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In this study, the effects of post weld heat treatment (PWHT) on the microstructure evolution, mechanical
properties and corrosion resistance of 304 austenitic stainless steel (ASS) welds generated via the gas
tungsten arc welded (GTAW) process were investigated. Weldments were subjected to PWHT at 650, 850
and 1050 �C for 1 h, followed by water quenching. Optical and scanning electron microscopy revealed
equiaxed austenite grains (c) limited by grain boundaries in the microstructure of the base metal (BM). A
minor content of delta ferrite (d) was observed at the grain boundaries, accompanied by twin crystals
distributed within the austenitic matrix. Subjecting the ASS weld to PWHT at 650 �C caused the
microstructure to partially recrystallize. By contrast, PWHT at 850 �C induced the formation of new small
c-grains, which was attributed to recrystallization with coarser c-grains; this effect was particularly pro-
nounced for PWHTat 1050 �C. The microstructure of the weld zone (WZ) remained unchanged by PWHT
at all temperatures, predominantly retaining a dendritic structure containing skeletal d-ferrite. As the
temperature of the heat treatment was increased, the distribution of d-ferrite became increasingly more
uniform (particularly for treatment at 650 �C), accompanied by an increase in the width of d-ferrite
dendrites. The microhardness profiles indicated a phase instability, where the Vickers microhardness of the
WZ (approximately 150 ± 10 HV) was lower than that of the BM. The highest ultimate tensile strength
(UTS) observed in the as-welded joint was 670.2 MPa, but the highest elongation (E) of 20.87% occurred in
the sample subjected to PWHT at 650 �C. Subjecting samples in a 3.5 wt.% NaCl solution to PWHT up to
850 �C improved the corrosion resistance of the WZ. By contrast, the as-welded BM samples exhibited
greater corrosion resistance than the heat-treated samples did.
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1. Introduction

Owing to their excellent corrosion resistance and superior
mechanical performance under various service conditions,
austenitic stainless steels (ASSs) have emerged as one of the
most important and widely employed families of stainless
steels. ASSs are specifically employed in the high-temperature
sections of boiler tubing, particularly during the late stages of
superheaters and reheaters. It is crucial for steel to exhibit
remarkable resistance to creep rupture and oxidation in these
regions. In addition, ASSs are frequently used as materials for
the components of power plants (Ref 1, 2). The solidification
structure of an ASS has a single-phase, face-centered cubic

(FCC) arrangement. This structure is achieved through a
balance of alloying additions that stabilize the austenite phase
across a broad range of temperatures, ranging from elevated to
cryogenic (Ref 3-5). Typically, austenitic stainless steel with
more than 12% chromium has good corrosion resistance
because of the spontaneous regeneration of a chromium oxide
layer on its surface. Other alloying elements, such as nickel,
manganese and molybdenum, also increase resistance to
localized corrosion (Ref 3-8). The addition of copper, silicon,
aluminum, and nitrogen can enhance resistance to intergranular
and crevice corrosion, stress-corrosion cracking (SCC), and
pitting corrosion (Ref 9).

Pitting corrosion is one of the most insidious forms of
localized corrosion affecting metals and is characterized by
passivation (Ref 10). Compelling technical and economic
requirements across various industrial applications of ASS
make the welding process the ideal manufacturing method for
austenitic stainless steels (Ref 11). Some welding parameters
can affect the microstructure and pitting corrosion resistance of
austenitic stainless steels, especially in solutions containing
chloride anions commonly present in numerous natural and
industrial environments (Ref 7, 10, 12). Examples of these
parameters are the current, voltage, welding speed, filler metals,
and shielding-gas composition (Ref 4, 13). The welding process
induces diverse thermal cycles, creating two distinct zones: a
weld zone (WZ) and a heat-affected zone (HAZ). This
heterogeneity may result in different corrosion resistance
behaviors (Ref 4). Welding of austenitic stainless steel can
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induce detrimental secondary phases, such as r, nitrides and
carbides, along with metastable d-ferrite in a content the range
of 2 to 10% (Ref 11, 13). These phases (along with their
immediate surroundings) considerably reduce the pitting resis-
tance by providing favorable sites for corrosion initiation. This
effect is particularly pronounced in corrosive environments
containing chlorides (Ref 4, 14). The sigma phase (r) reduces
corrosion resistance because of the low content of molybdenum
and chromium in the austenitic matrix (Ref 9, 15). The weld
zone has a greater resistance to pitting corrosion than the base
metal because the delta ferrite phase forms in the base metal
(Ref 7, 16). The addition of nickel and molybdenum can
improve corrosion resistance (Ref 8). In conclusion, the
corrosion resistance of austenitic stainless steels depends on
the microstructure, chemical composition and homogeneity of
their passive films.

