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Abstract The main aim of this paper is to study the mechanical properties of the
weld also the microstructure of the weld joints were analyzed. The effects of sen-
sitization of gas tungsten arc (GTA) welded 304L stainless steel (SS) joints were
observed. 304L stainless steel was heated to 450–950 °C, soaked for 0.5–2 h, and
was observed. The three heat groups were chosen from the operative window of
tungsten inert gas welding; these heat groups are low heat -2200 J/mm, medium
heat–3320 J/mm, and high heat 3800 J/mm. Using these heat groups, weld joints
were made which were normalized at 750 °C, 850 °C, and 1000 °C for 0.5 h, 1 h, and
2 h, respectively. These specimens were used to perform tensile test, impact strength
test, microstructure, and microhardness for welded joint. The effect of sensitization
was observed for these joints for stated mechanical properties. The outcomes of
this study indicate that the tensile strength is maximum at weld joints normalized at
750 °C but remarkably decreased as the temperature was increased while the yield
strength did not notably change with increasing of the temperature. The Charpy
impact energy and micro-harness showed higher value at weld joints normalized at
750 °C but remarkably decreased as the temperature was increased. The major rea-
son for Charpy impact energy decrease was compound of manganese–silicon–Sulfur
formed in the weld pool during solidification. The microstructures of sensitized sam-
ples have been observed by optical microscope. The sensitization was found to be
more for heat-treated welded joints and parent metal as compared to unprocessed
weld joints and parent metal. Precisely, welded joints were normalized at 850 °C
with soaking time 2 h and allowed to cool in a furnace was observed to be more
sensitized.
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1 Introduction

Austenitic stainless steel has excellent corrosion resistance as well as mechanical
properties but when the temperature is raised between 450 and 950 °C, the chromium
rich carbides (M23C6) are formed near the grain boundaries which result in the cor-
rosion. The chromium-depleted zone is formed near to the carbides. In this zone,
the chromium concentration decreases to 12 wt% [1]. Austenitic stainless steel is
sensitized when it is heat treated (normalized) in between 450 °C to 900 °C and
soaked for 0.5–2 h. Sensitization reduces the chromium rich carbides which results
improving corrosion resistance. With the diminution of chromium from chromium-
enriched carbide at temperature between 450 and 950 °C encounters by the steel, in
the Heat Affected Zone of a weld normally, Cr-enriched Cr carbide, M represents Cr
and some minute quantity of Fe in M23C6. The carbon atom diffuses to grain bound-
aries where carbon atom combines with chromium atom to form chromium carbide
at sensitization temperature. The chromium carbide precipitates from areas contigu-
ous to the grain boundaries which result in depletion of chromium. These areas are
anodic as compared to the rest of the grains and therefore results in intergranular
corrosion, which are favorably attacked by corrosive media [2].

Sensitization results in dilapidation of corrosion resistance over and above the
mechanical properties [3, 4]. Many researchers have analyzed the welding of
austenitic stainless steel with the gas tungsten arc welding process and the mechan-
ical properties of austenitic stainless steel [5–9] The welding techniques used and
the sensitization situations are changed in every case. The mechanical properties and
consequence of microstructure of welded 316L joints were studied by [10]. The best
results were observed when the weld joint was prepared using shielded metal arc
welding (SMAW). For preparing the weld joint, E316L-16 electrode was used at low
heat input conditions along with 5% of ferrite.

2 Experimental Details

2.1 Base and Filler Material

For the present study, the base material used was AISI 304L austenitic stainless steel.
Nine plates were formed of 25 cm (length) × 10 cm (width) × 0.6 cm (thickness).
These samples were used for the gas tungsten arc welding and the filler material
used was 304L stainless steel solid electrode of 0.315 cm diameter. The chemical
composition of the material used for the experimentation is shown in Table 1.
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Table 2 Welding parameters used for butt welded joints

Welding current
(A)

Voltage (V) Pass Welding
velocity
(mm/min)

Heat input
(J/mm)

Total heat input
(J/mm)

130 23 1st 98 1430 3320

2nd 75 1890

180 23 1st 105 1700 3800

2nd 85 2100

210 25 1st 215 1020 2200

2nd 187 1180

2.2 Welding Procedure

For the preparation of the specimen to be analyzed, the parent metal was cleanedwith
the 1500 grit sand paper. The contaminated particles like rust were removed from the
parent metal before the welding process which will avoid the defects during welding.
After cleaning the parent metal plate, it was held so as to perform the welding [11].
For the different heat input values, the current was changed from 130A to 210A at
the constant voltage of 25 V along with the varying welding speed while preparing
specimen.

There were no welding defects like blow holes and porosity while preparing the
weld bead and also theweld geometrywas good. The parameters selected forwelding
are given in Table 2. For the analysis ofmechanical properties and themicrostructure,
the measurements were occupied from the section which is transverse to direction
of flow of weld bead. The analysis of microstructures was detected with an optical
microscope. Figure 1 shows the weld samples taken for the tests.

