively.
Some needle-like shapes are account of martensitic
structure. Therefore, oil-cooled specimen carries an
ideal combination of ultimate tensile strength,
hardness, toughness, and ductility [23-26].
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