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Abstract Post weld heat treatment methods are widely
adopted to improve the mechanical properties of AISI 1020
steel. AISI 1020 is a low-carbon grade of steel which is usu-
ally ductile and strong. It shows a fair weldability under all
types of fusion welding techniques. This work deals with
the microstructure and mechanical property analysis of
AISI 1020 steel plates which were first welded by ‘shielded
metal arc welding (SMAW)’ and then heat treated. During
heat treatment, heating temperature and holding time were
kept same for all the samples while the rate of cooling was
changed for every welded sample. One welded plate was
kept in ‘as received or original’ condition so that a compara-
tive assessment can be done on its behalf. The microstruc-
tural appearance was found in good relationship with the
tensile strength and hardness of the samples. A huge altera-
tion of microstructure was reported in the study. The sand
cooled sample, due to possessing coarse a+ Fe;C, imparts
7% lesser hardness and 85% higher tensile strength in com-
parison to ‘as received’ sample. The Also, XRD analysis
was carried out to check the phases present in each type
of sample. The XRD peaks of welded joint of each plate
contains two planes of Fe i.e., a (110) and a (200). This
means no defects or oxide formation were recorded after
heat treatment.
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Introduction

AISI 1020 is highly demanded category of low carbon steel
which imparts nearly 420 MPa of tensile strength, 120 J of
toughness, and 123 BHN of hardness. In addition to that,
it has very good weldability and formability [1]. In case
of arc welding, a sudden local melting and solidification
occurs which makes the pearlite finer in the welded region.
Also, there is always a possibility of formation of residual
stresses in the HAZ [2]. To avoid these issues, the heat treat-
ment after welding is usually adopted. Heating the samples
till austenitic region, holding them for a certain period and
cooling into a desired rate can provide a substantial change
in microstructure and thereby into the mechanical properties
[3]. Annealing is the well adopted heat treatment method in
the industries to avoid residual stress and to provide adequate
toughness and ductility to the steel sample [4, 5]. Similarly,
other forms of heat treatment like normalizing, quenching,
stress relieving, process annealing, etc. are adopted to make
the steel useful for a particular application [6]. Some of the
recent research works are summarized here. After a brief
heat treatment of SAF 2507 steel, a considerable increment
in austenite was reported in the welded region. The sam-
ple which was treated at the temperature range of 1080 °C
had shown the highest toughness [7]. The laser welding was
performed on 301LN steel without the application of filler
metal. The reversion treatment was done post welding. The
grains at the welded zone were mainly coarse and colum-
nar. The reversion treatment had increased the elongation of
the welded joint in comparison to the temper-rolled samples
[8]. The HSLA-80 steel was undergone through various post
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weld heat treatment methods. Based on impact test results,
it was found that the HAZ was stronger and tougher than
the welded zone [9]. It was observed by the fatigue test that
the fine grains of the HAZ substantially restricts the crack
growth during the test [10]. T91 steel, Cr & Mo based steel,
was tested after heat treatment. The longer holding time
was found favorable for a better toughness. It is because of
the formation of fine martensitic under tempered condition.
Also, the soaking period of 2 h had successfully increased
the hardness to an optimum level [11]. During the study of
welded P92 steel, the ‘as welded’ sample was found with
heterogeneous microstructural appearance. The post weld
treatment had removed the d ferrite patches and thereby the
hardness range had also changed [12]. The dissimilar joint
between A5S37CL1 and AISI A321 steels has been processed
through heat treatment. The treatment temperature of 620 °C
was noted as highly relevant for removing residual stresses
[13]. The welded joint between 13 and 8 Mo steel and
maraging steel had shown a considerable improvement in
tensile strength and elongation [14]. The laser welded joint
between 2205DSS and Q235 was heat treatment at three
different temperature levels. The base metal zone of Q235
showed the fastest diffusion of carbon atoms [15]. The NiTi
and SS304 joint shows cracks usually in laser-welded con-
dition. These cracks may be avoided by adding Ni. A work
in this direction reported the formation of Ni3Ti after the
temperature rise of post weld heat treated condition. This
phenomenon has significantly increased the hardness, which
was measured by Vickers hardness tester [16]. The post
welded stainless-steel plates, i.e., AISI304L and AISI430,
had shown a considerable improvement in mechanical prop-
erties and corrosion resistance [17]. In similar manner, other
steels like pressure vessel steel [18], grade 91 steel [19],
T-250 maraging steel [20], T-91 steel [21], and S690 high
strength steels were welded and tested to get the most satis-
factory results by various heat treatments. It has been noted
that the spaces between lamella of undeformed pearlite can
affect the proof strength of the metal. The ferrite content of
interstitial-free iron was found with higher yield than the
ferrite in the pearlite [22]. The bainite and martensite mixed
extremely high strength micro-alloyed steel is being consid-
ered for various structural use and automobile applications
[23, 24]. Another approach for fabrication of high-strength
steel is by using rolling at upper critical temperature fol-
lowed by thermomechanical process and air cooling. The
processed metal was then quenched, partitioned and partial
austenitized at 800 °C. This complete process was capable to
provide high tensile strength, elasticity, and low yield ratio
[25].

