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Abstract Stainless steel (SS) has broad application in
nuclear and several industries as structural material
attributed to the desirable mechanical and suitable corro-
sion resistance properties. Corrosion resistance behaviors
and microstructural evolutions of type 304L SS gas tung-
sten arc welded (GTAW) joint of different thickness were
investigated using optical microscopy, scanning electron
microscopy, X-ray diffraction, micro-Vickers hardness test
and electrochemical techniques. Microscopic analsis
reveals the weld microstrcture, interdendritic d-ferrite of
lathy and skeletal features along with austenite structure.
Hardness is more in 6-mm-thick welded sample attributed
to o-ferrite contents. The measured corrosion rate in boiling
HNO3 increases with the increase in the thickness of the
welded specimen, and base metal shows a marginally
higher corrosion rate compared to weld metals. The cor-
rosion rate of the base and weld metals of the AISI type
304L SS in 65% nitric acid is in the acceptable range.
However, as the delta ferrite with a higher amount of
chromium is present, the austenite matrix in the
microstructure results in a lower corrosion rate of the
weldment compared to its base material. The
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electrochemical corrosion behaviors of type 304L SS base
metal and weldments in 6 M HNOj solution at 25 + 1 °C
are evaluated using potentiodynamic polarization and
electrochemical impedance spectroscopy methods. The
corrosion resistance, hardness and microstructure behavior
of GTAW welded AISI type 304L SS are elaborated and
discussed.
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1 Introduction

Stainless steels (SSs) are extensively used in several
industries such as nuclear industries, chemical industries,
medical industries, oil and gas industries, offshore indus-
tries, etc., that require good corrosion resistance and
mechanical strength [1, 2]. The corrosion resistance of
stainless steel that contains more than 12% Cr is attributed
to the formation of a thin and self-healing layer of chro-
mium oxide film that provides resistance in the corrosive
environment [3]. Among the austenitic stainless steel ser-
ies, alloying elements such as N, Ni, Mn, Si and Mo are
added along with controlled trace elements (B, S, P, etc.)
for a specific requirement and its application in industries
[1-4]. As an example, for highly corrosive nitric acid
applications, controlled chemical composition and
microstructure, low-carbon and restricted levels of C, Si, P,
S and Mo are required to achieve consistently a good
intergranular corrosion resistance in nitric acid. The
resultant alloy steels also called as a nitric acid grade SS
are characterized by the controlled chemical composition
of alloying elements, the microstructure that minimizes
intergranular corrosion sites, and further additions of Si and
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higher Cr contents that enhance the transpassive corrosion
or dissolution [3-5]. However, the trace amount of C is
always present in the steel either being intentionally added
or as an impurity. The deleterious effects of carbon
impurity to corrosion resistance can be lower by adding
carbide stabilizer such as titanium, niobium and tantalum
to minimize the formation of chromium carbide [6].

Welding is a widely used joining process for fabrication
of stainless steel structure, and it is used as an alternative to
the riveting process [7]. The process of welding has been
widely used in joining of pipes [7], industrial components/
equipment [8, 9] and fabrication of structural material in
chemical, space and nuclear component [10-12]. However,
the welding processes are strongly influenced by the
materials properties such as microstructure [13-18],
mechanical behavior [14-19] and corrosion resistance
[4, 20]. The influences of welding on material properties
are attributed to the micro-segregation of chromium car-
bide at the grain boundaries through the sensitized process,
formation of secondary phases (y — & and o transforma-
tion during cooling) and resultant crack or porosity during
welding [21, 22]. Moreover, the formation of secondary
phases (d-ferrite) plays a significant role in the welding
material properties determination. The d-ferrite content not
only affects the corrosion resistance but also improves the
ductility and toughness in SS. Therefore, about 5-10%
delta ferrite content in stainless steel weldments are
maintained to minimize solidification and hot cracking and
improve strength and corrosion resistance [23, 24]. More-
over, higher d-ferrite (10 vol. %) is known to decrease the
hot workability [4]. Therefore, controlled d-ferrite content
during welding of austenitic stainless steels is essential to
minimize solidification and hot cracking. Many factors that
generally influence the weld microstructure in the stainless
steel are heat input, welding speed, welding power and rate
of cooling, number of passes, etc. [4-22]. The effect of heat
input has important role in the secondary austenite (y')
phase formation in duplex stainless steel, and it affects the
corrosion resistance of the weldment [25]. Atamert et al.
[26] have shown that high heat input can increase corrosion
resistance by partitioning the chromium and Mo into the
ferrite phase with decreasing temperature in duplex stain-
less steel (DSS). In austenite SS with an increase in heat
input, the percentage of delta ferrite increases in the HAZ,
whereas delta ferrite percentage decreases in the weld
metal region that can influence the passivity and corrosion
resistance [27].

