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Abstract:

In the current study, an effort has been made to establish a relationship between the low alloy steel’s
microstructure and properties. Austenitizing temperature of for this low steel was taken at 1150°C for
1-hour holding for annealing, normalizing, quenching in water and oil. Tempering was done (below
Al) at 550°C for a two-hour holding period, and then quenched specimens were cooled by air. By using
optical microscopy and SEM, on base specimen ferrite, carbides and early austenite grains (PAG).
Microstructure of the annealing specimen was ferrite + pearlite. Microstructure of the normalizing
specimen was proeutectoid ferrite and fine carbide with bainite. Ferrite + tempered martensite +
carbide precipitates are observed in microstructure of quenched in water followed by tempering of low
alloy steel. Ferrite + bainite + carbide precipitates are observed in microstructure of quenched in oil
followed by tempering of low alloy steel. The mechanical properties of base alloy, annealing,
normalizing, water and oil quenching followed by tempering low alloy specimens are was tested by
Vickers macro hardness, Tensile test (UTS, Y.S, Elongation %) and Charpy impact test are 195.46
HV,150.19 HV, 289.90 HV, 337.33 HV and 289.71 HV; (610.82 MPa, 444.99 MPa, 823.28 MPa, 954.89
MPa and 916.73 Mpa; 492 MPa, 241.41 MPa, 604.74 MPa, 837.04 MPa and 788.15 MPa; 22.07 %,
18.94 %, 12.17 %, 11.84 % and 12.63 %); 85.5 J, 20.67 J, 32.67 J, 25.33 J and 22.67 J respectively.
Fractography of tensile specimens of base alloy and heat treated reveal ductile fracture.
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1. Introduction

Heat treatment, which entails timed heating and cooling, is applied to a particular metal or alloy in order
to produce the appropriate microstructure and mechanical properties (hardness, toughness, yield
strength, ultimate tensile strength, percentage elongation and percentage reduction). The four most
important heat treatments, Q (water) & tempering, Q (oil) & followed by tempering, and annealing, are
often used to change the microstructure and mechanical properties of engineering materials, particularly
steels. Annealing is the type of heat treatment that is most frequently employed to soften iron or steel
materials when elongations and a discernible level of tensile strength are required in engineering
materials. Due to the microstructure of ferrite and pearlite, it refines its grains [1]. A material is heated
to an austenitic temperature range and then cooled with air during the normalization process. The main
aim of this treatment is to create a pearlite-dominated matrix, which improves the raw material’s strength
and hardness. It is also used to remove undesired free carbide that was present in the sample at the time
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it was acquired. Additionally, it is utilized to get rid of unwanted free carbide that was in the sample
when it was received [2]. In order to enhance a steel's mechanical qualities, particularly its strength and
wear resistance, it is often quenched and tempered. When quenching, the steel or its alloy is heated to
a temperature that promotes the formation of austenite, kept there until the required quantity of carbon
has been dissolved, and then quenched in water or oil at the proper rate. Quenched steels are only used
in a very limited number of technical applications due to their extreme brittleness and requirement for
100% martensite in the quenched stage of the steel in order to achieve its maximum yield strength.
Tempering could be used to gradually improve ductility and impact strength while lowering hardness
in quenched steel. The resulting microstructures are either a ferrite or a bainite precipitate in a matrix,
depending on the tempering temperature. While steel is an iron alloy with a particular amount of carbon
ranging from 0.15-1.5%, low alloy steels are those with 0.15-0.25% carbon [3].

Steel is used extensively due to two main reasons: (i) It is present in vast quantities as Fe;Os in the
earth's crust and requires little energy to convert to Fe. (ii) It can be made to exhibit a great variety of
microstructures and mechanical properties. Its affordability, ductility, and suitable casting, working,
and machining properties can be linked to its relevance. It is also amenable to simple heat treatments to
provide a range of characteristics [2]. Increased operating parameters, i.e., operating at temperatures
and pressures greater than 600°C and 27 MPa, respectively, [4-9] can be used in thermal power plants
to increase efficiency and reduce carbon dioxide emissions [10-12]. They are used in advanced high-
strength steel, railways lines, boiler tubes, and protective armor steel, among other things [13]. The heat
treatment cycle needs to be optimized based on both the chemical content and thickness of the material,
even though the guidelines only advocate basing it on chemical composition.

The present scope of work is built on top of this. Investigating the effects of various heat treatment
methods on the microstructure and mechanical characteristics of low alloy steel is the main goal of the
current study. In the current investigation, solutionizing at 1150°C and tempering at 550°C are two of
the recommended heat treatment cycles. To determine the ideal mechanical qualities, a through
investigation of the microstructure is conducted together with an evaluation of mechanical properties.