In this direction of research, the current work is dealing
with AISI 1020 steel for the post weld heat treatment analy-
sis. This work is an extension of the work published by [26].
Four different ways of cooling have been adopted to get the
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variation in microstructure and mechanical properties. In
addition, these plates were tested under XRD to check any
variation in phases present in the welded zone.

Experimental Work

As discussed in [26], AISI 1020 steel plates of dimension
100 x50 x5 mm was considered as experimental material
in this work. A total of 10 nos. of plates were collected
to form five pairs of welded joints. SMAW was used as a
welding technique in this work. The yield parameters of
welding in each category were kept same, i.e., 50 V and
180 A. The cellulose flux coated filler electrode of E6010
was used during welding. Its diameter was 2 mm. The first
welded plate was considered as ‘original’ plate as it was not
undergone through any heat treatment process whereas other
four plates were heated at a temperature level of 950 °C for
a soaking time of 1.5 h. This temperature is sufficient for
proper conversion of room temperature ferrite + cementite
into pure austenite. After a certain period of heating, these
plates were removed out of the furnace and cooled in four
different media like chilled water, mustered oil, building
sand, and atmospheric air at ambient temperature. These
plates were allowed to cool until the room temperature in
the particular cooling media. The heat treating and cooling
work can be understood by the outline given in Fig. 1. Five
samples have been named as 1, 2, 3, 4, & 5. Sample 1 is in
original condition. Sample 2 and sample 3 are water and
oil quenched respectively. Sample 4 is sand cooled whereas
sample 5 was named to air cooled sample. Two destructive
tests have been carried out by taking all the five welded
plates. First, the tensile test by using the ‘universal testing
machine’ and second, the hardness test on Rockwell hard-
ness tester. The tensile testing requires a specific shape of
specimens as designated by ASTM-ES8. These specimens
were cut-off by the ‘electric discharge machining’. In these
specimens, the cross-sectional area of the mid-portion,
nearly 32 mm long, is made smaller than the grip section.
During the tensile test, the upper jaw was moved by a strain
rate of 0.001 s~1. It has been seen that all the welded speci-
mens were broken through the welded zone (Fig. 2a). The
Rockwell hardness test, in B scale, was done on the smooth
cross-sectional surfaces on each plate. A number of inden-
tations was done on each welded plate starting from left to
right side so that three zones BM, HAZ, and WZ can be
covered through the hardness test. The microstructural test
was carried out through an optical microscope. For that, the
cross-sectional surfaces of each plate were super-finished by
using a polishing machine (Fig. 2b). Five different grades
of abrasive papers, medium to very fine, were utilized for
finishing purpose. The finished surfaces were etched by Nital
solution (100 ml ethanol +4 ml nitric acid). The samples
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Fig. 1 Process of heat treatment followed during the experimental work
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Fig. 2 a Used specimens in tensile test; b Samples for microscopic observation
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were dipped into the solution for 8—10 s and then rubbed
by cotton prior to microscopic observation. A small portion
near the welded joint was cut from each plate for conducting
XRD analysis.

