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Introduction

AISI-1020 grade is a low-carbon steel that is known for its 
good strength, fair machinability, weldability, and malle-
ability. It is generally manufactured in the form of tubes 
or square cross-sectional beams which further formed 
into various products like angles, channels, bars, rods, etc. 
It possesses a minimum tensile strength of 450 MPa and 
yield strength of 320 MPa. It can elongate up to 35–40% 
till fracture. It can be easily cold and hot drawn by using 
appropriate forming apparatus. These mechanical proper-
ties can be greatly modified by applying various heat treat-
ments to them. Low-carbon steel can also be easily quenched 
and tempered to get a wide range of properties. It is well 
known that steel gains hardness with an increase in carbon 
content. On the other side, ductility also gets reduced with 
increasing carbon amount. Common chemical composition 
in AISI-1020-0.18% C steel is: carbon (C) = 0.20%; manga-
nese (Mn) = 0.40%; phosphorous (P) ≤ 0.03; sulfur (S) ≤ 0.04 
[1, 2]. Heat treating is a thermo-mechanical metal working 
process that involves heating, holding, and cooling the metal 
to get the desired physical and chemical characteristics. Heat 
treatment, sometime, may be used to restore the original 
properties of the metal. Properties like ductility, tough-
ness, hardness, yield strength, ultimate tensile strength and 
fracture resistance can be significantly varied by applying 
different heat treatment techniques. All the heat treatment 
processes involve a controlled heating and soaking. For the 
purpose, an adequate size of furnace, heating environment 
and proper equipment are required. After a certain level of 
heating, metal is cooled at desired rate- slow, fast, and very 
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fast. Three stages of heat treatment are discussed briefly 
below: (a) Heating stage; (b) Soaking stage; (c) Cooling 
stage [3, 4]. The objective of the heating stage is to heat the 
metal uniformly in a furnace. In the soaking stage, metal 
is allowed to soak the heat properly so that required phase 
changes can happen in metal. In the cooling stage, the prop-
erly heated or soaked metal is ready to cool up to room tem-
perature. For this, various cooling media are used including 
Air, Water, Oil, Sand, Brine, Furnace, Gas chamber, Powder 
packed chamber, etc. The rate of cooling decides the final 
microstructure of the metal [26]. In AISI 1020 steel, two 
types of microstructures such as pearlite (ferrite and cement-
ite), cementite are usually observed in room temperature. 
Other microstructure such as martensite, retained austenite, 
and bainite are also reported based on cooling condition of 
the steel [5].

• Ferrite (α): It is a pure form of iron that imparts very less 
(0.008–0.022%) amount of carbon. Therefore, it is the 
softest structure in iron-carbon phase diagram.

• Cementite (Fe3C): It is the hardest structure in iron-car-
bon diagram. It possesses 6.67% carbon amount either 
in the form of globules or any other shape of networks 
between ferrite grains.

• Pearlite: In steel, pearlite is the product of eutectoid reac-
tion at 0.8% carbon content where austenite converts, 
upon cooling, into two solids- ferrite + cementite. These 
two solids collectively called pearlite which has an alter-
nate layer of ferrite and cementite. This mixture contains 
87.5% ferrite and 12.5% cementite.

A considerable variation in hardness and grain structure 
of three types of steels, such as AISI 1020, 1040, and 1060, 
were analyzed according to varying cooling rates. Hardness 
was found to increase with an increment in cooling rate [6]. 
In a work, AISI D2 steel, i.e., tool steel, was considered 
under heat treatment so that dimensional stability of the tool 
can be maintained during machining work. In this work, 
steel was undergone into a quick-freezing treatment at a tem-
perature range of − 120 to − 150 °C. As soon as the tempera-
ture was reduced, satisfactory dimensional accuracies were 
being obtained. Also, the best result was noted at a tem-
perature level of − 150 °C [7]. Spring steels were subjected 
to oil-cooling and tempering works to enhance the perfor-
mance. Steel was first heated to a range of 870 °C, soaked 
properly and then cooled in oil. In addition, the cooled sam-
ples again subjected to annealing process at a temperature 
range of 450–550 °C. There was huge difference in micro-
structure reported in the study before and after the annealing 
work. The martensite and retained austenite formed prior 
to annealing got fully converted into bainite after anneal-
ing. As result of increasing annealing temperature and time, 
hardness and tear strength got decreased [8]. Die steel was 