Several methods have been proposed to improve the
corrosion resistance of weldments, including controlling the
welding procedure and incorporating alloying elements, such as
V, Nb and Ti, to eliminate carbides (Ref 17-19). Post weld heat
treatment (PWHT) is also recognized as an effective method for
addressing various issues, particularly under severe corrosion
(Ref 8, 20-23). The substantial quantities of chromium and
molybdenum in ASS 316LN increase its corrosion resistance.
However, these high elemental contents also cause the austenite
phase to become unstable at temperatures ranging from 650 to
900 �C, resulting in the formation of chromium-rich carbides
and intermetallic phases (Ref 15). AISI 316 L welds have been
found to exhibit increased susceptibility to corrosion after being
subjected to a temperature of 750 �C for 24 hours. The
inclusion of titanium (Ti) and niobium (Nb) in the ASS welds
was found to lead to greater preservation of nickel (Ni) and a
lower loss of chromium (Cr) in dendritic regions compared to
weld metals that were stabilized with Nb only (Ref 24). A
welded connection of AISI 316 stainless steel was subjected to
PWHT through controlled heating at 400 �C for 12 minutes.
This process enhanced the resilience of steel welds against
stress-corrosion cracking, particularly in the presence of hostile
sulfide ions (SO4

�) (Ref 16). 304L ASS was subjected to
PWHT at 500 �C for 1, 5, and 11 days, followed by exposure to
classical sensitization at 650 �C for 1, 12, and 24 hours. The
varying shapes of ferrite in the weld area and the degree of
grain enlargement in the HAZ of the weldments under the
action of different aging conditions greatly influenced the
tendency of the ASS to generate carbides. The vulnerability of
the ASS to sensitization and pitting corrosion was consequently
impacted considerably (Ref 4). The 304 ASS was subjected to
PWHT by exposure to a temperature of 650 �C for 30 and 120
minutes, followed by a normalization process. The corrosion
studies revealed that welds subjected to shorter thermal aging
periods had a lower degree of sensitization (DoS) than did those
subjected to longer thermal aging periods, leading to a higher
DoS (Ref 25). The 304 ASS joint subjected to post weld
thermal aging (PWTA) at 1050 �C for 30 minutes, followed by
normalization, exhibited increased resistance to corrosion in a
3.5 wt.% NaCl solution. This improved performance over that
of both the post annealed and as-welded joints can be attributed
to the presence of a refined grain structure and the elimination
of Cr-rich carbide precipitates (Ref 26). In conclusion, welds
that have undergone controlled PWHT at elevated temperatures
have good corrosion resistance. Although studies have been
conducted on subjecting ASS weldments to PWHT, additional
investigations need to be carried out on enhancing the

mechanical properties and corrosion resistance of ASS welds.
In this study, 304 ASS was welded via the GTAW process using
an ER308Si filler wire. The microstructural evolution of the as-
welded and PWHT (650, 850 and 1050 �C) weldments was
examined via optical microscopy (OM) and scanning electron
microscopy (SEM) in conjunction with energy-dispersive
spectroscopy (EDS) and x-ray diffraction (XRD). The mechan-
ical properties of the materials were evaluated via microhard-
ness and tensile tests, whereas the corrosion behavior was
assessed through potentiodynamic anodic polarization in a 3.5
wt.% NaCl solution.

