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The word "duplex" refers to the dual structure of austenite-ferrite stainless 

steels, which have exceptional mechanical and corrosion properties and are mostly 
employed for the production of parts for the marine industries. The harsh operating 
conditions at various temperatures in the marine industry may significantly reduce 
mechanical properties. The current work focuses on the morphological and 
mechanical properties of 2205 duplex stainless steel by multiple notches, higher 
temperature treatment at 1050°C, and different quenching media. Compared to 
other notches, the V notch treated specimen exhibits the highest impact toughness 
after air quenching. In terms of morphology, the volume percentages for the 
austenite phase during normalizing and the ferrite phase during quick quenching 
were almost the same, at 52-55%.  The hardness analysis shows that an average 
value of up to 262 HV was obtained for the air cooled following heat treatment. The 
microstructure of DSS is not noticeably different in the furnace-cooled specimen. 
Due to the absence of secondary phases in rapidly cooled environments, the 
morphology of 2205 duplex stainless steel was marginally altered at higher 
temperatures, increasing the gauge length elongation for the specimen C up to 
26.22%. 
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1. Introduction 

The name "duplex" refers to a dual structure of austenite-ferrite stainless 
steels, which have excellent mechanical and corrosion properties. As a result, 
there is an increasing trend toward the use of duplex 2205 stainless steels (DSSs) 
for the production of parts for the marine, chemical, oil and gas production, and 
pipeline industries that use various grades of stainless steel [1, 3]. Due to its 
excellent corrosion resistance, austenitic stainless steel is the most widely used 
steel [3].  

The two primary alloying elements in DSSs are chromium (Cr) and nickel 
(Ni). The percentages of chromium and nickel in DSSs range from 4.5-8 and 4.18 
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to 28 respectively [2]. The adjustment of austenite's immovability involves 
changing the proportions of nitrogen (N), carbon (C), manganese (Mn), and other 
alloying elements so that austenite's grains and grain boundaries undergo changes 
during deformation, improving the material's properties like strength and 
elongation [4, 5]. Mechanical properties and corrosion resistance depend on the 
precipitation and separation of the principal intermetallic phases and alloying 
components [6]. 

Since the transition from ductile to brittle diminishes impact strength but 
increases tensile properties, the presence of a ferritic phase in the morphology of 
DSS is directly related to the creation of ferrite crystal structure [7]. 

On the other hand, the austenitic phase's morphological appearance causes 
the impact properties of DSS to improve because it adapted permanent 
deformation and prevented low energy brittle fracture of the ferritic phase [5-7]. 
DSS is heated above its recrystallization temperature and cooled to ambient 
temperature in order to achieve the desired phase composition of ferrite and 
austenite with a phase balance of 50–50% [8, 9]. Their mechanical characteristics 
are largely explained by the percentage of intermetallic phases [2–6]. The 
proportions of the phases -ferrite, -austenite, and secondary phases like sigma - 
and chi - fluctuate in DSS as a function of temperature, and the morphology 
changes as ferrite, Ni, and Cr identical increase above the recrystallization 
temperatures [7]. 