considered for increasing wear resistance properties after 
heat treatment. Wear resistance was found in good corre-
lation with austenitizing temperature. Wear resistance got 
increased when temperature raised from 920 to 1120 °C. As 
soon as the upper temperature crossed beyond 1220 °C, a 
decrease in wear resistance was reported. In addition, bainite 
was found as superior to bainite + martensite mixture [9]. 
A case study on AISI 1020 steel revealed that ductility and 
toughness greatly depend upon ferritic microstructure. After 
treating by annealing, hardening, and normalizing, it was 
seen that the lowest hardness was mainly found in annealed 
sample which had mainly ferrite in excess amount [10]. The 
cooling rate had a high impact on tensile strength. In a work, 
the low-carbon steel showed the highest hardness for salt-
water quenched product and the lowest for annealed sample, 
although there was a considerable increment in toughness 
of annealed samples [11]. Another grade of mild steel was 
found possessing high tensile strength when it was quenched 
after austenitization [12]. Classified under AISI 1015 cat-
egory, EN 9 steel was analyzed in pre- and post-heat-treated 
conditions. A considerable increment in hardness was 
observed in age-hardened samples. The annealed samples 
showed a good elongation till fracture. The impact strength 
of normalized samples was found superior to hardened sam-
ples [13]. The cast iron with high chromium content was 
analyzed for mechanical characteristics and microstructural 
variation after tempering. Generally, the high chromium cast 
iron contains carbides (like  M7C3 and  M23C6), martensitic 
structure and retained austenite. It was seen that  M23C6 got 
converted into  M7C3 after heating the sample at austenite 
range, i.e., a temperature level of 1020 °C. Later, it became 
fully dissolved into austenite. The subsequent quench-
ing had made the sample too hard because of containing 
 M7C3 carbides in excess amount. The quenched product 
was tempered to increase the impact strength and reduce 
the hardness [14]. In four different types of heat-treatments 
in AISI 1040, i.e., annealing at 950 °C, stress-relieving at 
590 °C, normalizing at 899 °C, and tempering at 316 °C, 
mainly tensile strength was found to be modified in different 
ways. Especially, tensile strength was found the highest in 
annealed sample but with a loss of ductility [15]. AISI 4340 
steel was undergone through two step heat treatment process 
which involves heating the sample at critical temperature 
for 2 h and then allowing it for isothermal transformation 
in a salt bath (mixed with sodium nitrate) followed by air 
cooling up to room temperature. As a result, the final micro-
structure comes out as a mixture of ferrite and bainite. With 
reducing the isothermal holding time, the microstructural 
constituents had changed to a combination of ferrite and 
martensite. The second method with a lesser isothermal 
holding time gave a stiffer product than that of first method 
[16]. The effect of double hardening process had resulted 
in a reduction of carbon amount and formation of long and 
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brittle carbide layers. The results were thoroughly studies by 
electron backscattered diffraction (EBSD) technique [17]. 
The properties of H13-tool steel were analyzed under three 
different experimental conditions, i.e., post-tempering, dur-
ing- tempering, and during-quenching. During quenching, 
martensite along with retained austenite was reported. The 
tempering has removed retained austenite from the sample 
and restored toughness with a loss of hardness [18]. Many 
research works indicate the importance of heat treatment 
in welded joints to remove residual stress generated due to 
high thermal gradient [19–25]. In recent studies it has been 
studied how the interlamellar spacing between pearlites 
affects their proof strength. The ferrite of interstitial free 
iron has a higher yield compared to the ferrite of pearlite 
at a similar length scale [27]. A work highlights the role of 
substructural parameters such as martensite lath, grain size, 
grain boundary chemistry in defining fracture toughness for 
high-strength iron-based materials [28]. The development 
of ultra-high-strength microalloyed steel is discussed in a 
work. This is a bainite-martensite alloy that is strong and 
ductile. It is useful for automotive and structural application 
[29, 30]. A new high-strength steel has been produced using 
thermomagnetic controlled processing & air cooling after 
finalizing rolling at 750 °C. One step Q&P was carried out 
at a temperature of 345 °C below MS (365 °C) followed by 
a 30 °C partial austenitization at 800 °C followed by a fully 
austenitized at 930 °C. The combination of ferrite and lathy 
microstructure is an ideal combination for a low yield ratio 
[31]. In a similar manner, steel was subjected to a thermally 
controlled processing process with the finishing rolling tem-
perature at 850 °C and then air-cooled. The resulting micro-
structure achieved through this process was highly suitable 
for obtaining a good balance of mechanical characteristics 
in the steel [32, 33]. In addition, the advances high-strength 
steel (QP steel) [34] and ultra-fast heated steel [35] were 
also taken under partitioning heat treatment for making them 
mechanical sound. Some studies include coating on the steel 
surface to make it corrosion protected [36, 37]. AISI steels 