2.3 Sensitization Treatment

The welded samples were prepared at low heat input 2.2 kJ/mm (210A). The perfor-
mances of these welds were found to be the best when compared to the welds with
different heat input conditions for various mechanical properties like microhardness,
tensile and impact strength, and microstructure. Therefore, 210 A current was cho-
sen for the said analysis. Another test sample was prepared of SS 304 L which was
250 mm long, 500 mm wide, and 6 mm thick. The same procedure was followed
and the same parameters were used as mentioned for last study. The nine samples
were made from the welded plate and were normalized at different temperatures and
different time of soaking. After that, various properties were examined for the pre-
pared samples. The temperatures used for sensitization were 750, 850 and 1000 °C
and the soaking time was 30, 60, and 120 min. Six different time and temperature
conditions were selected for sensitization of samples.
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Fig. 1 Pattern of samples prepared from the welded plate

Heat treatment was done in muffle furnace. The nine specimens prepared from
welded plate at 210 A were normalized and air cooled at above-stated temperature
and time. For these samples, tensile strength, impact strength, microstructure, and
microhardness were analyzed [12]. For example, three specimens were prepared at
750 °C with soaking time of 30 min and air cooled, and out of these three samples,
one sample is used for tensile strength, second for impact strength, and third for
microstructure and microhardness. Similarly, the next three samples were heated at
750 °Cwith soaking time of 60min and air cooled. In the sameway, all the specimens
were prepared and the same properties were analyzed for these specimens.

2.4 Sampling of Specimen

Figure 1 shows the schematic diagram of the specimens prepared from the welded
plate and their mechanical properties like tensile strength, impact strength, hardness,
and microstructure were analyzed.

2.5 Tensile, Microhardness, and Impact Test

The weld pad was machined to prepare three specimens as shown in Fig. 2. The
specimen prepared for analysis of tensile test, impact strength, and microhardness
was taken according to ASTM E08 standards [9] as shown in Fig. 2. To perform the
test on the various specimens, the hydraulically operated digital tensile test machine



18 H. Arora et al.

Fig. 2 Tensile specimen specifications

Fig. 3 Tensile-, microhardness-, and impact-tested specimens viewing the place of fracture at
different normalization temperature

was used of capacity 400 kN. The Vickers’s microhardness testing machine was
used to check the microhardness. The load capacity of the machine is 0.5 kg. Impact
strength was measured using Charpy impact testing machine. Figure 3 shows the
photograph of the specimens after performing the above-mentioned tests [13–17].

2.6 Metallographic

The weld pad was machined to prepare the specimen as shown in Fig. 1. These
specimenswere analyzed for the change inmicrostructure ofwelding. The specimens
were ground and cleaned with different grades of emery paper (800, 1000, 1500, and
2000 grit). Subsequent to cleaning the example with emery papers, every one of the
examples was cleaned with velvet fabric utilizing alumina slurry. The last cleaning
of the example was finished by precious stone glue (1 µm) utilizing Hiffin chloride
as ointment. These cleaned examples were profound carved with Kalling’s reagent
(5 g copper (II) chloride, 100 ml hydrochloric acid and 100 ml ethanol) [10]. These
specimens were finally observed using optical microscope.
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3 Results and Discussion

3.1 Metallographic Studies of Specimen Welded at Different
Welding Conditions

The micrographs of the specimen were analyzed and the presence of delta ferrite
was observed in the matrix of austenite. Whereas the equiaxed grains of austenite
are present in the parent metal. The dark bands observed are stringers of ferrite.
These ferrite bands are least in weld at minimum heat input of 2.20 kJ/mm. The
photomicrographs of the specimen are shown in Fig. 4. The currents selected for
preparing specimen weld (130, 180, and 210 A) were cracked inside the weld bead.
The strength of all the joints observed was good. When the specimen was polished,
the lack of fusion was found which was prepared at 130 A. The tensile strength
of 94.28% of the base metal was observed at low heat input of 2.2 kJ/mm. This
tensile strength is the highest at given heat input. Hardness is maximum at 220 A and
minimum because of arc formed by weak current at 130 A in the sample. Table 3
shows the macrostructural and microstructural details of the weld joints.