2. Novelty and Application

A limited number of studies have been performed on the
effects of PWHT on the corrosion resistance of welded joints in
304 austenitic stainless steel (Ref 25). In some studies (Ref 4,
15, 16, 24 and 26), the impact of PWHT at prescribed
temperatures on the corrosion resistance of different ASS
grades has been investigated. The novelty of our research lies in
the specific welding process used, that is, GTAW with a thin-
walled (3.75-mm-thick) 304 base metal and an appropriate filler
metal ER308Si. We conducted PWHT at 650, 850, and
1050 �C with a one-hour holding time, followed by water
quenching.

Our welds are utilized in the oil and gas industry, namely, in
the equipment section intended for incinerating oil and gas
waste under high-temperature and corrosive conditions. 304
ASS exhibits potential for intergranular corrosion because of
the formation of chromium carbide at grain boundaries in a
temperature range of 450 to 850 �C. Therefore, studies need to
be performed on the corrosion behavior of heat-treated 304
ASS welds.

3. Materials and Methods

The base metal used in this investigation was 304 austenitic
stainless steel in the form of a 3.75-mm-thick pipe with an
outside diameter of 203.2 mm. The adjacent side of each pipe
was tapered by 30� to create a V-groove of approximately 60�
in accordance with ASME B31 when two pipes are clamped
together via a butt-joint configuration. The filler metal
employed was a 2.4-m diameter ER308Si (AWS: A5.9) wire
with a high content of molybdenum and silicon. The inclusion
of nickel and copper in silicon-rich materials with high
molybdenum contents considerably increases the corrosion
resistance. Table 1 shows the chemical composition of the
samples determined via spectrometer analysis (Oxford Foundry
Master Pro). The mechanical properties of both materials are
presented in Table 2. The weld joint was fabricated using the
gas tungsten arc welding process (GTAW) via butt joining. The
quality of the weld produced was checked using a liquid dye
penetrant and radiographic x-ray tests. The weld joint was
subsequently sliced into several small weldments for post weld
heat treatment. The welding parameters are detailed in Table 3.
The design of the welding joint is shown in Fig. 1. Various
PWHT cycles were carried out on four weldments, which were
initially heated in an electric furnace to well-defined temper-
atures of 650, 850, and 1050 �C. These temperatures were
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maintained for one hour. Finally, the weldments were quenched
in water. The furnace used was a Nabertherm MORE THAN
HEAT �30-3000 �C (Germany).

Samples intended for metallographic evaluation were cut
across the cross section of the as-welded and post weld-heat-
treated weldments. The samples were prepared via standard

Table 1 Chemical composition of the base metal and filler wire

Chemical composition, wt.%

Material C Mn Si S P Cr Ni Mo Co Al Cu Fe

Base metal AISI 304 0.05 2.03 0.68 … 0.04 18.09 8.15 … 0.21 0.30 0.11 Bal.
Filler wire ER308Si 0.02 1.78 1.07 0.04 0.04 19.38 9.33 0.10 0.18 0.73 0.22 Bal.

Table 2 Mechanical properties of the base metal and filler wire

Material Ultimate tensile strength UTS, MPa Yield strength (0.2%) Re0.2, MPa Elongation E, % Microhardness, HV