Result Analysis

For each welded plate, four microstructural images were
captured. One image was captured at 200X magnification
at HAZ where a boundary is clearly visible between BM
and WZ. Three other images were captured at 1000X mag-
nification at three different zones- BM, HAZ, and WZ. The
heat treatment methods have substantially changed the grain
structure of each plate. The images of sample 1 are given in
Fig. 3. The HAZ image at 200X was captured near the fusion
boundary where microstructural changes occurred. The
exact BM has been shown at 1000X magnification in which
ferrite and pearlite regions can be easily recognized. The
ferrite and pearlite are mainly coarse in appearance. Also, a
lamellar structure of ferrite and cementite can be seen in the

HAZ at 1000X
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Fig. 3 Microstructure in sample 1 (original sample)
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pearlitic region. As soon as, the observation moves toward
the WZ, the pearlite gets elongated over the ferrite zone.
It is because of sudden melting and localized cooling of
the fusion zone. The microstructure of sample 2 has been
shown in Fig. 4. The BM side of the plate has converted into
martensite as its presence is very fine like needles. No bright
regions are available as proof of ferrite initiation. Also, the
pearlite formation is restricted in the BMZ. The boundary
area between BMZ and WZ shows a conversion from mar-
tensite to pearlite. The pearlite and ferrite growth toward the
WZ can be seen in the boundary region. The WZ is contain-
ing a mixture of ferrite, pearlite and fine elongated structure
of bainite. The alternate lamella of a ferrite and cementite
(Fe;C) can also be observed as a proof of reduction in hard-
ness in comparison to BMZ. Figure 5 discusses the micro-
structural appearance of oil quenched sample. Like sample
2, it has martensitic grains throughout the BM although
some ferritic growth has been started which can be recog-
nized through its bright appearance. The BM-WZ boundary
is clearly showing the ferrite growth toward welded region.
The WZ consists fairly coarse ferrite and pearlite along with

BM at 1000X
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WZ at 1000X

Fig. 4 Microstructure in sample 2

fine bainites. These bainites have made the WZ harder than
HAZ. The microstructural images of sample 4 (sand cooled)
have been shown in Fig. 6. In comparison to sample 1, 2,
and 3, sample 4 is possessing larger grains of ferrite and
pearlite. The pearlite is possessing a wide lamella of ferrite
and cementite in this case. These coarse grains get elongated
and columnar as soon as the BMZ-WZ boundary is crossed.
The WZ is showing a dendritic pearlite formation in the sand
cooled sample. Hence, the WZ was found harder than the
HAZ and BMZ. Sample 5, the air-cooled sample, shows the
similar attributes of microstructure as discussed for sample
1. The BM is carrying coarse ferrite and fine pearlite. The
lamellar growth of ferrite 4+ cementite is hardly visible in the
BMZ even at the 1000X magnification. The fusion boundary
is drastically changing the orientation of pearlite from BM
to WZ. As soon as the WZ reaches, the pearlite gets coarser
(Fig. 7). However, the overall grains structure in the WZ is
columnar and dendritic and hence the hardness is higher
than the BM zone.

The results of tensile test have been compared with
the same of original specimen. The tensile test result was

Y Martensite formation

¥ hroughout the BM

obtained as ultimate tensile stress (UTS) value and maxi-
mum elongation (E,,) in the specimen till fracture. A bar
chart is shown in Fig. 8 for a comparative assessment of ten-
sile test results. The UTS and E,, in sample 1 were reported
as 237 MPa and 1.525 mm respectively. In sample 2, the
water quenching phenomenon has reduced the UTS of the
specimen up to 208 MPa and that is approximately 12%
smaller than the same of sample 1. There is a substantial
reduction of 41% in E,, during water quenching. Sample
3 was cooled inside Oil which has shown better UTS than
sample 2. Sample 3 is possessing the UTS of 227 MPa that
is only 4% lower than the original sample. The elongation
induced in the oil quenched sample is nearly 52% larger
than water quenched product. Hence, for a better tensile
properties oil quenching is preferable over water quench-
ing. The sample 4 has shown the highest of UTS and E,, i.e.,
439 MPa and 1.61 mm respectively. The UTS of sample 4
has increased by 85% with respect to original sample. Fifth
sample has shown a very poor performance in terms of UTS.
Itis 179 MPa in this sample. Also, the E , value is 0.92 mm.
According to Fig. 2b, sample 5 has a large undercut during
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Fig. 5 Microstructure in sample 3

welding and hence proper fusion of base metal did not take
place.