are nowadays considered for friction stir welding (FSW) 
with aluminum plates. The FSW is known as one of the con-
venient solid-state welding processes [38–40]. As discussed 
above in literature review section, AISI 1020 grade has been 
widely investigated to increase its demand for various appli-
cations. Research works are still being conducted on AISI-
1020, especially in the direction of property enhancement 
through heat treatment, to explore a new development in 
metallography of low-carbon steel. In the area of heat treat-
ment, the present work deals with critical characterization of 
microstructure after applying seven different cooling rates to 
the samples. One sample (i.e., eighth sample) was kept in as 
received condition so that a comparative assessment can be 
done with regard to it. XRD was utilized to study the phases 
in different samples.

Experimental Details

The experimental part involves the collection of AISI 1020- 
low-C steel samples. The elemental composition of this steel 
has been done on ‘energy-dispersive spectroscopy’. Figure 1 
shows the EDS spectra of the steel sample considered under 
study.

Total 8 such plates were taken under study out of which 
7 plates were considered for heat treatment and 1 was kept 
in original condition. The seven plates were heated up to 
900 °C for 1.5 h in an induction furnace. After that, samples 
were cooled through various cooling media like air, water, 
sand, oil, sand + water, sand + oil, and furnace. First sample 
was cooled in atmospheric air which took approximately 
2.5 h to get cooled until room temperature. Second sam-
ple was cooled by dipping it inside water. The sample gets 
cooled in 1 min. Third sample was inserted beneath the sand, 
which is a poor conductor of heat, hence it has provided slow 
cooling rate, and the sample took nearly 5.5 h to get cooled 
up to room temperature. Fourth sample was dipped in 1 L 
mustard oil and the cooling happened after 20 min. Fifth 

Fig. 1  EDS spectrum of AISI 1020 steel showing different elements
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sample was cooled in two steps- 2 min in sand and then in 
water till room temperature. In this case, the sample took 
4 min to cool down. Similarly, sixth sample was also cooled 
in two steps- 2 min in sand and then in oil till final cooling. 
In this case, a total cooling time of 8 min was observed. 

The last, seventh sample, one was left in the furnace itself. 
The power supply of furnace was turned off and the furnace 
was properly closed so that sample could be isolated from 
atmosphere. In this case, sample gets cooled down in 40 h. 
Hence, the cooling media like air, furnace, sand, oil, water, 

Fig. 2  Optical microscopic 
images at 500× magnification 
and 50 µm scale: F = ferrite; 
P = pearlite; M = martensite
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sand + oil and sand + water have provided the cooling rates 
of 0.096 °C/s, 0.006 °C/s, 0.044 °C/s, 0.725 °C/s, 14.5 °C/s, 
1.812 °C/s, and 3.625 °C/s, respectively.