When Cr, Mo, and S-silicon are present, the stable elements in ferrite 
increase the tendency for secondary phases like sigma (σ) to develop. 
Molybdenum (mo), which has a higher percentage of the element than Cr, is able 
to promote the precipitation of the intermetallic  phase more effectively than Cr, 
especially beyond the recrystallization temperature of 900oC [1, 6, 8, 10]. 
Although these elements can reduce the total percentage of ferrite phase as it is 
enhanced with Cr and Mo, they are crucial for austenite production in the 
morphology of the DSS and speed up the formation and development of the 
secondary phase. The components of the alloy are separated, and each 
component's intensity enhances the phases that cause the alloy to become stable.  
Consistent performance of the alloys in service conditions is greatly influenced by 
the appearance of various microstructural phases [13]. However, the development 
of secondary phases after cooling during heat treatment at temperatures ranging 
from 600°C to 900°C resulted in a significant loss of mechanical characteristics 
and corrosion resistance in the material [7, 8, 10, 14]. Another crucial factor was 
the intermetallic sigma () phase's high rate of development at 850 °C, which 
caused ferrite to disintegrate into the sigma (σ) phase and the intermetallic 
austenitic phase [1, 5, 8, 15]. Sigma-, the most prevalent secondary phase, was 
used in even smaller levels (0.5%), which significantly reduced the resistance to 
cracking during impact tests [8, 14]. Body-centered tetragonal (BCT) crystal 
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structure dangerous undesirable secondary phase due to rapid phase creation and 
the main cause of corrosive qualities [1, 7, 8].  Sigma -phase's contribution to the 
microstructure is crucial in boosting hardness while lowering impact toughness 
and percentage of elongation [2, 6, 8]. Additionally, the fracture mode changed 
from individual bulk grain fracture to contiguous grain fracture based on the high 
degree of phase [16]. Intermetallic metastable chi-phase precipitates with ferrite-
ferrite (α + α) grain boundaries and body-centered cubic (BCC) crystal structure 
first arise before the sigma-phase formation [7, 11, 14]. Secondary sigma phase 
development can be seen at ferrite - ferrite (α+α) interactions in addition to 
austenite - ferrite (γ+α) interfaces [8, 12]. 

It is clear from the research that the procedure of heat treatment and an 
adequate rate of cooling play a significant role in developing a state of phase 
equilibrium and in the improvement of the material's mechanical properties [4, 8, 
11]. The proportion of ferrite gradually increased, and the percentage of austenite 
gradually reduced when the sample was heat treated at high temperatures between 
1000 and 1250°C and rapidly cooled [18, 19]. Because the intermetallic sigma 
phase is brittle and hard, the hardness values are largely dependent on its presence 
or absence [1-3, 6, 20]. It is found in the morphological examination of DSS that 
cold distortion improves the mechanical properties [21-24].  

The goal of the current experiment is to assess how the toughness, 
hardness, and morphology of duplex stainless steel 2205 change with and without 
heat treatment at 1050 oC and different quenching environments. The relationship 
between the morphology, impact toughness, tensile strength, and hardness of the 
steel at higher temperatures received special consideration. 

2. Materials and Methods  

The grade of duplex stainless steel 2205 used for the experiments is shown 
in Table 1 along with the percentage of each element's chemical composition. In 
the usual form of the Charpy impact test, 10 X 10 X 55 mm3, a total of nine 
specimens with various notches (specimen A, B, and C) were made. For the 
tensile test, 4 specimens were prepared. The specimen is heated to 1050°C in a 
muffle furnace, held there for 30 minutes, then quenched in one of three ways:  1) 
Water dilution to learn more about how high temperatures affect the 
microstructure, micro hardness, tensile strength, and toughness of materials, 2) 
Air quenching and 3) furnace quenching to atmospheric temperature (AT) have 
been used. The heat treatment circumstances used on the toughness specimen with 
various notches, as given in Tables 2 and Table 3, represent the treating 
environment for tensile specimens in this investigation. The Charpy impact 
toughness tests are carried out at room temperature using an impact toughness 
tester with a maximum energy of 300 J and an accuracy of 1 J. With a 1 kg 
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applied load, Vickers micro hardness is utilized to measure micro hardness. As 
indicated in Fig. 1, specimens for the tensile test are made with gauge lengths of 
32 mm, gauge widths of 6 mm, and total lengths of 100 mm in accordance with 
ASTM E8. 

The objective of the metallographic investigation is to clarify the 
morphological changes that take place in DSS. According to ASTM standards, the 
specimens are prepared for morphological analysis. The process of preparing a 
specimen requires a number of processes, including cutting, mounting, and wet-
sanding the surface to a mirror sheen for the samples. The samples were cleaned 
with mineral water and then polished with Murakami's reagent, either through 
10% oxalic acid solution for interpretation of grains and grain boundaries with an 
optical microscope or through immersion etchant to identify phases and prepare 
metallographic samples. After specimen preparation for microstructural analysis, 
the specimen was observed under compound microscope to spot the emergence of 
an intermetallic phase and to find out deformation changes in the ferrite and 
austenite phases. SEM is used to identify surface microstructure as well as to find 
out the morphological characteristics of austenite, ferrite, and intermetallic phases. 