The hardness of the welded plates was determined by
taking total 31 indents on each plate. One indent is on center
point of the welded joint and 15 indents on the either side
of the joints. The indentation wise hardness values (HRB)
are written in Table 1. Negative sign is showing the values
on the left side of the joint and positive sings are represent-
ing the values at the right side of the plate. The italic values
belong to the welded zone whereas the hardness values at
the HAZ (both sides) in bold parts. The color-less portions
in Table 1 are representing the hardness at the base metal
part. The average hardness at three different zones for all the
plates are compared by a bar chart given in Fig. 9.

There is an ascending order of hardness from BM to WZ
in original sample. The highest hardness was achieved in
the WZ due to fine columnar growth of ferrite and pearlite.
The water quenching phenomenon has changed the hardness
profile of the sample. In this, the BM carries the highest
hardness and the HAZ has been found as the least hard. In
comparison to the original sample, the BM, HAZ, and WZ
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Martensite with initiation of ferrite

of the water quenched sample carry nearly 14%, 5%, and
5.2% respectively more hardness. The hardness profile of
sample 3 is almost similar to sample 2. It means, both the
quenching processes have similar effect on the hardness of
the samples. All the three zones of the oil quenched sam-
ple were found harder as compared to the original sample.
The sand cooling process has reduced the hardness of the
welded plates at every zone. A decrement of 4%, 6%, and
7% was recorded at the BM, HAZ, and WZ respectively in
comparison with the same of sample 1. The hardness pattern
in air-cooled sample is similar to that of original sample,
although a bit increment in each zone was recorded after air
cooling. The air cooling has provided a finer microstructure
than in case of original condition.

The XRD analysis has been carried out to check various
phases present in the welded zone after the heat treatment
methods. The XRD image is shown in Fig. 10. The XRD
peaks are showing only two planes of iron, i.e., @ (110) and
a (200) in different intensities. The XRD results are indicat-
ing that no defects are present in the welded zone after the
heat treatment.
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Discussion

It is the type of metal and its composition which final-
ize the degree of residual stress-leaving. Other than these,
the PWHT temperature and the length of soaking time
also significantly affect the overall process. For PWHT,
a standard protocol is to soak the joint for one hour at
room temperature for every 25 mm of thickness; how-
ever, in some circumstances, a shorter soak period may
be required. PWHT at higher temperatures allows for some
aging, precipitation, and/or tempering effects in addition to
the reduction and redistribution of residual stresses during
the welding process. By lessening the structure’s hardness
when it is welded, these metallurgical modifications can
increase ductility and lower the likelihood of brittle frac-
ture. However, in certain steels, precipitation and aging
processes can lead to a decline in the steel’s mechanical
qualities [27]. PWHT may or may not be required, depend-
ing on the material and service requirements. The welding
settings and the most likely reason of failure are other
factors that impact the requirement for PWHT. PWHT

BM at 1000X

HAZ at 200X

is required by particular standards for specific grades or
thicknesses; nevertheless, when a choice is available, costs
and potential drawbacks must be weighed against poten-
tial advantages [27, 28]. Because of the high temperatures
and lengthy durations required, the energy costs are usu-
ally substantial; nevertheless, the expenditures incurred
by time delays could be more significant. In order to fully
reap the benefits of the process, it is imperative to care-
fully control the rates of heating/cooling and temperature
tolerances [29].