The appropriate shaped samples were prepared for micro-
structural analysis after heat treatment. One side of all the 
8 samples were polished by using superfinishing machine. 
For the purpose, different grades of polishing papers (such 
as grit sizes of 1000, 1500, 1800, 2200 and 2500) were 
used in the study. The polishing procedure is indicated in 
Fig. 2d. Nital (2% nitric acid + 98% ethanol) was applied on 
the polished surface of samples. An optical microscope with 
1000X magnification limit was considered for microstruc-
tural observation. In addition, each sample was analyzed 
under X-ray diffractometer so that phases can be recognized 
in each sample. Other sides of each sample were utilized for 

hardness testing, i.e., indentation through Rockwell hard-
ness test.

Microstructural Observations and Analysis

The microstructural images were captured by an optical 
microscope (OM) and FESEM. In OM, the images were 
captured at two different magnifications 500× and 1000× . 
For getting the clarity of grain orientation, eight images 
at 500 × magnification are shown in  Fig. 2 collectively. 
For proper comparative analysis, the images captured at 
1000× were utilized in the following sections. Similarly, the 
FESEM images were captured at 30,000× magnification and 
2 µm scale. The pearlite lamella was clearly visible through 
FESEM images. Sample-wise discussion has been provided 
in the below section:

Fig. 3  Microstructural image of original sample: a by OM, b by 
FESEM

Fig. 4  Microstructural image of sand-cooled sample: a by OM, b by 
FESEM
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Original Sample

Initially, the original sample was observed through a micro-
scope. The result of the same was considered as standard for 
the given type of steel. Figure 3a shows the grain structures 
of the original sample which consists mainly of α-ferrite 
(bright in appearance) and pearlite (Dark in appearance). 
Some of the pearlitic zones are very dark which resembles 
that there is very less or no gap between lamella between the 
α and  Fe3C (cementite) phases. Also, some widely spaced α 
and  Fe3C lamella were observed in this sample by FESEM 
(Fig. 3b).

Sand‑Cooled Sample

Sand cooling has made the significant changes in micro-
structural appearance of the steel. As compared to original 
sample, sand-cooled sample possessed α-ferrite in wider 

area with coarser grain size. The pearlite has mostly lamel-
lar appearance of α-ferrite and cementite with wider area of 
dispersion over bright α zone. The precipitation of cement-
ite over ferrite is more wider than original sample. Wide 
α +  Fe3C layers can be seen by FESEM (Fig. 4).

Air‑Cooled Sample

Air cooling provides a faster cooling rate than sand cool-
ing. This has converted the coarse grain into finer sizes. 
The appearance of pearlite is relatively finer than that of 
original sample and sand-cooled sample. There is very lit-
tle amount of lamellar α +  Fe3C structure were seen in the 
image (Fig. 5).

Furnace‑Cooled Sample

In the microscopic image of furnace-cooled sample, a sig-
nificant variation in both ferrite and pearlite phases was 

Fig. 5  Microstructural image of air-cooled sample: a by OM, b by 
FESEM

Fig. 6  Microstructural image of furnace-cooled sample: a by OM, b 
by FESEM
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observed (Fig. 6a). In all the pearlitic zones, a widely dis-
persed α +  Fe3C lamella were noted which means the furnace 
cooling has made the grain size considerably coarser than 
that of original sample (Fig. 6).

Water‑Cooled Sample

The cooling rate provided by water was too fast, and it hardly 
took 1 min to let the sample cool up to room temperature. 
At this fast-cooling rate, the γ-austenite (probably formed at 
900 °C) has not fully transformed into pearlite. The micro-
structure mainly consists of acicular needle-like appear-
ance, called martensite. Along with these, the plates-like 
appearance was also noted in the same which resembles as 
α-ferrite, although its presence is low (Fig. 7).

Oil‑Cooled Sample

Oil also provides a fast-cooling rate but a little slower than 
water. Unlike water-cooled sample, it possesses a combina-
tion of ferrite, pearlite, and a little amount of bainite. The 
presence of α-ferrite is predominant in the image. The pearl-
ite is very fine. No lamellar structure of α and  Fe3C could 
be observed in the image. Bainite is a result of fast cooling 
process. Bainite has also acicular appearance. A very less 
amount of bainite has been reported in the sample (Fig. 8).