 
Table 1  

Chemical composition of 2205 DSS alloys (wt%) 

Elements Cr Ni Mo C N Mn Fe 

Content 22.37 % 5.48% 3.49% 0.021% 0.20% 1.370% Balance 

 
Table 2  

Notch, specimen identification and heat treatment 
Identification Notch Heat treatment 

A1, B1, C1 V, U and keyway without treatment 

A2, B2, C2 V, U and keyway 1050 °C air cooling to room temperature (RT) 

A3, B3, C3 V, U and keyway 1050 °C water cooling to room temperature (RT) 

  
Table 3  

Tensile specimens and heat treatment 
Identification of tensile 

 
Heat treatment 

A without treatment 
B 1050 °C air cooling to room temperature (RT) 
C 1050 °C water cooling to room temperature (RT) 
D 1050 °C furnace cooling to room temperature 

(RT)  
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Fig. 1 Schematic diagram of the specimen for charpy impact test 

 
Fig 2. Schematic diagram of the specimen for tensile test 

3. Results and discussion 

The specimens A1, B1, and C1 are equivalent to those that have not 
undergone heat treatment; their morphology simply exhibits the appearance of 
ferrite and austenite phases, and intermetallic phases have not been added. 
possessing a fractional area where ferrite is 50.5% and austenite is 49.5%. The 
morphology of the material reveals ferrite to be darker in color than austenite. The 
temperature and length of aging, among other factors, affect the structure and 
quantity of the secondary phase fraction. After heat treatment, secondary phases 
may develop that alter the material's mechanical properties and corrosion 
resistance in a variety of situations [5, 13]. 

The material will move towards the precipitation of secondary phases 
through a thermodynamic stable state if DSS 2205solution is treated below the 
recrystallization temperatures because the thermo chemical equilibrium of phases 
will break down [7, 11, 19]. Below 900 °C, the sigma phase was formed. Despite 
two concurrent transformations corresponding to the ferrite phase, secondary 
austenite production was free from the precipitation of the sigma phase.  

Since the ferrite phase is unstable beyond the recrystallization temperature, 
secondary phases are created from nearby ferrites that have discriminatorily 
reacted at the ferrite α / austenite γ or ferrite α / ferrite α boundary. These 
secondary phases differ by the organization of their microstructure and allocation. 

 
3.1 Microstructural morphology and distribution of phases 

SEM analysis was used to determine how the heat treatment method 
affected the specimens' primary microstructure phase. The morphology of DSS 
specimens with and without heat treatment at 1050°C using various quenching 
mediums is shown in Fig. 3. Figure 3 (1) indicates that the studied specimen 

1 2 3 
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solely contains the phases of α-ferrite and γ-austenite present, with no subsequent 
precipitates.  Figure 3 (2, 3, 4) shows the SEM morphology of specimens A2, B2, 
and C2 that have undergone thermal heat treatment with water quenching to 
atmospheric temperature (AT), air quenching to (AT) for specimens A3, B3, and 
C3, and furnace quenching to (AT) at 1050°C for 30 minutes, respectively.  Due 
to the maximum transmission rates of dissolve alloys, ferrite is unbalanced in DSS 
at temperatures in the 600–900 °C range, and enriching ferrite with chromium and 
molybdenum causes a significant reduction in mechanical properties, which 
encourages the precipitation of secondary phases [4, 8, 15]. When subjected to 
recrystallization temperatures of 900 °C and higher, -ferrite forms a sigma-phase 
without first transitioning to an austenite phase, and the structure of the sigma-
phase eventually transitions to a ferrite phase [13]. 

It illustrates that, heat treatment of specimens at this temperature is not 
responsible for the formation of intermetallic phases like sigma σ and chi χ where 
they become α-ferrite and γ-austenite. In the heat-treated specimen at 1050°C and 
water quenching to AT cooling shown in Fig. 3(3), the percentage of volume for 
the ferrite phase was 52-54%, while the austenite phase was seen at 52-55% in the 
treated specimen at 1050°C and air quenching to AT shown in Fig. 3(2). 

