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Abstract  SS-304 is austenitic stainless steel that possesses 
γ-austenite, δ-ferrite, and different carbides at room tem-
perature. The properties of austenitic steel can be varied 
by cold forming because it is hardly responsive to thermal 
treatment. To critically analyze the microstructural attributes 
of SS-304, the present work deals with seven different heat 
treatment techniques. The properties of heat-treated samples 
were analyzed based on the properties of the untreated or 
‘original’ sample. The samples were heated at 900 °C for 1 h 
and then cooled at seven different media, namely, Water, Oil, 
Air, Sand, Brine, Air + water, and Air + oil. The microstruc-
tural analysis was carried out by using light optical micros-
copy (LOM), field emission scanning electron microscopy 
(FESEM-back scattered detectors), elemental mapping, 
energy dispersive spectroscopy (EDS), and X-ray diffrac-
tion (XRD). Also, the micro-hardness of all the samples was 
tested. The purpose of this work is to check the effect of heat 
treatment on the microstructural appearance of the SS-304. 
Based on that, the hardness and corrosive degradation of the 
steel samples were also analyzed. LOM images showed a 
negligible difference among the samples while the FESEM 
images were capable to show the formation of M23C6 at the 
γ-δ interface. In addition, another phase-σ was recognized in 
the view of previous literature. A little amount of pitting was 
noticed in the γ-phase of Brine and Water quenched samples. 
The elemental mapping showed a slight variation in Wt% of 
Cr in some of the heat-treated samples. As a result of water 

quenching and Air + water stepped cooling, the hardness of 
the samples got increased by 7.4% and 5.6% respectively.

Keywords  SS-304 · Heat treatment · Quenching · 
Annealing · Normalizing · Stepped cooling · γ and δ 
matrix · Pitting

Introduction

Stainless steel (SS) or corrosion-resistant steel imparts a 
minimum amount of 11% chromium. This type of steel can 
be divided into four categories: ferritic, martensitic, austen-
itic, and austenitic + ferritic (or duplex) SS. These steels can 
be distinguished according to their microstructural appear-
ance at room temperature [1]. Further, the microstructure 
orientation is influenced by alloy composition. Although SS 
is known for its corrosion-resistant properties, other prop-
erties like fracture toughness and oxidative resistance can 
be altered by the addition of other alloying elements. For 
example, Nb and Ti improve the IGC (inter-granular corro-
sion) resistance property of SS by absorbing the carbon to 
form carbides. Machinability is enhanced by sulphur which 
is responsible to form manganese sulphide. Nitrogen helps 
to improve the strength of the steel. Because of its good 
surface finish and anti-corrosion properties, SS is used in 
various industries like chemical, aerospace, medical, phar-
maceutical, food processing, and even household as well as 
jewelry works [2].

Metallography of stainless steel becomes important for 
quality control throughout the production process. The 
research area includes grain size measurement, identifica-
tion, and evaluation of the distribution of γ, δ, α′, σ, and 
various carbides (like M23C6), etc. The corrosion and oxida-
tion measurement has also been an interesting topic in the 
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past decade. The austenitic grade contains 17–24% of Cr, 
9–25% Ni, 2–4% Mo and a little proportion of Ti and Nb 
which forms carbide in the matrix [3]. SS possesses good 
malleability, formability, and machinability. The property 
of SS is influenced by cold working and usually, it is not 
affected by heat treatment. Instead, the quenching may lead 
to the formation of a soft structure. The high-temperature 
exposure of nearly 700 °C leads to the formation of carbides 
in the γ-matrix. Further, this condition is responsible for the 
reduction of Cr in γ-matrix and thereby enhancement of IGC 
[4, 5]. Light optical microscope (LOM), scanning electron 
microscope (SEM), and transmission electron microscopy 
(TEM) are used to analyze the structure and phases of stain-
less steel [6].