There are many welding processes for different indus-
trial applications that include shielded metal arc welding
(SMAW) under low thermal heat condition with 5% ferrite
in the welded zone showing improved mechanical prop-
erties [20, 28], and with the decrease in the test tempera-
ture, fatigue crack growth of the base metal decreases for
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304 SS pipe line [20, 29]. Similarly, laser-induced welding
processes (laser and laser-TIG), have several advantages
over conventional welding (TIG) with respect to faster
cooling rate, localized heating, deep penetrating, narrow
welds (high depth-to-width ratios), higher melting effi-
ciency, less heat-affected zone (HAZ), ease of access to the
weld, seam through fiber delivery, facilitating the welding
with intricate geometries, lower defect and improved
mechanical properties [29, 30]. Increase in hydrogen con-
tent introduced during welding increases the penetration
depth [31] and the weld shape changes from wide shallow
to narrow deep by the addition of oxygen [32]. The chro-
mium equivalent (Cr.q)-to-nickel equivalent (Ni.,) ratio in
the range of 1.52-1.9 is desirable to control solidification in
type 304L SS [32, 33], and ~ 3 to 20% ferrite content is
desirable to eliminate flaws and hot cracking [18]. Among
the various welding methods, gas tungsten arc welding
(GTAW) is one of the most widely used. It is also a reliable
method for welding stainless steels. Besides, it has several
advantages such as, easy to process, cleanliness, ease in
welding complicated shapes with large and small dimen-
sions, applicable to a wide range of materials and also [4]
inexpensive [11, 18]. The main aim of the present inves-
tigation is to study the effects of different weld thicknesses
of type 304L stainless steel and correlate the microstruc-
tural aspects with the corrosion resistance and hardness
behavior.

2 Experimental Details
2.1 Materials

The chemical composition of the base materials of 3-mm-
and 6-mm-thick plate of AISI type 304L SS used for the
present work is shown in Table 1a. The AISI type 308L SS
solid electrode of 1.6 mm and 2.0 mm diameter were
selected as filler material for the welding process. The
chemical composition of both the base and filler wire is
given in Table 1(a and b).

2.2 Welding Process

AISI type 304L SS plates were butt-jointed using AISI
308L SS filler rod in different conditions by GTAW
welding process. Schematic diagrams of the weldment
specimen preparation are shown in Fig. 1. It involved six
passes for 6-mm-thick and two passes for 3-mm-thick
specimens, where the shielding gas was 99.99% commer-
cial argon, and root gap of the base metal was maintained
between 2 and 2.5 mm, and inter-pass temperature was
maintained within 120 °C. Welding parameters are listed
in Table 2a, b. Before the welding process, all the sheets
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Table 1 Chemical composition of (a) type 304L stainless steel base metal and (b) 308L filler rod

Elements Cr Ni C Si Mo P Co Ti Mn Fe

(a) Type 304L stainless steel base metal

Wt% 18.2 9.2 0.02 0.32 0.05 0.03 0.59 Balance
Elements Cr Ni Mn Mo C

(b) 308L filler rod

Wt% 18.1 10.3 1.6 < 0.04 0.017

+0.5
1.5

e

150
Fig. 1 Schematic of butt joint GTAW process

were cleaned mechanically and chemically by acetone in
order to remove any source of contamination like rust, dust,
oil, etc. No preheat or post-heat treatment was carried out
on the specimens after the welding process [4]. During and
after welding, joints were visually inspected for their
quality, and it was ensured that all weld beads possessed
good geometrical consistency and were free from visual
defects like surface porosity, blow holes, etc. [4]. In
addition, 99.99% pure Ar was used as shielding gas to
avoid the contamination of other gases like N, O, and H,
with the welded zone.

2.3 Microstructure Analysis

The cross section of the test specimens was mechanically
ground with SiC emery paper and finished up to the dia-
mond grade of 1 pm finish. An etching solution of nitric
acid with ethyl alcohol (Nital) was used. The microstruc-
tures were analyzed by using OM and SEM model of
Camscan 3200 with photomultiplier tube (PMT) detector.
XRD of model INEL X-ray diffractometer 2000 (France)
with CoKa (wavelength (1) = 0.178897 nm) X-ray source
was used for identification of the phases present in the
welded zone of the sample. Vickers hardness measurement
was taken using FIE Vickers Hardness instrument (India,
Model VM-50), with a load capacity of 10 kgf for 15 s.

Ferrite number was measured using the nondestructive
technique with the Fischer Feritscope FMP30 to measure
the ferrite content. This measurement was taken at the
center of the welded zone.