 

 
 

Fig 3. SEM image of the microstructure of (1) A Untreated speciman, (2) B air cooled speciman,  

(3) C water cooled speciman and (4) D furnace cooled specimen 
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3.2 Impact Strength 

In order to ascertain the relationship between some of the mechanical 
features, a more thorough examination was completed. V-notch, U-notch, and 
keyway notches were dynamically tested for Charpy toughness; a notched 
specimen was struck by a swinging pendulum and fractured. The test specimens 
shall include three samples of each notch with the standard dimensions of 55 x 10 
x 10 mm. A1, B1 and C1 are plane specimens of V, U and key way notch 
respectively. The specimens that have been heated to a temperature of 1050°C and 
then quenched in air or water to achieve AT are denoted by the letters A2, B2, C2, 
and A3, B3, C3, respectively. 

The energy absorbed by the various notches and in various environments 
is depicted in Table 4. The plane specimen with the U notch and keyway notch 
had the lowest impact toughness, measuring 23 J. According to Fig. 3(1), the 
volume percentages for -ferrite and -austenite in plane specimens are 49.5% and 
51.5%, respectively. The proportion of austenite was slightly higher in water-
cooled specimens than in planar specimens. The coarse grains of ferrite in the 
specimens were cooled by water. The sample A2 (V notch) with air quenched to 
atmospheric temperature (AT) as shown in Fig 4 had the highest value of 
toughness, 33 J, after the heat treatment. This is unquestionably caused by the 
fine-grained effect of the crystal grain structure brought on by the slower cooling, 
as well as the normalization's increase in austenite volume percentage, which was 
close to 52–55%. Due to the precipitates of Cr2N present, preferential treatment 
should be given to the attack of the ferrite phase during water quenching of the 
specimen. In samples that are rapidly quenched, Cr and N elements also aid in the 
reduction of toughness in different notches [7, 9, 14, 15]. According to research, 
all normalized specimens exhibit greater toughness than untreated and water-
quenched specimens, as indicated in Fig. 4.  The lowest toughness was obtained in 
the untreated specimens of the all notches. From Fig. 4 it was observed that there 
was no considerable effect of notches on the impact toughness at high temperature 
heat treatment. According to the results of this experiment, the influence of high 
temperature heat treatment and quenching duration increased the specimens' 
toughness in all notches and prevented the formation of secondary phases. 

Table 4  
Toughness of V, U and Keyway notch for different cooling medium 

Cooling medium 
V Notch  U Notch  Keyway Notch 

Specimen    Toughness (J) Specimen   Toughness (J) Specimen  Toughness (J) 

Plane A1 24 B1 23 C1 23 

A- Air Cooling A2 33 B2 31 C2 30 

W- Water Cooling A3 27 B3 28 C3 26 
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Fig. 4 Energy absorbed with different notch 

3.3 Micro hardness 

The three specimens (A, B, and C) underwent heat treatment and various 
quenching mediums to be evaluated for their micro hardness. The experimental 
results reveal that there are no appreciable changes in the hardness values for any 
of the specimens despite the presence of α-ferrite and γ-austenite phases in the 
morphology of DSS. For DSS 2205, Table 5 details how the quenching medium 
used during the heat treatment affected the hardness. Vickers micro hardness 
values, which range from 255 to 278 HV for the specimens, depend on heating 
temperature at 1050 °C and quenching time for varied media. The normalizing 
specimen was heated to a temperature of 1050 °C, although this didn't have the 
greatest impact on the proportion of α-ferrite and γ-austenite in the micro 
hardness. With increased heating temperatures and quick quenching, the hardness 
value for the heat-treated specimens changed.  