2. Experimental Procedure

Table 1. Chemical Composition of Low Alloy Steel
Ni Mn Si S P Cr

Elements C Mo Fe

Weight % | 0.09 0.12 0.39 0.20 0.011 | 0.009 2.24 0.95 Bal.

Table 1 shows the chemical composition and mechanical characteristics respectively. Samples were
prepared for heat treatment from a low steel plate. Heat treatment process were carried out by muffle
furnace.

Table 2. Schematic Table Showing Different Heat Treatment of Low Alloy Steel

Condition Annelaed Normalized Q (water) & T Q&T
Temperature, °C 1150 1150 1150 + 550 1150 + 550
Holding time, hrs. 1 1 1+2 1+2
Cooling medium Furnace Air Water + Air Oil + Air
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Table 2 depicts a schematic diagram of the heat treatment procedure. Heat treatment process, annealing,
normalizing, quenching in water and oil followed by tempering was carried out. Austenitizing
temperature of for this low steel was taken at 1150°C for 1 hrs. holding for annealing, normalizing,
guenching in water and oil. Tempering was done on specimens that had been quenched in water and oil
at 550°C for a two-hour holding period, then the specimens were air-cooled. Samples of tranverse
section of heat treated specimens are prepared for metallography. The sample is hand polished using
emery paper of grit size 80, 120, 220, 400, 600, 800, 1000, 1200, 1500, 2000 and 2500 to make polish
surface. Alumina and colloidal solution was used for cloth polishing. Afterwards, etching was done on
nital that contains 98 ml ethanol and 2 ml nitric acid [14].

The sample was prepared for microscopic analysis with the help of leveling hand press and slides for
optical microscope. The microstructure of base alloy and other heat-treated low alloy steels was
examined using optical microscopy (OM) and scanning electron microscopy (SEM-EDS).Vickers
macro hardness (HV) of base alloy and heat treated alloy was determined with load 30 kg. Charpy
impact v-notch specimens of base alloy and heat treated alloy were machined. Standard Charpy V-notch
specimens were tested at room temperature in a pendulum impact test machine (ZWICK ROELL 300
J, Model: RKP 450). Tensile specimens in transverse direction of the plate were fabricated from base
alloy and heat treated alloy. A servo-electric test apparatus (INSTRON, Model 8862) with a cross head
speed of 0.5 mm/min was used to conduct the global tensile test. SEM-EDS was used to perform tensile
fracture surface fractography.

3. Results and Discussion

3.1 Effect of Heat Treatment on Microstructure Properties
The evolution of the base alloy's microstructure and mechanical properties as well as the heat treatment
of low alloy steels were studied in the current work. Microstructural characterizations of base alloy and
heat treated alloy were carried out by using OM and SEM-EDS. For Mechanical properties, Tensile
properties, Hardness and Charpy impact properties were evaluated. Fractography of tensile broken
specimens were carried out by SEM.

3.1.1 Microstructure Evolution

Figures 1 (a-€) and 2 (a-e) show the optical and scanning electron microstructure of the base alloy and
the heat-treated alloy, respectively. Grain size of base alloy ~ 30 um. Base alloy consists of ferrite
with dispersed fine carbides at grain boundaries and inside the grain (Fig. 2a). M23Ce and M-C carbides
precipitates might be in low alloy steel (base alloy). Prior austenite grain (PAG) is also observed in
base alloy (Fig. 1a). Annealed sample shows ferrite + pearlite microstructure, is shown in Fig. 1(b)
and Fig. 2(b) [15].

However, pearlite is not regular (alternate layer ferrite and pearlite). Broken cementite are observed in
pearlite colony in annealed sample. Some carbides are also observed in the microstructure.
Microstructure of normalized sample is proeutectoid ferrite and bainite. Plate like carbides are
observed within bainite. Ferrite + tempered martensite / bainite + fine carbide precipitates are observed
in microstructure of quenched in water followed by tempering of low alloy steel. Ferrite + bainite /
martensite + carbide precipitates are observed in microstructure of quenched in oil followed by
tempering of low alloy steel. Carbides precipitates might be M2:Cs, M7C, M>C and MC formed in
normalizing, quenching in water and oil followed by tempering. Phase transformation occurs due to
diffusion and nucleation. The martensite change to ferrite by losing its carbon. Transformation of
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cementite occurs only when the carbon combines with epsilon carbides and some amounts of carbides
and tempered martensite precipites also occurred due to presence of alloying elements. Therefore
guenched followed by tempered gives an excellent mechanical properties of steel [16].
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Figure 1. Optical Microstructure of Specimens (a) Base alloy (b) Annealed (c) Normalized
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Figure 2. SEM Micrographs of Specimens (a) Base alloy (b) Annealed (c) Normalized
(d)Q (water) & T () Q (0il) & T
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3.2. Effect of Heat Treatment on Mechanical Properties

The effects of several heat treatments (annealing, normalizing, Q (water) and tempered, and Q (oil)
tempered) on the mechanical properties of the heat treated and Base alloy samples (tensile strength,
yield strength, hardness, toughness, percent elongation, and percentage reduction) are shown in Table
3. The base alloy sample had a tensile strength of 610.82 MPa, a yield strength of 492 MPa, hardness
value of 195.46 HV, a toughness of 85.5 J, an elongation 22.07 %, and a reduction 32.33 %.