Base Metal AISI 304 645 240 35 160
Filler Wire ER308Si 620 370 36 140

Table 3 GTAW welding parameters

Wirediameter
U, mm

WeldingcurrentI,
A

Weldingvoltage
U, V

WeldingspeedS,
mm/min

HeatinputH,
kJ/mm

InterpassTemperature,
Ti�C

Shielding
gas,%

Gas flow
rateGFR,
L/min

2.4 75-85 10-12 70-100 0.61-0.64 150 Ar99.999 12

Fig. 1 Welding process: (a) schematic of the weld joint, (b) schematic of butt-welded pipes, (c) image of the root-side weld joint, (d) image of
the capping-side weld joint
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procedures consisting of mechanical polishing, followed by
polishing with 0.5-lm alumina powder and water to achieve a
mirror-like state. The samples were then electrolytically etched
in a sulfuric acid solution (H2SO4 (5%)) at 4 V for 50 s. The
microstructural characteristics of the samples were examined
via a light microscope (Nikon Eclipse LV100ND) and a
scanning electron microscope (Zeiss. EVO-MA 25) equipped
with a microanalysis system (EDS) before and after PWHT.
The grain size and ferrite content of the samples were assessed
via ImageJ software. The phases in both the BM and WZ of the
various welds were qualitatively identified via x-ray diffraction
(XRD) with a Cu Ka source (using a wavelength of 1.5406 nm,
an acquisition step of 0.02�, a voltage V = 30 kV and an
intensity I = 10 mA.). The diffractometer utilized was a
BRUKER D2 PHASER 2G.

The mechanical properties of the welded joints before and
after post weld heat treatment were determined via microhard-
ness and tensile tests. The microhardness tests were carried out
via a Wilson VH3300 automatic hardness testing system with a
200-g loading force for a holding time of 15 s. The tensile tests
were carried out on a MTS Criterion Model 45 hydraulic test
machine. The tensile tests were conducted on subsize samples
machined in accordance with the ASTM E8-04 standard (Ref
27).

Electrochemical corrosion tests were performed on both the
base metal and weld zone of all the welded joints using the
potentiodynamic method with VoltaLab equipment (PGP 201)
according to ASTM Standard G61-86 (Ref 28). The test
electrolyte was a 3.5 wt.% NaCl solution at room temperature.
A conventional three-electrode cell setup was used, with Ag/
AgCl as the reference electrode, platinum foil as the auxiliary
electrode, and the test samples as the working electrode. During
electrochemical testing, thermodynamic equilibrium was
achieved at a scan rate of 1 mV/s for ½ hour of exposure to
generate polarization curves. The sample preparation for the
experimental procedure is illustrated in Fig. 2.

4. Results and Discussion

4.1 Weld Microstructure

Figure 3 shows optical micrographs of the BM for all the
samples, that is, both the as-welded samples and the samples
heat-treated at 650, 850, and 1050 �C. The microstructure of
the as-received metal consisted of coarse equiaxed austenite
grains (Fig. 3a) with an approximate size of 81.92 lm. Twins
were also found in the austenitic matrix (c). Segregation during
solidification causes delta ferrite (d) to tend to form along
austenite grain boundaries (Ref 22, 29-32). During PWHT at
650 �C, the microstructure was partially recrystallized
(Fig. 3b), with a c-grain size of approximately 83.94 lm and
a decrease in the twinning rate (Ref 26, 32). Heat treatment at
850 �C produced a microstructure consisting of equiaxed c-
grains (Fig. 3c) with an average size of 84.29 lm. The
appearance of new small c-grains is attributable to recrystal-
lization. For the sample subjected to PWHT at 1050 �C, the
average c-grain size in the BM increased to 93.30 lm (Fig. 3d),
accompanied by a high rate of formation of twins (Ref 26, 33).
The reduced grain size can be attributed to fast cooling during
water quenching (Ref 26). In conclusion, considerable grain
growth did not occur in the 304 BM between 650 and 850 �C.

Slower grain growth was observed at 1050 �C. The quantity of
carbon and molybdenum in the base metal has been found to
affect grain growth (Ref 32). Figure 4 shows a typical estimate
of the c-grain size in the BM for various samples. The different
values are summarized in Table 4.