In general, it has been noticed that austenitic SS is not 
influenced by heat treatment, rather a softness is seen due to 
quenching [2]. Therefore, in the present work, various heat 
treatment techniques have been applied to the SS-304 sam-
ples to investigate the possible changes in microstructure and 
hardness. For this purpose, the steel samples were heated at 
900 °C. LOM, SEM, and XRD have been used under study. 
Also, for hardness, a micro-Vickers hardness test has been 
carried out. The Fe–Cr phase diagram for austenitic stainless 
steel indicates that recrystallization of metal and stress relief 
occurs at a temperature of 900 °C. At this temperature, there 
is no phase transition. This indicates that the microstructure 
of SS-304 at room temperature, i.e., γ + δ, will not change 
at 900 °C. For complete phase conversion, annealing tem-
peratures > 1000 °C are utilized for industrial applications. 
The phases were left unaltered during the heat treatment and 
subsequent analysis in this work.

Literature Review

In a recent study, the mechanical behavior and microstruc-
tural features of welded joints of SS-304 were evaluated. In 
comparison to the quenched plate, the welded part of the 
tempered plate showed a 150% and 3% increase in toughness 
and yield strength respectively with a decrement in hard-
ness and ultimate tensile strength. Furthermore, tempering 
reformed the grain structure, generating twins in the base 
metal and lathy δ ferrite & γ + δ lamella in the heat-affected 
zone. The martensite that formed in the quenched specimen 
was transformed into a fine γ + δ matrix [7]. AISI 304 steel 
was investigated microscopically when it was near-rapidly 
directionally solidified. As a result, δ ferrite dendrites were 
observed with well-developed side branches and inter-den-
dritic austenite under a temperature gradient. At a higher 
growth rate, the microstructure transformed into a coupled 
growth structure of thin lamellar ferrite and austenite. In 
this study, growth rate and temperature gradient were found 
to be critical factors in determining the microstructure [8]. 

The fabrication of ultrafine microstructures was carried out 
in SS304 polycrystalline materials through a high-pressure 
self-heating melting and quenching process. By applying 
pressure quenching, the hardness and yield strength of the 
samples significantly improved with a reduction in elonga-
tion rate. This decrease in elongation was mainly because 
of the high density of dislocations [1]. A study examines the 
performance and microstructure of AISI 304 stainless steel 
that was welded using the MIG process. The results showed 
that a lower heat input led to a higher ultimate tensile 
strength in comparison to medium and high heat inputs. An 
increase in heat input resulted in the coarsening of the grain 
in the heat-affected zone. Fracture toughness tests revealed 
a brittle fracture nature, indicating low ductility. The weld 
zone microstructure was found to have a skeletal δ-ferrite in 
an austenite matrix with varying ferrite content [9].

The wear resistance of 304 stainless steel was aimed 
to increase while maintaining its corrosion resistance. To 
achieve this, a YAG fiber laser was employed to coat the 
alloy’s surface with TiC powder of particle size 3–10 μm. 
As a result of the cladding process, TiC particles converted 
into dendritic shapes due to melting and solidification. Fur-
ther, it was seen that dendrite formation was increasing with 
traveling speed. It was concluded that a significant improve-
ment in surface hardness and wear resistance was reported 
during all processing conditions [10]. The.lean duplex- SS 
(S32101) was analyzed for its microstructural changes at 
welded joints under post-weld heat-treated conditions. In 
its as-welded state, the stainless steel had nitride precipita-
tion only in the HAZ. A short isothermal heat treatment 
of 15 min at 650 °C resulted in numerous nitride precipi-
tates in the parent metal, HAZ, and weld. Extending the 
holding time to 90 min for all test temperatures encouraged 
the growth of carbides and nitrides at grain boundaries and 
inside grains in each zone of the welded joints. However, the 
presence of inter-metallic σ-phase was not observed in either 
the parent metal or the welded joints, even after a 90-min 
heat treatment at 850 °C [11].