2.4 Corrosion Resistance Evaluation—Huey Test

The corrosion resistance of the AISI type 304L SS was
evaluated using ASTM A262 standard practice-C (Huey
test) [34]. The experiments were conducted by immersing
the test coupon for five times with an interval of 48-h

Table 2 Welding parameters for (a) 6-mm-thick specimen and (b) 3-mm-thick specimen

S.I. no Passes Current (A) Voltage (V) Speed (mm/S) Heat input (J/mm)
(a) 6-mm-thick specimen

1 Root 60 8 0.625 768
2 Intermediate 75 9 1.196 671
3 3rd pass 90 10 1.096 821
4 4th pass 90 10 1.087 828
5 Sth pass 90 10 1.563 576
6 Final 90 10 1.894 475
(b) 3-mm-thick specimen

1 Root 70 9 0.992 670
2 Final 80 10 1.1 727
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periods (240 h) in the boiling 65% nitric acid. The nitric
acid solution was renewed after the interval of every 48 h
in order to avoid the accumulation of corrosion products
which could increase the corrosion rate of the specimens in
the boiling liquid phase [35]. Subsequently, the specimens
were rinsed after the completion of the test in distilled
water, cleaned with acetone and dried in hot air, and the
average corrosion rate for the specimens was calculated
using the equation describe [36].

KxW

ATD
where K = (3.45 x 10° for mpy and 8.76 X 10* for mm/
yr); T =time of exposure in hours; A = area in sz;
W = mass loss in gms and D = density in gm/cm®.

Corrosionrate =

2.5 Electrochemical Corrosion Measurements

The electrochemical corrosion experiments were carried
out using a three-electrode system. The test specimen was
used as the working electrode, saturated Ag/AgCl as the
reference electrode and Pt as the counter electrode. After
stabilization of the system potential, the OCP measure-
ments were recorded up to 60 min. All potentiodynamic
polarization experiments were performed at the scan rate of
10 mV/min, and potentiodynamic anodic polarization
experiment was carried out till it reached transpassive
potential region [37]. All the electrochemical experiments
were carried out at room temperature (25 &+ 1 °C), and two
to three sets of tests were conducted for each specimen, and
the experiments showed almost reproducible results.

Electrochemical impedance spectroscopic (EIS) mea-
surements were taken under open circuit potential condi-
tion using Solartron 1255 frequency response analyzer and
Solartron 1287 electrochemical interface [38]. The EIS
experiments were performed in the frequency range of 10°—
0.01 Hz by superimposing an AC voltage of 10 mV
amplitude, and the data were recorded at 10 points per
decade. The impedance responses obtained from the
Nyquist plots were analyzed by Z-View software using a
simple equivalent circuit model (R. (R,/ICPE)) [39], shown
in Fig. 2; R, is the solution resistance, R;, is the polarization
resistance, and CPE is the constant phase element. CPE
represents the generalized form of passive film double-
layer capacitance, and it is used for obtaining the fit values
of the experimental data.

A typical expression for CPE is represented as [39-41]:

Zepe = 1/[C(jw)"] (1)

where o is the angular frequency, C and n are the fre-
quency-independent fit parameters; J=(— 1)"* and
o = 2xf, where f is the frequency in Hz. The adjustable fit
parameter n = 1-20/180, ranges between 0.5 and 1, and o
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Fig. 2 Equivalent circuit model for fitting impedance data (using
Z-view software)

is a measure of the depression angle in degree that evalu-
ates the semicircle deformation/depression. When the value
of n = 1, the fitted equivalent circuit is for a capacitor, and
when n = 0.5, CPE describes the Warburg impedance [42].

3 Results and Discussion

3.1 Microstructure Features of Welded Type 304L
Stainless Steel

In Fig. 3, XRD analysis reveals that the y-austenite and d-
ferrite phases are present in the welded zone. After welding
and during the cooling process, & to y transformation
occurs in the fusion zone. In GTAW process, since it is
diffusion-controlled transformation, delta ferrite is retained
in the welded zone and helps to resist against the micro-
fissuring and hot cracking during solidification [43]. This
can also result due to the peritectic—eutectic transformation
which takes place at the end of the solidification process;
when metal cools through the two-phase delta ferrite and
austenite field, diffusion-controlled reaction can take place
by which austenite transforms into ferrite [44]. A small
amount of delta ferrite is necessary to prevent hot cracking
in the weldment and fully austenite phase in the weld

Intensity (a.u)

1 1 1 I I I I 1
20 30 40 50 60 70 80 90 100
Diffraction Angle (26 deg)

Fig. 3 XRD pattern of the welded zone
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deposit is susceptible to micro-fissuring during solidifica-
tion [41].

The solidification or cooling rate of a weldment can be
calculated by the following way [30, 45-49]:

Thickness of the plate (h): 3 mm or 6 mm

Heat input (H,): g/v = heat or energy/welding speed
Initial plate temperature (7,): Room temperature (RT)
Temperature of interest at which cooling rate is desired
(T;): 1500 °C

Specific heat (C): 502.42 J/kg K

Density (p): 8000 kg/m* 12
Relative plate thickness (7): h[PC(Ti - TO)/HHEJ

When relative plate thickness is t < 0.6, in thin plate,
the cooling rate equation is used, and similarly in thick
plate cooling rate equation is used when 7 > 0.9.

If the value of 7 is in the range of 0.6-0.9, then the value
0.75 is used to decide which cooling rate equation should
be used.