Figure 5 shows micrographs of the weld zones of the
various samples und different post weld heat treatments. These
micrographs show a dendritic solidification pattern, where the
c-matrix contains d dendrites characterized by a skeletal
morphology attributed to moderate cooling rates. The majority
of d-ferrite dendrites have widths below 4 lm (Ref 11, 29, 33-
37). During the solidification process, the primary d phase
forms from the melt. Then, the c phase is formed through a
peritectic transformation in the three-phase region. The trans-
formation from delta ferrite to austenite is diffusion-controlled.
Increasing the cooling rate results in an incomplete transfor-
mation, increasing the quantity of the d phase that is retained in
the weld zone (Ref 7, 29, 33). Heat treatment of stainless steel
welds causes intricate microstructural changes. Typically,
subjecting a material to high temperatures causes the
metastable d-ferrite to dissolve. It has been shown that the
dendritic network of ferrite disintegrates and tends to form
spherical shapes. The dissolution process is driven by the
disparity in the free energy levels of the metastable ferrite and
stable transition products (Ref 11, 26, 33). The d-phase
distribution tends to become increasingly uniform as the
temperature of heat treatment increases because of the increase
in the cooling rate. For the as-welded samples, the initially thin
delta ferrite dendrites thicken with heat treatment, especially at
650 �C (Ref 11, 22). Figure 6 shows a typical estimate of the
width of d-ferrite dendrites in the WZ for all the samples, as
listed in Table 5. The d-ferrite content of all the samples
increased during heat treatment. Figure 7 presents a typical
estimate of the average rate of formation of d-ferrite, where the
rates for the different samples are shown in Table 6. The
increase in the d-ferrite content results from variations in the
thermal cycling and cooling rates (Ref 6, 30, 38).

4.2 XRD and EDS Analysis

Figure 8 shows the XRD patterns for both the base metal
and weld zone for all the samples. The diffraction patterns
contain peaks corresponding to the austenite c and delta ferrite
d phases. However, peaks corresponding to chromium carbide
or r phases do not appear in these patterns. An important
limitation of the XRD technique is the inability to detect r or
chromium carbide phases at contents below 5% (Ref 22, 31,
39). For this reason, EDS analyses were performed to identify
the different phases formed. It is well known that iron, nickel,
chromium, nitrogen, carbon and manganese elements have a
strong metallurgical influence on phase transformation and
carbide or nitride precipitation in stainless steels (Ref 40-42).
Chromium carbide precipitates at the grain boundaries in
austenitic stainless steel maintained at temperatures between
500 and 900 �C. Therefore, time is an important parameter for
the precipitation of chromium carbide. A high cooling rate is
essential for preventing the formation of chromium carbide in
this critical temperature range, which is commonly observed in
GTAW welding (Ref 31, 34, 43-45). Heat treatment between
1040 and 1150 �C facilitates the dissolution of chromium
carbide into the solid solution (Ref 26, 46). Figure 9 and 10
show the results related to the EDS line in the BM and WZ of
all the weldments. An analysis of the chemical composition of

Journal of Materials Engineering and Performance



the base metal 304 and filler metal ER308Si showed no
difference in the quantity of Fe. All the EDS spots character-
izing the various samples (for both the BM and WZ) showed no
increase in the Cr, Ni and Mn contents. This observation
suggests the absence of intermetallic precipitates, particularly
chromium carbides and the presence of traces of manganese
oxide in the base metal for the sample subjected to PWHT at
650 �C.

4.3 Microhardness Testing

The microstructure of materials is a determining factor of
their mechanical properties. Figure 11 presents the microhard-
ness profiles of the various samples. The Vickers microhardness
was determined to be 170 ± 10 HV for the base metal samples,
with the exception of the sample subjected to PWHT at 650 �C,
which had the highest base metal microhardness (approxi-
mately 190 HV) because of partial recrystallization of the
microstructure and a high content of twins (Ref 47, 48). The
microhardness of the HAZs of various samples were similar
and slightly greater than that of the base metal, except for the
sample subjected to PWHT at 850 �C, which had a high
microhardness (approximately 210 HV) because of grain
refinement and the possible formation of chromium carbides.
All the weld zones (WZs) had lower microhardness values

(approximately 150 ± 10 HV) than the heat-affected zone
(HAZ) and base metal (BM). This result was obtained because
of the high d-ferrite content of the weld zone (Ref 22, 39, 49).
Unlike the microhardness of the as-welded samples, the
microhardness of the weld metal decreases at a heat treatment
temperature of 650 �C and increases above 850 �C (Ref 22).
This variation in the microhardness results from the content and
distribution of delta ferrite, the segregation of alloying elements
(such as Cr and Ni), and the change in the dislocation rate
caused by different cooling rates during post weld heat
treatment (Ref 1, 22, 32, 50-52). Finally, the optimal and most
stable microhardness profile was measured for the sample
subjected to PWHT at 1050 �C.