Duplex stainless steel 2205 has a primary hardness for plain specimens of 
255 HV, as indicated in Table 5. The average value of hardness for the plain and 
heat-treated specimens was also evaluated through heating at 1050 °C with 
various quenching media, presented in Fig. 5, as the primary factor of the 
mechanical properties. Intermetallic phases like the sigma σ phase that increase 
hardness are a result of heat treatment and quenching medium. It has been noted 
that the intermetallic sigma phase's hardness was significantly higher than major 
phases like α-ferrite or γ-austenite [14]. The secondary sigma phase's presence or 
absence determines the hardness values [6, 8, 12]. The hardness of its primary and 
intermetallic phases was a major contributor to the hardness [10, 21, 23]. The 
major γ-austenite phase's hardness is dependent on the face-cubic crystal 
structure's deformation as a result of substitute mixed crystals made of big grain 
boundary elements like mo, Cr, and N [6, 11, 14]. In this experiment, all three 
untreated specimens (A, B, and C) were heated to a temperature of 1050 °C with 
air quenching and water quenching effects; as can be seen in Figure 3, none of the 
three specimens had secondary phases. Based on the severity of the stage in which 
the indentation occurs, a maximum quantity of hardness is determined. The 
hardness value shown in Fig. 5 does not represent a substantial change in harness 
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value since the heat treatment is not changed in this instance because there are no 
significant changes in the percentage of amount of phases present in the 
morphology of treated specimens with different quenching medium. The hardness 
test findings show that the annealing specimen has a maximum hardness value of 
278 HV compared to the untreated and normalized specimen. 

 Table 5  
Micro hardness for different cooling medium 

Samples Cooling medium Micro hardness 
(HV) 

A Plane 255 

B A- Air Cooling 262 

C W- Water Cooling 278 
 

 
Fig. 5 Variation in micro hardness with cooling condition 

3.4 Tensile Strength 
The graphic depiction of the DSS 2205's tensile test for heat-treated and 

unheated coupons using various quenching media is presented in Fig. 6 (1-4). 
DSS 2205 is a duplex stainless steel that consists of a balanced microstructure of 
approximately equal amounts of ferrite and austenite phases. This unique 
microstructure provides the alloy with a combination of desirable properties such 
as high strength, good corrosion resistance, and improved resistance to stress 
corrosion cracking. The heat treatment process for DSS 2205 involves controlled 
heating and cooling cycles aimed at optimizing its microstructure and mechanical 
properties. The specific heat treatment parameters may vary depending on the 
desired outcome and the specific application requirements. 

During the heat treatment process, the alloy is typically heated to a 
specific temperature within a range that promotes the dissolution of any secondary 
phases that may be present. Secondary phases in DSS 2205, such as sigma phase 
or intermetallic compounds, can adversely affect the material's mechanical 
properties, including its elongation and ductility. By carefully selecting the heat 
treatment temperature and duration, these secondary phases can be dissolved or 
minimized, leading to an improved microstructure with enhanced mechanical 
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properties. The heat treatment can also help refine the grain structure and relieve 
internal stresses within the material. The absence of secondary phases in the heat-
treated DSS 2205 specimen indicates that the heat treatment process has been 
successful in preventing their formation or eliminating them if present initially. 
This absence contributes to the improved mechanical properties of the alloy.  

Now, let's focus on the high elongation observed during the breaking of 
the heat-treated DSS 2205 specimen as shown in Fig. 6. Elongation is a measure 
of a material's ability to deform plastically before fracture and is typically 
expressed as a percentage increase in gauge length during a tensile test. The high 
elongation observed suggests that the heat-treated DSS 2205 specimen possesses 
good ductility. Ductility refers to the ability of a material to undergo plastic 
deformation without fracturing and is an essential property for applications where 
the material may be subjected to high stress or deformation. Several factors 
contribute to the high elongation of the heat-treated DSS 2205 specimen. First, the 
balanced ferrite-austenite microstructure of DSS 2205 inherently provides a good 
combination of strength and ductility. The ferrite phase contributes to strength, 
while the austenite phase offers ductility and toughness. Additionally, the heat 
treatment process can refine the grain structure, reduce the presence of impurities, 
and relieve stresses within the material, all of which contribute to improved 
ductility and elongation. 

In summary, the heat treatment of DSS 2205 aims to optimize its 
microstructure and mechanical properties. The absence of secondary phases 
achieved through the heat treatment process, combined with the inherent balanced 
microstructure of the alloy, leads to improved mechanical properties, including 
high elongation during breaking. This indicates enhanced ductility and toughness, 
making the material suitable for demanding applications requiring deformation 
resistance and resistance to fracture. 