Sand + Water‑Cooled Sample

As this sample was first buried inside the sand for 2 min, 
a sufficient time was achieved to transform γ-austenite 

Fig. 7  Microstructural image of water-cooled sample: a by OM, b by 
FESEM Fig. 8  Microstructural image of oil-cooled sample: a by OM, b by 

FESEM
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into α +  Fe3C. The subsequent cooling in water resulted 
in the formation of fine pearlite. Unlike water quenched 
sample, there is no martensite was reported in this sam-
ple. A proper combination of coarse and fine pearlite was 
achieved in this method. This method is superior than 
tempering of martensite because a significant changes 
in microstructure could be done with considerably less 
energy consumption. At various parts of the sample, 
α +  Fe3C lamella were reported which is a sign of good 
ductility and high toughness (Fig. 9).

Sand + Oil‑Cooled Sample

The attributes of microstructural appearance in this case 
is similar to sand + water cooling method. It also imparts 
a clear view of ferrite and pearlite (both fine and coarse), 
though no sign of bainite formation was reported in this 

case. The only difference between plain oil cooling and 
sand + oil cooling is that the former can give bainite as 
final microstructure, but latter cannot. The microstructure 
images are shown in Fig. 10a and b.

XRD Analysis

The XRD result of the original sample shows mainly 
two planes of α-iron indicated by two different peaks, 
i.e., a significantly large intensity of plane [110] and 
comparatively smaller intensity of plane [200]. In this 
case, α-ferrite [110] has an intensity of 41,183.334 CPS 
(Fig. 11a). The sand-cooled sample shows the same plane 
of iron as in original sample. The intensity of α [110] has 
increased in the sand-cooled sample. It is 62,300 CPS for 
this sample which is about 51% higher than that of the 
original sample. Figure 11b shows the XRD peaks of the 
sand-cooled sample. In an air-cooled sample, the intensity 

Fig. 9  Microstructural image of sand + water-cooled sample: a by 
OM, b by FESEM Fig. 10  Microstructural image of sand + oil-cooled sample: a by 

OM, b by FESEM
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of α-ferrite (110-plane) is 35,600 CPS. It is nearly 14% 
lesser than that of the original sample. No other planes 
that iron were seen in this sample also. The XRD peaks of 
the air-cooled sample are shown in Fig. 11c. The amount 
of α-[110] in the furnace-cooled sample is significantly 

higher than that of the original sample. XRD peak of plane 
[110], in this case, is the highest. The intensity of peak, 
i.e., 77,416.66 CPS is nearly 88% higher than that of the 
original sample. Other than pure iron planes, two peaks of 
iron oxides, named  Fe2O3 and  Fe3O4 were also reported 
at the 2θ of 8° and 17°, respectively (Fig. 11d). The water 
quenched sample has shown a complete oxide formation 
on the metal surface. The  Fe3O4 peaks were reported at 
2θ of 30°, 35°, 58°, and 63° whereas the  Fe2O3 peaks 
were visible at the 2θ of 32°, 43°, and 39° (Fig. 11e). The 
results of iron oxide formation are referred from the work 
of [41–43]. There was no iron oxide formed in the oil 
quenched sample. The XRD peaks of this sample is simi-
lar to that of original sample (Fig. 11f). In sand + water-
cooled sample, no proof of iron oxide was reported during 
XRD analysis. Hence, stepped cooling is useful to avoid 
the oxide formation along with microstructure restoration 
(Fig. 11g). The XRD peak of sand + oil-cooled sample 
revealed a 78% higher intensity of α-[110] than the same 
reported in oil-cooled sample (Fig. 11h).