Cooling rate (R) equation for thin plates:

2iepCh/Het) (T, — To)? | C/sec 2)

Cooling rate (R) equation for thick plates:
{2nK(T; — T,)}

Ho C/ sec (3)

So, for a particular material, heat input (H,) is the
important parameter for the determination of cooling rate.

The typical optical microscopic and SEM images of the
welded zone with different magnifications are shown in
Fig. 4 that shows the dendritic structure of the weld zone
which at higher magnification provides the information
about the dendrite phase and interdendritic phase. The
dendrite phase probably arises from d-ferrite (Cr-rich) phase
of steel and the interdendritic phase due to the austenite (Ni-
rich) phase of steel [21, 22]. This can be predicted from the
XRD analysis also. The interdendritic phase appears
brighter in comparison to dendrite phase in SEM images due
to the high Ni content in the interdendritic phase.

The variation of the delta ferrite morphology in the
fusion/welded zone is shown in Fig. 5. It is evident that
two different delta ferrite features are formed within the
austenite matrix of the welded zone, one in the form of
skeletal ferrite and other a lathy delta ferrite. Similar fea-
tures of delta ferrite formations are known to form in
GTAW welded specimen. The variation of delta ferrite in
the weld zone appears due to the variation of thermal
cycles and cooling rates of the weld zone [4, 50, 51]. These
differences in the cooling rate in the weld zone are the
reason for the change in the morphology during ferrite
transformation. The delta ferrite predominantly contains
the skeletal ferrite for 3-mm-thick weldment, whereas it is

lathy delta ferrite morphology for 6-mm-thick weldment.
This can be explained by the restricted diffusion during
ferrite and austenite transformation, which is attributed to
the high cooling rate for the formation of lathy ferrite.
When the cooling rate is low, the austenite consumes the
ferrite until it gets saturated with ferrite promoting ele-
ments like (Cr, Mo, etc.) and gets depleted in austenite
promoting element (Ni, C, N, etc.) which is stable at a
lower temperature with limited diffusion [52].

In Fig. 6, the optical micrographs of the HAZ, fusion
zone and welded zone are represented. This microstructure
shows that the dendritic arm spacing in the welded zone at
the HAZ increases with less number of the pass during
welding. The number of passes for 6-mm-thick welded
sample is higher in comparison with the 3-mm-thick
sample, resulting in larger grain size for 3-mm-thick
specimen than that of 6-mm-thick sample. This can be
attributed to the thermal cycling and recrystallization
occurring during multipass welding, that resulted in epi-
taxial grain growth. Such growth is beneficial against the
concentration of stresses at the weld zone-HAZ interface.
The mechanism behind such growth is related to the crystal
structure and chemical composition at weld zone and base
metal [4, 53].

The measured ferrite numbers of 6-mm-thick and 3-mm-
thick welded specimens are 8.7 and 5.7, respectively. The
variation of delta ferrite content may be attributed to the
variation of thermal cycling and cooling rates by increasing
the number of passes. The delta () to gamma (y) trans-
formation is a diffusion-controlled process; high cooling
rate does not permit sufficient time for such transformation
[4]. This results in a higher amount of delta ferrite inside
the austenite matrix of the welded zone. It is desirable that
5-10% delta ferrite are retained in the austenite matrix of
the welded zone to prevent the hot cracking and solidifi-
cation and also to improve the ductility and corrosion
resistance of the welded joint properties. Hence, the
determination of ferrite content is very important. By
determining the ferrite number at different places of the
welded zone, it can be concluded that all these specimens
are in secure range.

3.2 Hardness Results of Base and Weld Type 304L
Stainless Steel

Hardness of the welded samples was measured in the
longitudinal direction parallel towards the base plate sur-
face [54]. Figure 7 shows the plot of Vickers hardness
versus distance from the welded zone for 6-mm-thick and
3-mm-thick 304L stainless steel specimens. The hardness
profile of the sample shows that the welded zone indicates
minimum hardness value for each specimen. This is
because of the heat from the process in the weld zone

@ Springer
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Fig. 4 The optical microscopy (a) and SEM (b) images of the weld zone, where dendrite structure and different phases present in the welded
zone are indicated

L]

e

o
A

Fig. 5 Optical microscopy images of the weld zone: a skeletal ferrite morphology (3 mm), b lathy delta ferrite morphology (6 mm)

@ Springer



Trans Indian Inst Met (2019) 72(12):2981-2995

2987

- < by 50pm
& 1 e
i =
. 5
ol e 3. N
& =
‘ £
Welded -
. Zome =
v Heat
Afffected
s Zone

50pm
>)
oae ;
9,
Welded Zone % ~ Heat
Y Affected
Zone

(a)

(b)

Fig. 6 Different zone of the weldment sample: a 6-mm-thick and b 3-mm-thick weld metal