4.4 Tensile Testing

The ultimate tensile strength (UTS) and elongation (E)
values of the samples are shown as bar graphs in Fig. 12a. The
yield strength and ultimate tensile strength are presented in
Table 7. These results show that the maximum UTS of
670.20 MPa was measured for the as-welded joint. The PWHT
treatment resulted in a remarkable reduction in the UTS, which
was measured as 614.70 and 559.70 MPa for the samples
subjected to PWHT at 650 and 850 �C, respectively. This
decrease in strength is attributed to the decrease in the overall

Fig. 2 Preparation of test samples: (a) samples cut for various heat treatments, (b) subsize samples for tensile tests, (c) samples for optical and
microhardness tests, (d) samples for electrochemical tests
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microhardness across the weld and the evolution of the
precipitates. The UTS of the sample subjected to PWHT at
1050 �C was lower than that of the as-welded sample but
greater than that of the sample subjected to PWHT at 850 �C

(Ref 22, 47, 52). The sample subjected to PWHT at 650 �C had
a greater measured ductility (20.87%) than the other samples.
These results are attributed to partial recrystallization of the
microstructure, a high formation rate of twins and variation in
the hardness along the welded joint (Ref 46, 52, 53). Figure 12b
shows the fractured as-welded and PWHT samples. All the
samples fractured at the center of the weld zone. This result
determined by analyzing the fracture morphology of the base
metal (Fig. 13), which was completely different from that of the
WZ. Figure 13 shows ductile dimples, shear fractures, many
microvoids and small cleavage facets in the WZ.

The efficiency of the welded joint was calculated using the
following equation (Ref 52):

Weld efficiency

¼ Ultimate tensile strength of welded joint

Ultimate tensile strength of as� received base metal

Table 2 shows that the UTS of the base metal was
approximately 645 MPa. The maximum joint efficiency was
determined to be approximately 104% for the joint in the as-
welded state. Similarly, the joint subjected to PWHT at 650 �C
exhibited an acceptable efficiency of approximately 95%.
However, the samples subjected to heat treatment at higher

Fig. 3 Optical micrographs of 304 austenitic stainless steel base metals: (a) as-received and subjected to PWHT at (b) 650 �C, (c) 850 �C, and
(d) 1050 �C

Fig. 4 Typical estimate of the grain size of the base metal for all
weldments
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Table 4 Average grain size of the BM for all samples

Sample As-welded PWHT-650 �C PWHT-850 �C PWHT-1050 �C

Grains size (lm) 81.92 83.94 84.29 93.30

Fig. 5 Optical micrographs of the weld zone for all weldments: (a, b) as-welded and subjected to PWHT at (c, d) 650 �C, (e, f) 850 �C, and
(g, h) 1050 �C
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temperatures, specifically at 850 and 1050 �C, had lower
efficiencies of approximately 87% and 90%, respectively.

Figure 14 shows SEM fractographs of all the samples after
the tensile tests. The top views shown in Fig. 14(a), (c), (e), and