Table 3. Mechanical Properties of Heat Treated and Untreated Low alloy Steel

Mechanical properties
Heat Tensile Yield Hardness | Toughness | Percentage | Percentage
Treatment Strength | Strength (HV) Q)] Elongation | Reduction
(MPa) (MPa) (%0) (%0)
Base Alloy 610.82 492 195.46 85.5 22.07 32.33
Annealed 444,99 241.41 150.19 20.67 18.94 59.96
Normalized 823.28 604.74 289.90 32.67 12.17 57.91
Q (water) & T 954.89 837.04 337.33 25.33 11.84 35.63
Qih&T 916.73 788.15 289.71 22.67 12.63 38.24

In comparison to the Base alloy sample, the annealed sample's mechanical properties showed reduced
tensile strength (444.99 MPa), yield strength (241.41 MPa), hardness (150.19 HV), toughness (20.67
J), elongation (18.94 %), and an increase in reduction area (59.96 %) than the base alloy sample. It is
possible to decreases in tensile strength, hardness, toughness, percentage elongation, and yield strength
to the formation of ferrite + pearlite matrix, broken cementite, observed in pearlite colonies, and the
presence of some carbides in the microstructure of the annealed sample by cooling.

The normalized sample has tensile strength values of 823.28 MPa, yield strength of 604.74 MPa,
hardness of 289.90 HV, toughness of 32.67 J, percentage elongation of 12.17 %, and percentage
reduction of 57.91 correspondingly. The optimal austenitizing temperature of 1150°C and a faster
cooling rate resulted in an increase in tensile strength, toughness, and hardness relative to the untreated
sample. The decrease in percentage elongation was also lower than that of the base alloy samples
because the proeutectoid ferrite matrix structure produced during normalization of low alloy steel
primarily contained fine carbide precipitates with little bainite.

According to its mechanical properties, the Q (water) and tempered sample exhibited the highest tensile
strength (954.89 MPa), yield strength (837.04 MPa), and hardness (337.33 HV) values. The sample was
heated for two hours at 550°C, let to cool to ambient temperature, and then austenized for one hour at
1150°C. The tensile strength and hardness are both increased by this treatment, but there was also
significant toughness and percentage elongation, 25.33 J and 11.84 %, respectively.

Mechanical properties of the Q (oil) and tempered samples were 916.73 MPa, 788.15 MPa, 289.71 HV,
22.67 J, 12.63 % and 38.24 respectively, for tensile strength, yield strength, hardness, toughness
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percentage of elongation and percentage of reduction. When the mechanical characteristics of Q (oil)
and Q (water) samples were compared, it was found that a tempering temperature of 550°C resulted in
a decrease in tensile strength, yield strength, toughness, and hardness while increasing percentage
elongation and reduction, which is associated with the formation of bainite, martensite, ferrite, fine
carbide, and prior austenite grain boundaries (PAGB). The test findings showed that no heat treatment,
however, performed better in terms of elongation than the untreated sample. Figures 3 to 8 show that
the tensile strength, hardness, toughness, percentage elongation and percentage reduction of treated and
untreated low alloy steel samples vary.
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Figure 3. Tensile Strength of Heat Treated and Base alloy Samples of Low Alloy Steel
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Figure 4. Yield Strength of Heat Treated and Base alloy Samples of Low Alloy Steel
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Figure 5. Hardness of Heat Treated and Base alloy Samples of Low Alloy Steel

100

a0
0

Base alloy Annealed Nomalised O [water) &T  Qfoill &T

Toug hness (1)
=

(=]

Heat Treatment

Figure 6. Toughness of Heat Treated and Base alloy Samples of Low Alloy Steel

20

15

| l l l
o

Base alloy Annealed Momalised O (water) &T  Qfoill &T

(=]

Percentage Elongation (3:)
Ln

Heat Treatment

Figure 7. Percentage Elongation of Heat Treated and Base alloy Samples of Low Alloy Steel
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Figure 8. Percentage Reduction of Heat Treated and Base alloy Samples of Low Alloy Steel

3.3 Fractography

To ascertain the mode of fracture, the tensile fracture surfaces of the samples were studied under the
SEM. Fractographs of tensile broken specimens are shown in Fig. 9 (a-e). All tensile broken specimens
reveal dimples, confirm ductile mode of fracture. Micro voids are also observed in all fractographs due
to presence of precipitates.