—m—6mm
210 = —o—3mm 3
\ n
Y o
\\ ° @ 7
°® j
200 | /
\ ’/ @ "
/
'\'\_ o/ ° o o
S 100 [ - o o o /lof |4
= - 't )\ 9. " %
7] FS \- -,ll—I L ]
3 - 00 i ‘I'I'I'./. L/
5 180 | ? / 9 o
© \ \
P
. : °\,%/
Q
170 | . /
Wo
/
160 |- @
1 i 1 " 1 n 1 " 1 1 1
15000 -10000  -5000 0 5000 10000 15000

Distance from the weld centre{um)

Fig. 7 Vickers hardness measurement of GTAW welded 3-mm-thick
and 6-mm-thick specimens of type 304L stainless steel

causes annealing and recovery to take place that leads to
drop in hardness. The hardness value gradually increases in
the HAZ from fusion line to base metal. The increase in
hardness near the HAZ is attributed to the slow cooling rate
near the fusion line and subsequent grain growth [1, 4, 14].
Subsequently, the higher cooling rates near to the base

metal results in a finer grain and also the chemical and
microstrctural homogeneity. The differences between
6-mm-thick and 3-mm-thick 304L stainless steel speci-
mens with respect to hardness in the weld zone and heat-
affected zone (HAZ) are evident. The hardness value is
higher in the weld zone and HAZ for 6-mm-thick sample
than 3-mm weld. This is attributed to the higher percentage
of formation of &-ferrite precipitate which impede the
dislocation from occurring [55] and results in increase in
the mechanical strength and coarse grain for 6-mm weld
sample at weld and heat-affected zones, respectively
[16, 51]. Musa et al. [56] explained that cooling rate is
inversely proportional to heat input, resulting in a high
cooling rate that leads to an increase in hardness value [57].
Therefore, the heat input value for final pass for 6-mm-
thick SS material is ~ 475 J/mm, whereas it is ~ 727 J/
mm for 3-mm-thick material. This results in higher hard-
ness value of HAZ for 6-mm-thick SS material. In com-
parison, base metal shows the highest hardness value due to
more chemical and microstructural homogeneity [4].

3.3 ASTM A-262 Practice-C Test (Huey Test)
for Measuring Corrosion Rate

ASTM A-262 practice-C test (Huey test) has been per-
formed in 65% boiling nitric acid medium for 240 h [3].

@ Springer
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The corrosion rate has been measured by the weight loss 12 0.30
measurement method and also to evaluate the susceptibility
to IGC resistance. Figure 8 describes the plot of corrosion - 028
rate in mm/yr and mpy after each 48-h interval for 240-h
exposure. For 6-mm-thick base metal of AISI type 304L
SS, the obtained corrosion rate is 7.17, 6.72, 7.84, 16.9 and
18.5 mpy (or 0.88, 0.083, 0.097, 0.21 and 0.23 mm/yr).
Similarly for 6-mm weld, 3-mm weld and 3-mm base
metal, the measured corrosion rates are 3.75, 8.81, 12.63,
12.52 and 12.83 mpy (or 0.05, 0.13, 0.19, 0.19 and 0.19
mm/yr), 8.32 (0.089), 8.06 (0.086), 7.88 (0.084), 8.06
(0.086), 8.26 (0.088) and 4.72, 8.07, 8.15, 8.11, 8.31 mpy -
(or 0.08, 0.14, 0.14, 0.14, 0.14 and 0.14 mm/yr), 7

respectively.

Figure 9 shows the plot of average corrosion rate of the
base and weldment specimens. The measured corrosion Fig. 9 Average corrosion rate comparison between base and weld
rate of 6-mm-thick base material is 11.42 mpy or 0.29 mm/  metal of type 304L stainless steel
yr which is higher than that of 3-mm-thick base material of
8.26 mpy or 0.21 mm/yr. This may be attributed to the
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Fig. 8 Corrosion rate obtained after immersion in boiling nitric acid as per ASTM A-262 practice-C (Huey test) a 6-mm base metal, b 6-mm
weld, ¢ 3-mm weld and d 3-mm base metal of type 304L stainless steel
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Electron Image 1

B Spectum 5

Fe
Cr
Ni
C
Mn

Fig. 10 EDS elemental composition of type 304L SS weldments analysis at a at -ferrite region (Cr ~ 24.6; Ni ~ 4.6 wt%) b at austenite

region (Cr ~ 18.2; Ni ~ 9.6 wt%)

reduction in thickness affected by rolling of the samples.
Grain size generally decreases with an increase in the
percentage of rolling, and the rolling may also affect the
desensitization process [52]. Schino et al. [58] reported that
corrosion rate decreases with the decrease in grain size, as
the IGC is caused by the volume fraction of the precipi-
tation of carbide at grain boundary, and corrosion rate
decreases with increasing of grain boundary area per unit
volume and resulted in decrease in chromium depletion for
a given carbon content affecting the corrosion resistance.
On the other hand, the corrosion rate of the weldment
material of 6-mm and 3-mm samples are 10.1 mpy or
0.26 mm/yr and 7.47 mpy or 0.19 mm/yr, respectively; the
measured corrosion rate of weldments is marginally lower
than that of its base counterpart. As the delta ferrite con-
tains higher amount of chromium, the austenite matrix in
the microstructure results in lower corrosion rate of the
weldment compared to its base material [4, 23]. Similarly,
EDS results of chromium in the delta ferrite and austenite
matrix that support this are shown in Fig. 10. It is proposed