Table 6 shows the tensile test findings, in the present case a load 
displacement curve does not exhibit a distinct yielding plateau or a well-defined 
linear zone, the yield strength is determined by the 0.2% proof stress. In the 
absence of a distinct yield point or linear zone, the 0.2% proof stress is utilized as 
an alternative method. On the curve, this method involves measuring the load at a 
specified displacement value (typically 0.2%). Typically, this value is determined 
by drawing a line parallel to the initial linear portion of the curve and locating the 
load value at the intersection of this line with the curve. If the curve does not 
clearly exhibit yielding behavior, the material may exhibit strain hardening or 
other complex deformation mechanisms.  

As shown in Fig. 7 (1), it was observed that the percentage of elongation 
in heat-treated and water-cooled samples was 26.22% higher than that in 
untreated, air-cooled, and furnace-cooled samples. Untreated specimens showed 
the least change in gauge length (12.8 mm), while water-cooled specimens 
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showed the most change in gauge length (13.11 mm), as shown in Fig. 7 (2). Fig. 
3's morphology of the treated specimens reveals no instances of secondary phase. 
While the impact toughness and tensile strength are likewise noticeably reduced, 
the hardness is significantly improved by the -phase [4, 8, 14]. 

 

 
Fig. 6 Load vs. displacement curves (1) Plane sample (2) Air Cooled (3) Water Cooled (4) Furnace 

cooled 
Table 6  

Result of Tensile Test Properties 

Samples Cooling 
Medium 

% of 
Elongation 

Change in 
Gauge Length 

(mm) 

Tensile 
Strength 
(MPa) 

Yield 
Strength 
(MPa) 

A Plane 19.35 12.8 701.75 460 

B A- Air 
Cooling 24.52 13 705.35 530.34 

C W- Water 
Cooling 26.22 13.11 730.4 565 

D F- Furnace 
Cooling 22.66 12.9 690 543.73 
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Fig. 7 Graphical Representation of (1) % of elongation (2) Change in gauge length (mm) (3) 

Tensile strength (MPa)  
In comparison to untreated and furnace cooled specimens illustrated in 

Fig. 3 (1-4), there was a modest shift in the volume proportion of ferrite and 
austenite in heat treated specimens quenched in water and air. In comparison to 
samples A, B, and D, the yield strength of sample C increased to 565 MPa, as 
indicated in Table 6. The sample C's morphology changed as a result of being 
heated to 1050°C and quickly cooled at AT. This treatment increased the 
proportion of ferrite phase by up to 52–54%, which helped the material's tensile 
strength, as shown in Fig. 3(3). According to Fig. 7 (3), specimen C exhibits a 
maximum tensile strength of 730.40 MPa when compared to other samples as the 
percentage of ferrite increases. 

4. Conclusions 

The objective of this research is to investigate the impact of notches and 
heat treatment procedures on the morphology, impact toughness, micro hardness, 
and tensile strength of DSS 2205 at high temperature 1050°C by various 
quenching media. The main observations made as a result of the investigations are 
listed below. 
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1. Impact of high temperature heating, different quenching media and quenching 
time plays an important role in balance the percentage volume of components 
and formation of intermetallic phase and equilibrium phases in DSS 2205. 

2. The microhardness of DSS 2205 was not significantly affected by the heat 
treatment carried out at 1050°C because the intermetallic σ and χ phases were 
not found in the material. 

3. The micro hardness results revels that annealed specimen shows maximum 
hardness that is up to 278 HV higher than the untreated and normalizing 
specimen. 

4. From the results of impact toughness it is observed that normalizing of V- 
notch specimen shows highest value of toughness 33J and an increase in the 
volume percentage of austenite by 52-55% as compared to U and keyway 
notch in plane and rapid cooled specimens. 

5. The percentage of ferrite phase increases up to 52-54%, which is helpful for 
enhancing the tensile strength up to 730.40 MPa due to microstructural 
changes in the sample C heated to 1050°C and rapidly quenched at AT. 
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