Fig. 4 Photographs of base material and welded joints at different heat inputs a 2.2 (kJ/mm), b 3.32
(kJ/mm), c 3.8 (kJ/mm), and d Base metal (at 100x)

Table 3 Mechanical properties details of the weld joints

Depiction Tensile strength
(GPa)

Yield strength
(GPa)

Microhardness
(HV)

Impact strength
(J/mm2)

Base material 0.7874 0.4535 253 1600

2200 (J/mm)
(210A)

0.7477 0.2884 250 1560

3800 (J/mm)
(180A)

0.4716 0.3049 250 1480

3320 (J/mm)
(130A)

0.6300 0.2964 240 1400
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Fig. 5 a Optical micrograph showing the microstructure of sample heated to 750 °C held for
30 min, b Sample heated to 750 °C held for 1 h, c Sample heated to 750 °C held for 2 h

Table 4 Mechanical properties details of the weld joints normalizing at 750 °C

Description Tensile strength
(GPa)

Yield strength
(GPa)

Microhardness
(HV)

Impact strength
(J/mm2)

750 °C for
30 min

0.7507 0.4434 246 1400

750 °C for 1 h 0.7367 0.4770 235 1280

750 °C for 2 h 0.7321 0.4971 232 1200

3.2 Metallographic Studies of Specimen Normalizing
at 750 °C

Figure 5 shows the photomicrographs of the specimen which were normalized at a
temperature of 750 °C with soaking time of 30 min, 1 h, and 2 h, respectively. While
analyzing the samples, the chromium-depleted zoneswere observed. These zones are
negligible for the specimen with soaking time of 30 min. These chromium-depleted
zones increase with the increase in soaking time. Table 4 shows the macrostructural
andmicrostructural details of theweld joints normalizing at 750 °C.With the increase
in normalization temperature and soaking time, the tensile strength, impact strength,
and micro hardness decrease.

3.3 Metallographic Studies of Specimen Normalizing
at 850 °C

Figure 6 shows the photomicrographs of the specimen which were normalized at a
temperature of 850 °C with soaking time of 30 min, 1 h, and 2 h, respectively. The
chromium depleted zones were also observed in these specimens also. These zones
also increase with increase in soaking time. When the comparison of mechanical
properties was done for samples sensitized at 850 and 750 °C, it has been found that
the two samples resemble with each other. With the increase in normalization tem-
perature and soaking time, the tensile strength, impact strength, and microhardness
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Fig. 6 a Optical micrograph showing the microstructure of sample heated to 850 °C held for
30 min, b Sample heated to 850 °C held for 1 h, and c Sample heated to 850 °C held for 2 h

Table 5 Mechanical properties details of the weld joints are normalizing at 850 °C

Description Tensile strength
(GPa)

Yield strength
(GPa)

Microhardness
(HV)

Impact strength
(J/mm2)

850 °C for 30
min

0.7426 0.4635 234 2600

850 °C for 1 h 0.7367 0.4526 260 2500

850 °C for 2 h 0.7220 0.4621 242 1900

decrease. Table 5 illustrates the mechanical properties of the weld joints which were
normalized at 850 °C.

3.4 Metallographic Studies of Specimen Normalizing
at 1000 °C

Figure 7 shows the photomicrographs of samples which were heat treated at 1000 °C.
At high temperature, the carbide precipitates were observed which are negligible for
sample whose soaking time is 30 min and minimum precipitates were observed for
sample with soaking time 120 min. These precipitates are negligible with increase
in temperature and expose time. Figure 7c clearly shows the desensitization. Table 6

Fig. 7 a Optical micrograph showing the microstructure of sample heated to 1000 °C held for
30 min, b 1000 °C held for 1 h, and c 1000 °Cheld for 2 h
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Table 6 Mechanical properties details of the weld joints normalizing at 1000 °C

Description Tensile strength
(GPa)

Yield strength
(GPa)

Microhardness
(HV)

Impact strength
(J/mm2)

1000 °C for 30
min

0.6168 0.4312 235 1.84

1000 °C for 1 h 0.6296 0.3765 227 2.00

1000°C for 2 h 0.6859 0.3710 225 2.20

shows the mechanical properties of weld. At 1000 °C, with soaking time 30 min,
sensitization was observed for sample and desensitization was observed for sample
with soaking time 1 h and 2 h. Tensile strength and impact strength were analyzed
for 304L stainless steel which was normalized. The analysis shows that the tensile
and impact strength increase with increase in temperature and time for soaking but
the hardness decreases due to desensitization.

4 Conclusions

• The sensitization was observed for SS 304L when the samples were heated to a
temperature of 750 and 850 °C with soaking time of 30, 60, and 120 min.

• The joint strengthwas observed to be good for all the three welds. But at minimum
heat input 2200 (J/mm), the best result was observed. The microhardness and
tensile strength of the sample are 250 HV and 0.7477 (GPa), respectively, as
compared to 253 (HV) and 0.7874 (GPa) for the base metal.

• Tensile strength, impact strength, and hardness for 304L stainless steel decrease
with increase in normalizing temperature and soaking time for the sample.

• At 1000 °C with soaking time 30 min, sensitization was observed for sample and
desensitization was observed at 1 and 2 h soaking time.
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