that the redistribution or removal of MnS inclusion which
acts as the preferred site for corrosion initiation [4] also
improve corrosion resistance in the welded material. It is
well known that corrosion resistance in austenitic SS is
derived from the formation of a tenacious and self-healing
thin passive oxide film that develops on the surface when
exposed to a highly oxidizing environment such as nitric
acid. It is evident that, despite the test being conducted in a
highly oxidizing and boiling 65% (wt%) nitric acid med-
ium, the measured corrosion rates of the base and its weld
metals (0.19-0.23 mm/y) are in the lower and accept-
able range. However, the surface morphology after the
boiling test of 240 h shows an IGC attack in both type
304L SS base and weld metals (3 and 6 mm) with a sig-
nificant preferential attack along grain boundaries, thereby
indicating IGC attack (Fig. 11). In austenitic SS for aque-
ous spent fuel reprocessing applications, corrosion prob-
lems have been experienced with the type 304L SS
materials due to knife line attack at weld regions and end
grain attack at pipe cut sections [3, 5, 7]. Such corrosion
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SO pm

Fig. 11 Microstructures of corrosion-tested specimens of type 304L stainless steel samples: a 6-mm-thick welded; b 3-mm-thick welded; ¢ 6-
mm-thick base metal and d 3-mm-thick base metal, after boiling in 65% nitric acid for 240 h

attacks along the grain boundaries in type 304L SS lead to
the grain dropping during the propagation of the corro-
sion. Furthermore, in any critical application for use in
nitric acid service, the stainless steels and its alloy mate-
rials must exhibit less than 18 mpy (0.45 mm/y) in the
sensitized condition, which occurs during welding and heat
treatment process [3]. The above results show that the
observed corrosion behavior of type 304L SS in boiling
liquid nitric acid is interplay of different factors like nature
of the passive film, dissolved ions, temperature, etc. [59].
The corresponding microstructure is shown in Fig. 10, and
the microstructures indicate that in the nitric acid envi-
ronment, sever intergranular corrosion (IGC) attack along
the grain boundaries are observed. However, the open
grooves at grain boundaries are not visible.

In the boiling liquid phase, the corrosion rate of type
304L SS (3 mm) remains relatively low, at the end of the
240-h test and the corrosion rate of type 304L SS (3 mm) is
much lower compared to type 304L SS (6 mm thick). In
the boiling liquid phase, the corrosion rate is also depen-
dent on the oxidizing ions (i.e., Fe’*, Cr’t, Ni?t, etc.)
generated during the corrosion reaction in the liquid

@ Springer

solution [5, 35]. Further, corrosion is known to accelerate
in the presence of these oxidizing ions [42] in highly oxi-
dizing and boiling nitric acid solutions during immersion
experiments; such a condition favors and leads to gradual
shift in the corrosion potential to the transpassive state,
thereby accelerating the corrosion reaction [60]. It is evi-
dent that the generations of such oxidizing ions of chromic
and ferric ions influence the corrosion resistance of stain-
less steels in nitric acid [5], resulting in IGC attack. In
general, the corrosion of austenitic stainless steels in nitric
acid in the highly oxidizing liquid solution can lead to
intergranular attack even in non-sensitized steels [35]. The
higher corrosion rate in a thicker plate of the type 304L SS
(6 mm) may also be attributed to the etching of the spec-
imen and also severe corrosion is specific for the thicker
plate [35]. For the austenitic type 304L SS in the nitric acid
medium, the enhanced and preferential IGC attack at grain
boundaries is observed largely due to segregation of
impurities, such as Si, P, C, Mo, N, etc., and local depletion
and precipitations of chromium-rich chromium carbides
(Crp3C¢) phases (sensitization in heat-affected zone). The
higher corrosion rate in AISI type 304L SS (6 mm) may



Trans Indian Inst Met (2019) 72(12):2981-2995

2991

This pmtinn\?s taken for corrosion
test
0.84
082 L —— 6 mm base
s / 12 ——6 mm weld
gl N |—— 3 mm base
078 L 6 mm base i
- ~——6mmweld| =
0.76 o 1oF
L —— 3 mm base 2
0.74 i ——3Immweld| =
- 072} g
) I e o 08F
s wmf—»—e——— 1 & E——
> r 8
o 0.68 r 3
0.66 |- 2 06
w
0.64
062 sk
0.60
058 |-
osE - T 02
0.54 [ i 1 M 1 L 1 n | L 1 " 1 " _l PEERETT SR AT BRI BRI BT MR TTrT M SR TTTT SRt
0 500 1000 1500 2000 2500 3000 3500 1E-11 1E10 1E9 1E8 1E7 1E6 1ES5 1E4 1E3
= 2,
Time(Sec) log Alcm)
(a) (b)

Fig. 12 a OCP and b potentiodynamic anodic polarization curve of type

HNO; solution

also be attributed to the role of Cr content and impurity/
alloying elements in grain boundaries that affect the IGC
attack [5].