(g) shows the coexistence of both cleavage and ductile regions.
The fracture surface is distinguished primarily by the presence
of ductile dimples, tear ridges, shear failure, and cleavage
facets. The fracture morphology of the sample after the tensile
test sample (shown in Fig. 14b, d, f, and h) reveals the presence
of dimples that are not fully equiaxed and appear slightly
elongated. The fractography of the as-welded joint (Fig. 14b)
contains both cleavage facets and small to medium-sized
ductile dimples. However, the dimples are the dominant
characteristics of the fracture surfaces (Ref 1, 29, 46, 52, 54-
57). By contrast, for the sample subjected to PWHT at 650 �C
(Fig. 14d), there was an increase in the number of transgranular
cleavage facets and the size of the dimples detected on the
fracture surface. This result suggests a higher level of flexibility
and elongation for this sample compared to the other samples
(Ref 47, 57-59). For the sample subjected to PWHT at 850 �C
(as shown in Fig. 14f), the fracture exhibited ductility, as
characterized by the presence of small dimples that were
produced during grain refinement. The fracture surface exhib-
ited cleavage facets and tear ridges, indicating low flexibility of
the sample (Ref 15, 52, 57-61). The final fracture zone, as
observed in the sample subjected to PWHT at 1050 �C
(Fig. 14h), exhibited the distinct features of ductile fracture.
This fracture contained medium-sized dimples that were
somewhat shallow compared with the fracture of the as-welded
sample (Ref 55, 62).

Fig. 6 Typical estimate of average width of delta ferrite dendrites d in the WZ for all weld samples

Table 5 Width of d-ferrite dendrites in the WZ for all samples

Sample As-welded PWHT-650 �C PWHT-850 �C PWHT-1050 �C

Width (lm) 1.09 3.02 1.53 2.12

Fig. 7 Typical estimate of the average rate of formation of delta
ferrite (d) in the WZ for all weld samples
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Table 6 Rate of formation of d-ferrite in the WZ for all samples

Sample As-welded PWHT-650 �C PWHT-850 �C PWHT-1050 �C

d (%) 16.65 24.88 17.25 18.02

Fig. 8 XRD patterns of all the weldments in the (a) base metal (BM) and (b) weld zone (WZ)
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Fig. 9 SEM/EDS images of the BMs of all the samples: (a) as-welded and subjected to PWHT at (b) 650 �C, (c) 850 �C, and (d) 1050 �C
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Fig. 10 SEM/EDS images showing the WZ of all the samples: (a) as-welded and subjected to PWHT at (b) 650 �C, (c) 850 �C, and (d)
1050 �C
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4.5 Corrosion Behavior

The corrosion susceptibility of the base metal and weld zone
of all the samples (with and without PWHT in a 3.5% NaCl

solution at room temperature) was reflected in the potentiody-
namic polarization curves (Fig. 15). Polarization curves offer
insights into how the microstructure of any zone in the weld
joint influences corrosion resistance. The cathodic parts of all

Fig. 11 Microhardness profiles of as-welded and heat-treated samples

Fig. 12 Results of tensile tests on welded joints subjected to different PWHT treatments: (a) bar graphs of the ultimate tensile strength and
elongation and (b) fracture zones of subsize samples after tensile testing

Table 7 Tensile properties of the welded and heat-treated samples

Specimen Ultimate tensile strength, MPa Yield strength 0.2%, MPa Elongation, % Joint efficiency, %

As-welded 670.20 290 17.61 104
650�C 614.70 250 20.87 95
850�C 559.70 225 17.52 87
1050�C 579.90 260 17.81 90
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the curves tended to shift toward the negative potential domain.
This result was obtained because of the rapid dissolution
occurring on the metallic surface (Ref 7, 26). Table 8 shows the
values of various electrochemical parameters, such as the
corrosion current density (icorr), corrosion potential (Ecorr), and
corrosion rate (Vcorr), that were determined from these curves.

Comparing the aforementioned values against the corre-
sponding values of these parameters for the base metal
revealed that the as-welded sample exhibited greater corrosion
resistance with a lower corrosion current density, higher
corrosion potential and wider passive region than the heat-
treated samples. With the exception of the sample subjected to
PWHT at 1050 �C, the heat-treated samples also exhibited
acceptable corrosion resistance. This result can be explained
in terms of the microstructure, morphology and coarser
austenite grain size of the heat-treated samples. For the
sample subjected to PWHT at 650 �C, the microstructure
partially recrystallized, whereas new small grains appeared in
the sample subjected to PWHT at 850 �C, which is attributed
to recrystallization (Ref 26, 38). However, PWHT up to
850 �C, especially PWHT at 650 �C, reduced the corrosion
current density and increased the corrosion potential, increas-
ing the corrosion resistance of the weld zone. Rapid cooling
and the resulting high dislocation density (Ref 63, 64) induced
the dissolution of the precipitates, which decreased the impact
of galvanic corrosion between the precipitates and the matrix.
Consequently, more paths were available for chromium
migration to the surface, where corrosion products of Fe2O3