“$1icro voids

sl

Figure 9. SEM Fractogrphs of Tensile Broken Specimens of (a) Base alloy (b) Annealed
(c) Normalized (d) Q (water) & T (e) Q (0iI) & T
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Base alloy shows more fines and almost homogenoius distribution of dimples than heat tread alloy.
Base alloy displays the typical ductile characteristics of micro-dimples created by micro void nucleation
from carbides. Annealed fractogrphy shows combination of coarse dimples and fine dimples as well as
inhomogenoius distribution of dimples than others heat treated alloy. Coarse dimples are due to
presence of higher grain size. The annealed sample has been annealed demonstrates the grain growth
and coalescence of micro voids during fracture. Therefore, thsese specimens show more ductile than
other heat treated alloy.

Normalized fractogrph shows fine dimples and almost homogenious distribution of dimples, like base
alloy. Fine and coarse both dimples are observed. It shows significantly lower ductility than base alloy
and annealed sample. The fracture surfaces are made up of a lot of irregularly sized, deep, and shaped
dimples. Dimple size in quenched (water) & tempered shows slightly coarse than normalized sample.
Microcracks are observed in quenched (water) & tempered sample due more presence more hard phase.
It shows high tensile and yield strength and lower ductility as normalized sample. Microcracks are also
observed in quenched (oil) & tempered sample and normalized sample. Similar un-uniform dimple size
and inhomogenous distribution of dimples are observed in quenched (oil) & tempered sample. It also
shows high tensile and yield strength and lower ductility. However, it shows lower tensile and yield
strength than quenched (water) & tempered.

4. Conclusion

In the current study, low alloy steel's microstructure and mechanical properties were examined after
undergoing various heat treatments such as annealing, normalizing, and quenching in water and oil,
followed by tempering. Microstructure evolution of heat treated low alloy steel was carried out. Tensile
properties, hardness and impact properties were also carried to establish the correlation of heat treatment
of low alloy steel with its microstructure and mechanical properties. Based on results the following
conclusions were made:

1. Microstructure of base alloy was observed ferrite + carbides. The grain size of low alloy steel is ~30
pm. Annealed sample consists of ferrite + pearlite with few fine disperse carbide particles.
Microstructure of normalized sample is proeutectoid ferrite and fine carbides with bainite. Quenched
(water) & tempered consists of ferrite + tempered martensite + carbide precipitates. Quenched (oil) &
tempered consists of ferrite + bainite + carbide precipitates. Carbides precipitates M2:Cs, M;C, M2C
and MC might be formed during heat treatment.

2. Hardness of base alloy, annealed alloy, normalized alloy, quenching in water followed by tempering
and guenching in oil followed by tempering are 195.46 HV, 150.19 HV, 289.90 HV, 337.33 HV and
289.71 HV respectively. Maximum hardness and minimum hardness are obtained 337.33 HV and
150.19 HV of quenched in water followed by tempering and annealed samples respectively due to
phase transformation.

3. Tensile strength, yield strength, and percent total elongation of the base alloy and the heat treated alloy
are, respectively, 610.82 MPa, 444.99 MPa, 823.28 MPa, 954.89 MPa, and 916.73 MPa; 492 MPa,
241.41 MPa, 604.74 MPa, 837.04 MPa, and 788.15 MPa; and 22.07 %, 18.94 %, 12.17 %, 11.84 %,
and 12.63 %. Low alloy steel that has been quenched in water and then subjected to tempering has
maximum tensile and yield strengths of 954.89 MPa and 837.04 MPa, respectively, with a 11.84 %
elongation. The tensile strength and yield strength were significantly reduced as a result of the
annealed sample elongation, which was discovered to be up to 18.94 %.
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4. The charpy impact energy of base alloy, annealed alloy, normalized alloy, quenched in water followed
by tempering and quenched in oil followed by tempering are 85.5 J, 20.67 J, 32.67, 25.33 J and 22.67
J respectively. Highest impact energy 32.67 J is obtained. However, charpy impact energy of all heat
treated alloy was significantly reduced as compare to base alloy. Fractography of tensile specimens
of base alloy and heat treated alloy reveal ductile fracture.

5. Quenched (water) & tempered gives maximum tensile strength and yield strength with adequate
ductility. Despite having lower ductility than base alloy, quenched (water) & tempered alloy has much
higher tensile and yield strengths than base alloy and other heat-treated alloy.
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