Fig. 11  XRD analysis in eight 
samples; intensity versus 2θ 
peaks were obtained; mainly 
two peaks, i.e., ferrite and pro-
eutectoid ferrite were noted in 
samples

(a) Original sample (b) Sand Cooled

(c) Air cooled (d) Furnace cooled

(e) Water quenched (f) Oil quenched

(g) Sand+water cooled (h) Sand+ oil cooled

Table 1  Rockwell hardness measured in HRB

Sr. no Sample Hard-
ness in 
HRB

1 Original 72
2 Air cooled 77
3 Sand cooled 68
4 Oil cooled 80
5 Water cooled 95
6 Furnace cooled 54
7 Sand + oil cooled 76
8 Sand + water cooled 74
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Hardness Test and Analysis

All the samples were tested through a Rockwell hardness 
tester to find out the hardness of each sample. A common 
load value of 150 kgf was applied on each sample through a 
hardened steel-based indenter. A total of four indents were 
made on each sample, and an average value of hardness was 
calculated. The hardness values (HRB) achieved by every 
sample are given in Table 1. Also, a comparative analysis is 
provided in Fig. 12.

The overall outcomes of this work can be summarized 
in Table 2.

The stepped heat treatment provided here, i.e., 
sand + water and sand + oil cooling processes, can be very 
useful in industrial applications. A mixture of fine and 
coarse pearlite was the result of these two treatments. The 
hardness of the specimens was found higher than those of the 

original samples. In addition, the martensite formed because 
of quenching can be successfully avoided by stepped heat 
treatment methods. In this way, a lot of energy that is utilized 
for the tempering of martensite can be saved.

Conclusion

In this work, an attempt has been made to investigate the 
microstructural changes and hardness analysis of AISI 
0.18%-C steel samples which were heat-treated by 7 dif-
ferent methods. One sample was kept unchanged so that a 
comparative analysis can be done based on its characteris-
tics. The following observations were made from this work:

• The original sample, which was physically unchanged, 
showed both fine and coarse pearlite along with 

Fig. 12  Comparative analysis 
among hardness of the samples

Table 2  Overall results 
outcome of the work

Sample Microstructure observed Hardness

Values (HRC) Com-
parative 
analysis

Original Ferrite and pearlite (in normal size) 72 –
Sand cooled Coarse grains- ferrite and pearlite 68 5%↓
Air cooled Fine pearlite 77 7%↑
Furnace cooled Too coarse ferrite and wide lamella of 

ferrite and cementite
54 25%↓

Water cooled Martensite and very less ferrite 95 32%↑
Oil cooled Ferrite, fine pearlite and bainite 80 11%↑
Sand + water-cooled Ferrite, medium-sized pearlite 74 3%↑
Sand + oil cooled Ferrite, medium-sized pearlite 76 5%↑
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α-ferrite phases. The coarse pearlite was in less quan-
tity. XRD peaks showed two planes of iron, i.e., [110] 
and [200] at 2θ value of 44.91° and 65.17°, respec-
tively. It possesses a hardness of 72 HRC.

• The microstructure of air‑cooled sample resembles as 
of original sample but with finer pearlites. Also, the 
presence of α-ferrite got reduced by air cooling.

• A substantial variation in sand‑cooled sample was seen 
in the study. A coarse pearlite with lamellar α +  Fe3C 
has been primarily observed in the sample.

• As a result of very slow cooling, furnace-cooled sample 
imparts a significant wide lamellar structure of ferrite 
and cementite. Also, the ferrite grains are too coarse.

• A completely different structure was reported in water-
cooled sample which is martensite. Its appearance is 
needle-like. The iron oxide layers are predominant in 
this sample, and hence,  Fe2O3 and  Fe3O4 are the two 
oxides reported in this sample.

• Oil-cooled sample possessed both ferrite and pearlite, yet 
the lamellar form of pearlite is not visible at all. Unlike 
water-cooled sample, oil-cooled sample has not showed 
any oxide formation.

• Sand + water-cooled sample has a completely different 
microstructure than only water-cooled sample. No mar-
tensite was reported, and too some lamellar and coarse 
pearlite zones were reported along with widely spreaded 
α-ferrite. The stepped cooling method has avoided the 
formation of metal oxide.

• Sand + oil cooling is another option for stepped heat treat-
ment which shows a better improvement in grain structure 
than in sand + water cooling and only oil cooling.

• Hardness test results are showing the exact character-
istics of microstructures in various sample. The order 
of samples according to hardness is: water-cooled > oil-
cooled > air-cooled > sand + oil-cooled >sand + water-
cooled >original sample > sand-cooled > furnace-cooled.
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