In this study, the effect of prolonged annealing on the 
microstructure and hardness of AISI 310S heat-resistant 
steel (comprised of 24.3% Cr, 19.3% Ni, 1.8% Mn, 0.21% 
Mo, and 0.67% Si) was investigated. The steel is commonly 
used in high-temperature environments. Isothermal anneal-
ing was carried out at 800 °C for various durations, ranging 
from 1 to 1740 h, and microstructural changes and hardness 
distribution were monitored. SEM and EDS were used to 
assess the grain structure and fracture mode. The results 
indicated that the sigma phase precipitated in the γ-matrix 
and at grain boundaries of it. With an increment in anneal-
ing time, the Cr content had increased in the sigma phase. 
In this stage, Cr was found with a changed morphology of 
coarse particles which earlier was in the form of fine pre-
cipitates. The hardness of the steel increased after 16 h of 
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annealing and continued to increase with longer annealing 
times. This was reflected in changes in the fracture surfaces, 
which were influenced by changes in the content and mor-
phology of the sigma phase [12]. The purpose of this study 
is to investigate the effects of various heat treatments on 
the microstructure and thermophysical properties of 1.4462 
duplex stainless steel. Four samples were analyzed, includ-
ing an untreated sample and three heat-treated samples. 
The first heat treatment consisted of annealing the steel at 
1200 °C for one hour, followed by rapid cooling in water. 
The second treatment was the same as the first but with an 
additional 4-h annealing at 800 °C and slow cooling in the 
furnace. The third treatment involved annealing at 900 °C 
for one hour and slow cooling in the furnace. The resulting 
ferrite-to-austenite ratios in three samples were 75:25, 65:35, 
and 44:56, respectively [13]. The X6CrNiMoVNb11-2 super 
martensitic stainless steel is a unique type of stainless steel 
that is widely used to produce gas turbine discs. By optimiz-
ing the heat treatment process, the mechanical properties 
of this steel can be tailored to meet specific practical appli-
cation requirements during advanced composite casting-
rolling forming processes. A work aims to investigate the 
relationship between microstructural attributes and physical 
properties of this steel after quenching and tempering. The 
heat treatment process involved the transformation of the 
martensite phase, where a significant amount of high-density 
nanophase precipitation was observed. The lamellar mar-
tensite had dispersed M23C6 carbides, while the close-packed 
Ni3Mo and Ni3Nb phases had been created during the tem-
pering process. Oil quenching at 1040 °C and tempering at 
650 °C by air-cooling were found ideal conditions for favora-
ble microstructure. This study enhances the understanding of 
the strengthening mechanism and performance-controlling 
scheme of martensitic stainless steel during the cast-rolling 
forming process, leading to better future applications [14]. 
In a work, the purpose of the investigation was to assess 
the effect of TiO2 nanoparticles on electroplated mild steel 
coatings using Ni-Co plating solution. The study focused 
on examining the material’s behavior and corrosion resist-
ance of the composite coatings by introducing varying con-
centrations of TiO2 sol. into the plating bath. The findings 
revealed the incorporation of the appropriate concentration 
of TiO2 sol. into the plating bath resulted in well-dispersed 
TiO2 nanoparticles in the Ni-Co coating, which led to a 
significant improvement in the mechanical properties of the 
coatings. Specifically, the Ni-Co-12.5 mL/L TiO2 coating 
exhibited the highest level of microhardness, wear resist-
ance and corrosion resistance. Nevertheless, an excessive 
amount of TiO2sol (more than 12.5 mL/L) added to the 
electrolyte resulted in the agglomeration of nanoparticles 
and a porous structure of the coatings, leading to negative 
effects on their properties [15]. The microstructural analy-
sis of TIG welded stainless steel plates was carried out in a 