The overall quality of the welded joint depends on the
extent of fusion which occurs between the two adjoin-
ing edges. Sometimes, due to improper selection of input
parameters, the heat input becomes too low to melt the
joint surfaces properly. This creates a situation of ‘under-
cut’ defect. This defect is highly undesirable as far as
strong joint is concerned [30]. In the present work, the
problem of undercut was reported in sample 1, 2 and 5.
This issue can be avoided by using proper groove and two-
sided welding on the plates.
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Fig. 7 Microstructure in sample 5

Fig. 8 A comparative analysis

of tensile pererties in five mUTS (MPa) Max Displacement (mm)
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Table 1 Hardness (HRB) at

: . Distance from center- Sample-1 Sample-2 Sample-3 (Oil- Sample-4 Sample-5
different locations of the plate point of the WZ (mm) (Original) (Water- quenched) (Sand cooled)  (Air
quenched) cooled)
-30 69 81 82 64 84
—28 69 82 80 65 65
- 26 68 81 81 66 73
—24 66 80 79 65 73
—-22 69 83 82 66 72
-20 68 80 78 67 70
— 18 69 78 76 66 75
—16 67 76 76 68 72
- 14 70 77 78 68 74
- 12 69 78 76 69 69
- 10 68 76 75 67 66
-8 72 74 74 67 75
-6 71 74 74 68 73
-4 70 76 75 67 75
-2 75 77 76 69 77
0 74 78 76 69 76
2 74 78 77 68 74
4 73 76 76 66 73
6 72 75 75 67 78
8 73 73 76 65 72
10 70 77 74 66 74
12 68 76 78 67 77
14 69 77 77 68 78
16 70 77 79 66 82
18 67 78 78 68 76
20 66 79 80 69 70
22 69 80 79 67 68
24 69 81 81 65 67
26 67 82 82 63 72
28 68 80 81 64 54
30 68 80 80 62 74

Conclusion

In this work, the effectiveness of post-weld heat treatment
has been analyzed by considering AISI 1020 steel plates.
After the SMA welding and heat treatment, four samples
were cooled into four different ways. The cooling media
were selected as: water, oil, sand, and air. Based on the ten-
sile test, hardness test and microstructural attributes, the
present work can be concluded as:

1. The microstructural attributes of heat-treated samples
are considerably changed as compared with original
sample. The base metal of both the quenched plates
contains martensite although a small amount of ferritic
growth was seen in oil quenched plate. The sand cooled,
and air-cooled plates are possessing coarse ferrite but as

far as pearlite appearance is concerned, it is finer in air
cooled sample. The BM and WZ boundary show a sig-
nificant variation in grain structure. In all the samples,
a columnar and dendritic growth was noted as soon as
the welded zone reached.

As far as ultimate tensile stress is concerned, huge incre-
ment of 85% was recorded in the UTS of sand cooled
sample in comparison to original sample. On the other
side, both the quenching media have reduced the UTS.
The air-cooled sample has shown the lowest value of
UTS in this experimental work.

The deformation attained by the specimens till tensile
fracture has also been affected by the heat treatment.
The maximum elongation was recorded in sand cooled
specimen due to possessing coarser ferrite and lamellar
pearlite regions.
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Fig. 9 Hardness comparison
at various zones of five welded
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4. The hardness pattern in original, sand cooled, and air- the heat treatment technique has not created any defects
cooled sample is similar. In these three samples, the like iron oxide.

hardness profile is: BM <HAZ < WZ. This pattern has
got changed in both the quenched plates. Due to carrying
martensitic structure, the BM in both the samples was
found harder than other regions. In addition, the WZ in Author contributions All the authors contributed to the study, con-

_ ception, and design. NS and OS have performed the experiment and
the quenched plates were harder than HAZ due to pos collected the results. SD has written the article. All the authors have

sessing dendritic growth of ferrite and pearlite. read, reviewed, and approved the manuscript before submission.
5. The mechanical properties of all the samples, except air

cooled sample, were found in good relationship with
microstructural appearance. The close observation of
the cross-sectional surface of air-cooled sample reveals Funding . The aqthors declare th‘at no fuqu, grants,.or other support
a significant undercut at the joint which reduced its were received during the preparation of this manuscript.
mechanical properties.

6. The XRD peaks of welded zone confirm that no phases
other than Fe were present in the steel samples. Hence,
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