and Cr2O3 formed. The resulting fine-grained microstructures
made the developed surface oxides compact, impermeable,
and uniform. This behavior explains the strong electrochem-
ical stability that has been reported for heat-treated samples
(Ref 1, 26, 32, 50, 51, 65, 66). The EDS studies clearly
revealed that the chromium content was reduced by PWHT at
650 �C. This result may confirm the mechanism described
above, which results in a reduction in the concentration of
chromium in d-ferrite. Finally, when comparing the base metal
and the weld zone for the as-welded sample, the base metal
shows better corrosion resistance properties.

5. Conclusion

The following conclusions were drawn from the experi-
mental results:

(1) For the as-welded sample, the BM had a microstructure
with equiaxed austenite grains of varying sizes, limited
by grain boundaries with a size of approximately 81.92
lm. The grain boundaries had a minor content of d-fer-
rite, with twin crystals distributed in the c-matrix. The
WZ exhibited dendritic solidification, where the d-ferrite
phase had a skeletal morphology that was immersed in
the c-matrix.

(2) PWHT induced changes in the BM microstructure, such
as coarsening of the c-grains and changes in the rate of
formation of twin crystals. PWHT treatment at 650 �C
caused partial recrystallization with a decrease in rate of
formation of twin crystals. Further heat treatment at
850 �C caused recrystallization with the appearance of
new small c-grains. The average c-grain size of the BM
was 93.30 lm, a notable increase over that of the as-
welded sample, and was accompanied by a high rate of
formation of twins.

(3) Measurements of the ferrite content of the WZ revealed
an increase in the d fraction after PWHT, especially at
650 �C. The d-phase distribution tended to become
increasingly uniform as the temperature of heat treat-
ment increased because of the increase in the cooling
rate.

(4) The microhardness profiles revealed that PWHT de-
creased the hardness of the WZ for all the samples (to
approximately 150 ± 10 HV). An increase in the hard-
ness of the BM was observed for the sample subjected
to PWHT at 650 �C because of partial recrystallization
of the microstructure and a high rate of formation of
twins. For the sample subjected to PWHT at 1050 �C,
the hardness changed monotonically across the weld.

(5) Tensile tests revealed that the failure of all the samples
occurred in the WZ by a mixed-mode failure mecha-

Fig. 13 SEM fractographs of the 304 base metal after tensile testing: (a) top view and (b) fracture morphology
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Fig. 14 SEM fractographs of samples subjected to tensile tests: (a, b) as-welded and subjected to PWHT at (c, d) 650 �C, (e, f) 850 �C, and (g,
h) 1050 �C
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nism. The highest UTS of 670.2 MPa was measured for
the as-welded joint, but the highest elongation (20.87%)
was measured for the sample subjected to PWHT at
650 �C.

(6) An electrochemical analysis showed that the corrosion
potential of the BM was greater for the as-welded sam-
ple (� 277.36 mV) than the heat-treated samples
(� 304.72, � 315.81 and � 301.65 mV). These find-
ings indicate that the corrosion resistance of the as-
welded BM had superior corrosion resistance to the
heat-treated BMs. PWHT up to 850 �C, especially at
650 �C, increased the corrosion resistance of the weld
zone because of a reduction in galvanic corrosion be-
tween d-ferrite and the c-matrix resulting from the
depletion of Cr in d-ferrite and Cr migration toward the
surface.
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55. B.N. Güzey and G. _Irsel, Investigation of Mechanical and Microstruc-
tural Properties in Joining Dissimilar P355GH and Stainless 316L
Steels by TIG Welding Process, Int. J. Press. Ves. Pip., 2023, 205,
104965
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