study. It was seen that the second welding pass was respon-
sible for the creation of secondary austenite in the weldment 
and for making ferrite grains coarse near the fusion line. 
The other regions shared similar microstructures but had 
varying amounts of austenite. Microhardness was affected 
by the distribution of alloying elements. The austenite’s 
hardness exceeded that of the ferrite from the weld metal 
to the fusion line, but the opposite was true from the fusion 
line to the base metal. Electrochemical experiments found 
that the zone with the fusion line was the most susceptible 
to pitting, followed by the weld metal zone. The surface 
morphologies corresponded with the electrochemical meas-
urements [16]. The experiment was conducted on 16 mm 
HSLA steel plates with high heat input (ranging from 3.0 to 
6.3 kJ/mm) by adjusting the welding current (ranging from 
500 to 700 A) and speed (ranging from 200 to 300 mm/
min). The results showed that an increase in heat input led 
to a coarser grain structure in both the weld metal and heat-
affected zone (HAZ). The hardness varied from the center 
line to the base metal, with the HAZ exhibiting the highest 
hardness. The hardness of the weld metal was uniform. As 
the welding current increased and speed decreased (result-
ing in higher heat input), the hardness decreased, while 
toughness showed mixed results. An increase in welding 
current from 500 to 600 A improved toughness, but further 
increasing it to 700 A reduced toughness. SEM and EPMA 
were used to examine the fracture modes and the variation 
of elements in the weld metal and HAZ, respectively [17]. 
In a study, different processing methods, like, hot-rolling, 
quenching, and equal-channel angular pressing (ECAP) 
were applied to low-carbon steel to examine their effects 
on its microstructure, microhardness, and corrosion resist-
ance properties. The goal was to determine the most suitable 
processing method. ECAP provided a finer grain structure 
than quenching methods. Although quenching had improved 
the anti-corrosion properties of low-carbon steel in an acidic 
environment, ECAP enhanced the anodic passivation while 
simultaneously increasing the acid corrosion rate. Based on 
the results, quenching was determined to be a better option 
than ECAP for strengthening low-carbon steel in an acidic 
environment [18]. The microstructural analysis of SS 309 
austenitic steel was carried out after applying thermal fatigue 
cycles at the temperature range of 100◦C- 900 ◦C. Instru-
ments like OM, SEM, and XRD were utilized under study. 
By increasing the temperature level up to 900 ◦C, a reduc-
tion in strength, elongation, and fatigue life was reported. 
The specimens showed micro-void coalescence because of 
fatigue failure. The cavity formation was seen at the grain 
boundaries and twin edges during the fatigue processes. In 
addition, this high-temperature fatigue process enhanced the 
oxidation process and thereby oxides were reported on the 
cracked zones of the specimens. These oxides were further 
found as the main reasons for the reduction of fatigue life 
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of the steel [19]. In this study, the Tungsten Inert Gas (TIG) 
welding process was examined for its efficacy in welding 
stainless steel grades with similar compositions. The pri-
mary objective was to analyze the impact of various welding 
parameters on the microstructure and mechanical properties 
of the welds produced. Specifically, the study focused on 310 
austenitic stainless steel and evaluated the effect of weld-
ing current, filler materials, and welding speed. The results 
indicated that welds produced with a current of 120A and 
309L filler rods had higher tensile strength and fewer defects 
compared to other welding parameters tested [20].

Materials and Methodology

A total of eight SS-304 samples of dimension 
25 × 25 × 2.5 mm were taken. These samples were in cold-
rolled condition. Out of them, one sample was kept in its 
original condition, and seven others were heat treated in an 
induction furnace. The heating temperature was 900 °C for a 
period of 1 h. The red-hot samples after one hour of heating 
are shown in Fig. 1(a). Hot samples were brought out from 
the furnace one by one. The first sample was buried inside 
sand for cooling till room temperature. The second sample 
was kept in atmospheric air. The third and fourth samples 
were dipped into water and oil for quick cooling. The fifth 
sample was dipped into brine solution which was prepared 
by mixing 0.5 kg of salt into 1.5 L of water. The sixth and 
seventh samples were cooled in two steps- Air + water and 
Air + oil respectively. The initial 30 s was decided for air 
cooling and then subsequent cooling of the sixth and seventh 
samples in water and oil respectively. Overall experimental 
work has been shown in Fig. 1. For microscopic observa-
tion, samples were fixed on two molds so that polishing can 
be done together. All the samples were highly polished by 
using sandpapers of various grit sizes and polishing discs. 
The polished samples were then etched through Kalling (No-
2) reagent prior to observation of microstructure on LOM. 
The microscopic images were captured at two different mag-
nifications- 500X and 1000X. The polished samples were 
undergone through SEM (backscattered electron detectors) 
for detecting phases by the dark/bright appearance of differ-
ent phases. Due to different atomic numbers, various phases 
appear in different contrast.

The hardness of all the specimens was measured by using 
a micro-Vickers hardness tester with a load of 300 gm. On 
each sample, there were four indentations made and an aver-
age hardness was calculated.