3.4 Electrochemical Corrosion Test Results
3.4.1 OCP Measurements

An electrochemical corrosion test has been performed in a
6 M nitric acid solution. The OCP and potentiodynamic
anodic polarization measurement have been conducted to
assess the corrosion behaviors of type 304L stainless steel.
Figure 12a shows the OCP curve of the base material and
its corresponding welded specimen. The OCP value of
6-mm-thick base metal is 0.80 V (vs. Ag/AgCl) with
marginally higher OCP value in comparison with its wel-
ded counterpart where it is 0.70 V (vs. Ag/AgCl). Simi-
larly, for 3-mm base metal, the OCP value is 0.65 V (vs.
Ag/AgCl) and 0.57 V (vs. Ag/AgCl) for the same thickness
of the welded material. During the OCP measurement, the
formation of a passive layer of chromium oxide is always
observed within short time after immersion. The nobler
OCP value for 6-mm-thick base metal in comparison with
its welded metal counterpart indicates that the weldment is

304L stainless steel and its weldment of different thicknesses in 6 M

less prone to corrosion in the acid environment. Similarly
in comparison to the 3 mm weld and 3 mm base material,
later has more positive OCP value in comparison to its
weld counterpart in the nitric acid medium. Moreover, the
difference in the OCP value between base and weldment
materials is marginal for both 3 mm and 6 mm thicknesses.
Therefore, the tendency in the formation of the galvanic
couple is negligible in both cases [39].

3.4.2 Potentiodynamic Anodic Polarization

Figure 12b shows the potentiodynamic polarization curve
of the different thicknesses of type 304L SS base and its
corresponding welded material. The shift of E.,, value
toward the noble direction is observed in 6-mm weld
compared to base metal and 3-mm weld. The E_,, value
for 3 mm weld metal is 0.63 V (vs. Ag/AgCl) whereas for
base material shift towards more noble direction, it is 0.73
V (vs. Ag/AgCl). For 6 mm base, it shows the highest E.,,
value of 0.82 V (vs. Ag/AgCl) and for its weldment, E,
value shifts to 0.73 V (vs. Ag/AgCl). Thereby, the shifts of
E.orr to more noble potentials in 6 mm weld are similar to
the shift in OCP (Fig. 11a) as observed in both weld alloy
steels. The noble potential shifts of OCP (Fig. 11a) and
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Ecorr (Fig. 12b) are related to the autocatalytic reduction of
nitric acid and strong polarization associated with nitric
acid where passive film stability is lower and high corro-
sion rates can result [2, 5, 8]. This also indicates that active
component (oxidant) involves nitrate anions, which are
well known to be strongly oxidizing as normally observed
in stainless steel [61, 62]. Similarly, the shift of E,,,, and
OCP in nitric acid is undesirable, which may result in
transpassive corrosion. Transpassive corrosion is a typical
SS corrosion in nitric acid as observed in higher tempera-
ture and nitric acid concentrations. The corrosion potential
is shifts near to transpassive region, and SS suffers severe
IGC attack at around the grain boundaries even if the steels
are not sensitized [36, 60].

Similarly, the i.,, values are in lower range and the
observed iy, (Table 3) of both the base and weld metals
toward Erp are low (~ 0.0106 A/m?). The ipass 1 @ mea-
sure of the anodic dissolution at a certain potential in the
passive region [63], and this value gives an indication of
the resistance of the materials against corrosion in the
particular environments. A lower i, indicates a high
corrosion resistance of the material in the environment
[61]. Hence, a lower iy, in base 304L SS is an indication
of an increase in corrosion resistance [61]. In addition,
differences in ip,s between base and weld alloys in all the
studied concentrations are not significant [61]. This
behavior can be explained also by the nature of the passive
film and its stability that are produced during the anodic
dissolution of the corrosion process that enhances passi-
vation, leading to the formation of stableCr,O; film and
transpassive region (oxidation of Cr,O; to Cr(VI)) and
oxidation of solvent (water) [17, 61]. Similarly, Mirshekari
et al. [4] also reported that d-ferrite content and the number
of passes influence the hardness and corrosion resistance of
multipass GTAW welded 304L stainless steel in 1 M
H,SO,4 medium at 25 °C.