Microstructural Analysis

(i) By LOM: By using light optical microscopy, images 
were captured at two different magnifications, i.e., at 500X 

and 1000X. At 500X, a clear appearance of γ and δ phases 
could be noted. Also, annealing twins, carbides, and mar-
tensite (very less) were also observed. At 1000X, mainly 
intergranular M23C6 carbide was noted in the images. Some 
σ-phases were also noted in some cases. σ-phase is usu-
ally reported in SS with high Cr content. It has a tetragonal 
crystal structure that forms at high temperatures. At high 
temperatures, high Cr stainless steel starts getting unstable. 
As a result, a new crystalline structure of Fe and Cr, called 
σ-phase, starts to form. σ-phase is responsible for reducing 
the corrosion resistance properties of the stainless steel. The 
microstructural images at 500X and a scale of 100 µm are 
shown in Fig. 2.

In all the images, the presence of both γ and δ phases 
could be established by virtue of color contrast. Kalling 
reagent is a suitable etchant for showing these color con-
trast. The γ-matrix can be seen a bright appearance while 
the darker grains are representing δ-ferrite. Figure 2(a) is the 
image of the original sample which is in cold rolled condi-
tion. Both γ and δ are in equiaxed condition. The δ-ferrite 
is mostly present in stringer form. Various annealing twins 
could be obtained from the image. A very little amount of 
martensite (α′) could also be noticed in the γ-matrix. Fig-
ure 2(b) is showing the image of a water-quenched sample 
in which the morphology is similar to the original sample. 
However, δ-ferrite strings were not as dominant as the origi-
nal sample. Also, there was no martensite reported in this 
sample. Figure 2(c) is representing the sample that was 
quenched in oil. In this, significant twinning was reported 
in γ grains. The δ-ferrite strings are longer than the original 
sample. Figure 2 (d) belongs to air cooled sample in which 
twin formation is not as significant as in oil quenched sam-
ple. The rest of the things, δ and γ phases are very similar 
to previous images. Figure 2(e) is the image of the sand-
cooled sample in which twinning is comparatively lesser 
than that of the original sample. Also, the dark and predomi-
nant appearance of the δ-phase is reduced in this case. The 
δ-stringers are not continuous. Figure 2(f) shows the micro-
structure of a brine quenched sample in which the δ-phase 
is larger than the original and quenched samples. There are 
numerous fine carbides in the γ-matrix. It is because of the 
conversion of carbon into fine carbides over the γ-matrix. 
Figure 2(g) is the microstructure of Air (first 30 s) + water 
(till room temperature) stepped-cooled sample. The micro-
structural appearance is different from both air and water-
quenched samples. Both δ and γ grains are equiaxed in this 
sample. Intergranular carbide is comparatively larger than 
that of the brine-quenched sample. δ-ferrite strings almost 
disappeared in this sample. Figure 2(h) shows the micro-
structure of Air (first 30 s) + oil (till room temperature) 
stepped-cooled sample. The δ and γ structure is similar to 
the oil quenched sample but the γ-matrix in this sample is 
predominant. δ string is available but it is not continuous.
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The commonly observed carbide type in austenitic steel 
is M23C6, where M can be Cr, Fe, or Mo. During thermal 
treatment, this carbide may get precipitated at the grain 
boundary of γ-matrix which further may lead to inter-
granular corrosion. To avoid the type of corrosive action, 

a strong carbide former like Ti can be added to the alloy. 
The precipitation of M23C6 at the grain boundary may get 
faster at the temperature range of 650 – 700° C [21]. In 
the present work, the heat-treating temperature of 900 °C 

Fig. 1   Experimental detail; a Heating seven samples in an Induction furnace; b–f Cooling at different media; g–n Samples are labeled as per 
their physical conditions; o Polished samples attached on two molds
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Fig. 2   Microstructure of eight samples: a Original sample; b Water quenched; c Oil quenched; d Air cooled; e Sand cooled; f Brine quenched; g 
Air + water cooled; h Air + oil cooled
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has been selected which is a highly favorable condition for 
carbide formation.

It has been investigated that the morphology of M23C6 
depends on temperature and soaking time. At low degree of 
temperatures (> 600 °C), the appearance of carbide is thin 
and sheet-like. It gets a dendritic shape at grain boundaries 
when the temperature range becomes 600 to 700° C. By 
increasing the soaking time, the carbide precipitates become 
thick and coarse. At temperatures higher than 700  °C, 
M23C6 takes the shape of discrete globules which is further 
affected by the boundary orientation of γ-γ and γ-δ [22]. 
M23C6 formed at a low-temperature range is highly harmful 
in view of IGC occurrence.

In this study, the M23C6 was observed in the grain 
boundaries as well as in γ-matrix. These carbides are nearly 
spherical in shape. The black-colored spots in the images can 
be resembled as metal-carbides (Fig. 3).

The microstructural images were captured at 1000X 
to observe carbide formation at grain boundaries. All the 
images are shown in Fig. 3(a-h). In the original sample, 
the intergranular M23C6 carbides were observed in the 
form of black globules. Also, a small portion between γ-δ 
grain boundaries was containing a number of black spots. 
It resembles as σ-phase which further is a mixture of newly 
formed δ (black) and γ (bright). The water-quenched sample 
(Fig. 2b) also showed numerous carbides and σ formed at the 
γ-δ interface. In addition, a very small appearance of mar-
tensite was observed at the γ-grain. The oil-quenched sample 
(Fig. 2c) is showing a clear view of M23C6 precipitation at 
the grain boundary. Also, the twin formation is clearly visi-
ble in this sample. Both the air-cooled, and sand-cooled sam-
ples showed M23C6 carbides and δ-ferrite strings (Fig. 2d, 
e). All the above microstructural appearances are the same 
in the brine-water quenched sample. Also, σ formation was 
noted in the sample (Fig. 2f). In addition, the next two sam-
ples, Air + water and Air + oil cooled samples, possess a 
similar distribution of σ at grain boundaries (Fig. 2g and h).

(ii) By SEM: The FESEM machine, JEOL make Japan, 
was used for studying the microstructural changes in the 
steel. Under this, a backscattered electron detector was uti-
lized for identifying the phases by their color contrast. Due 
to the varying atomic number of different phases, they can 
easily be recognized by their brightness/darkness differ-
ences. The presence of γ and δ can be recognized as the 
bright and dark appearance of grains in SEM images. The 
black colored δ-ferrite strings are the same as observed by 
LOM. The intergranular M23C6 formation is clearly visible 
in SEM images. According to Bai et al. (2015) [23], these 
carbides are responsible for intergranular corrosion (IGC). 
Along with these, some amount of porosity in γ grains 
has been reported in water and brine-quenched samples. 
These porous surfaces are due to pitting corrosion. σ-phase 
was reported in Air + water and Air + oil cooled samples. 

(a) Original 

(b) Water quenched 

(c) Oil quenched  

(d) Air cooled

Fig. 3   Microstructure at 1000X: a Original sample; b Water quenched; 
c Oil quenched; d Air cooled; e Sand cooled; f Brine quenched; g 
Air + water cooled; h Air + oil cooled
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This phase was mainly reported in the δ-grain adjacent to 
γ-boundary. The recognition of the σ-phase is as per the 
results obtained by [23] (Fig. 4).

XRD Analysis

XRD analysis was carried out to check the intensities of aus-
tenite and ferrite phases present in all the samples. Figure 5 
is showing the XRD peaks of all samples. All the samples 
have shown similar patterns of spikes of austenite (FCC) 
and ferrite (BCC). The formation of oxides, like Cr2O3 and 
Fe2O3, was not observed in XRD peaks. This means the pit-
ting that occurred in austenite grains (of brine-quenched and 
water-quenched samples) is negligible. However, the XRD 
peaks are providing a large difference in the level of intensity 
(CPS) of both γ and δ phases in various samples.

EDS mapping

Elemental analysis was done on each sample to observe the 
possible changes of constituent elements after heat treat-
ment. Elemental mapping along with EDS was carried out 
through the same FESEM instrument as discussed above. 
Eight different elements were mainly notified in the study. 
They are- C, O, Si, Cr, Mn, Fe, Co, and Ni. The elemental 
mapping is showing similar results for all eight samples, 
i.e., 55% Fe, 23% Cr, and 5% Ni. However, the EDS spectra 
is showing a minor change in Wt% of Cr in heat treated 
sample. In the original sample, Cr is present in the amount 
of 18.3% by weight. The brine quenched sample has shown 
the 18% (Wt%) of Cr. The presence of these elements in all 
the samples is shown in Fig. 6.

Hardness analysis

The influence of heat treatment on the hardness of samples 
was analyzed by conducting a micro-Vickers hardness test 
under 300 gm loading. A total of four indentations were 
made on each sample and then an average value of hard-
ness was measured in each condition. Table 1 is showing the 
hardness values in every sample. A comparative bar chart is 
shown in Fig. 7. For an untreated sample, the hardness value 
is 168.5 HV. Sand cooling, air cooling, and brine quench-
ing methods had reduced the hardness of the samples by 
3.4%, 8.6%, and 5% respectively whereas water quenching, 
oil quenching, Air + water and Air + oil cooling methods had 
increased the hardness of the samples by 7.4%, 0.6%, 5.6%, 
and 2.2% respectively. The highest hardness was reported 
in the water-quenched sample. This result is opposite to the 
discussion derived in [2].

(e) Sand cooled 

(f) Brine quenched 

(g)  Air+water coole d

(h) Air+oil cooled 

Fig. 3   (continued)
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Fig. 4   SEM-BSE images of all 
the samples

(a) Original sample (b) Water quenched 

(c) Oil quenched (d) Air cooled 

(e) Sand cooled (f) Brine quenched 

(g) Air+water cooled (h) Air+oil cooled 
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Fig. 5   XRD analysis: a Original sample; b Water quenched; c Oil quenched; d Air cooled; e Sand cooled; f Brine quenched; g Air + water 
cooled; h Air + oil cooled
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Fig. 6   Elemental mapping and 
EDS of eight SS samples

(a) Original sample  

 

(b) Water quenched 

  

(c) Oil quenched 

 

(d) Air cooled 
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(e) Sand cooled 

 

(f) Brine quenched 

 

(g) Air+water cooled 

 

(h) Air+oil cooled 

 

Fig. 6   (continued)
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Conclusion

In this work, an attempt has been made to investigate the 
effects of various heat treatments on the microstructural 
attributes and hardness of austenitic stainless steel (SS-304). 
According to the elemental mapping results, the steel sam-
ples under study possess 23% Cr and 5% Ni, which makes 
them highly corrosion-resistant. A total of eight SS samples 
were taken. Out of these, seven were undergone through 
heat treatment and then they were subsequently cooled in 
different cooling media. The following conclusions are made 
based on this work:

•	 The LOM images reveal that all the samples possess 
similar attributes of γ and δ- phases. The appearance of 
the δ-stringer is irrespective of any heat treatment meth-
ods. The sign of an annealing twin is common in all the 
samples. A small indication of martensite formation in 
the γ-phase has been reported in Original and Water-
quenched samples.

•	 The appearance of σ-phase in δ ferrite and M23C6 for-
mation at γ-δ grain boundary has been established by 
FESEM-BSD images. σ-phase has been mainly reported 
in both the stepped cooled samples, i.e., Air + water and 
Air + oil cooled samples.

•	 BSD images of brine quenched sample clearly reveal the 
phenomena of pitting on γ-matrix. Pitting has been rec-
ognized as a porous surface of individual γ-grain. A very 
small reduction of Wt% of Cr has been noted in the EDS 
spectra of the brine sample, although no peak of oxide 
formation is achieved during XRD analysis.

•	 As per XRD results, there is no additional compound 
formed in the steel sample during heat treatment.

•	 Some variation in hardness values have been recorded 
in samples. In comparison with the original sample, 
the water-quenched sample has shown an increment of 
7.4% in hardness whereas a reduction of 8.6% has been 
reported in the air-cooled sample.

•	 The present study only focuses on different cooling rates 
while the treatment time and temperature are common to 
all the samples. In future work, a significant variation in 
aging time and temperature can be considered for better 
output.
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