The main property of stainless steel is the formation of
passive film. During welding, the compositional mismatch
alters the stability of the passive film; hence, there is a
change in corrosion properties. For 3-mm weld, the passive
region starts early and passive current density is high in
comparison with its base material and also same trend is

Table 3 Corrosion parameters obtained from potentiodynamic
polarization curve and by fitting Tafel plot

Samples E.on lcomr (A/cmz) Ipass (A/cmz)
(V vs. Ag/AgCl)

6-mm base metal  0.82 145 x 107% 7.4 x 1077

6-mm weld 0.72 55%x 1077 23 x 1077

3-mm base metal  0.73 64 x 1077 33 x 1077

3-mm weld 0.63 29 x 1077 6.1 x 1077
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observed for 6-mm-thick weld and base material. For the
6-mm-thick base metal, the passive current density is lower
in comparison with its weld metal, and it is close to the
only base metal. For all materials, transpassive region is in
a similar potential range. And the passive region range is
much lower for 6-mm-thick base metal than that of its
weld, and it is higher for 3-mm-thick weldment. Number of
passes for 3-mm weld is lesser than that of 6-mm weld. As
a result, the segregation of alloying elements occur during
welding for 3-mm-thick material, whereas segregation may
lead to removal or alloy homogenization in 6-mm-thick
material associated with large number of passes. Segrega-
tion of element is the main issue in the ferrite phase,
whereas it is most effective in the austenite phase of the
steel [4].

3.4.3 Electrochemical Impedance Spectroscopy
Measurements

The EIS measurements of Nyquist and Bode plots have
been carried out for type 304L SS (base and weld) in 6 M
nitric acid to study the electrochemical nature and passive
film characteristics as shown in Fig. 13. In Fig. 13a, the
Nyquist plots are characterized by a single semicircle arc
for all the samples. This is also attributed to the nature of
the passive film and charge transfer process at the
metal/electrolyte interface [42].

From the Nyquist plot shown in Fig. 13a, it is evident
that 3-mm weld has highest polarization resistance (Rp)
value 0.0179 kQ m” and the semicircle radius decreases
from 3 mm weld to 3 mm base, and corresponding polar-
ization resistance (R,) value is 0.0129 kQ mz; for 6-mm-
thick sample, polarization resistance (R;,) value is lesser
than that of 3-mm-thick sample. Among the weld and base
materials, 6-mm weld metal shows the higher value of
resistance polarization (0.0094 kQ mz) than that of its
corresponding base counterpart (0.0083 kQ m?). There-
fore, the corrosion resistance of the 3-mm weld metal is
higher than that of the base metal; 6-mm-weld metal shows
higher corrosion resistance tendency than that of its base
counterpart but lower corrosion resistance than that of
3-mm base metal.

The Bode plot measurement in 6 M nitric acid solution
is shown in Fig. 13b. It is evident that the impedance
magnitude varies with the frequency region associated with
the nature of passive film formation. The magnitude of
impedance in higher-frequency region is related to the
oxidation process and depicts the anodic behavior of the
sample, whereas the lower-frequency region is associated
with the reduction behavior of the nitric acid. The double-
layer capacitance (Cy)) is obtained by this relation [61-63]:

|lz| = 1/Ca (4)
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Fig. 13 EIS measurement of type 304L SS and its weldment of different thicknesses in 6 M HNOj; solution a Nyquist plot, b Bode plot

(impedance vs. frequency) and ¢ Bode plot (phase angle vs. frequency)

The Izl is obtained from the slope of the intermediate
straight line region. This double-layer capacitance value is
necessary to estimate the thickness of the passive film and
which is estimated by this relation [62].
&€

l CdlA (5)
where [ is the thickness of the passive film, ¢ is the
dielectric constant of the passive film, by assuming pure
oxide the value as 40; ¢y is the vacuum permittivity, and its
value is 8.85 x 1072 F m™'; A is effective surface area of
the sample; and Cy is the capacitance of the double-layer
film [61].

The Bode plot shown in Fig. 13c reveals a variation of
phase angle (theta) with frequency (Hz). A wide frequency
range of 0.01-10° Hz measurement shows high phase
angle value in 6 M nitric acid solution, which decreases
from 3 mm weldment to 6 mm base metal. In 3-mm weld

metal, higher phase angle value of 83° and for 6-mm base
metal a lower value of phase angle (79°) are observed,
indicating that the passive film stability in 6 M nitric acid
solution is higher for 3-mm weld compared to 6-mm base
metal.

The equivalent circuit fitted with simple Randle cell is
shown in Fig. 2, where the double-layer capacitance (Cyqy)
represents the CPE parallel to impedance, i.e., the resis-
tance of polarization (Rp) and in series with solution
resistance (R,) [42, 64]. The fitted and calculated impe-
dance parameters are enlisted in Tables 4 and 5. The 3-mm
weld metal shows a lower value of CPE (1.14 x 10~° F/
m?S™"), whereas 6-mm base metal shows higher value
(2.13 % 107° F/mzsfn). The lowest value of CPE corre-
sponds to a thicker and more protective passive film that
provides better resistance to corrosion [42, 62].
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Table 4 EIS equivalent circuit fitting results of the system

Equivalent circuit element Sample

6-mm base metal 6-mm weld 3-mm base metal 3-mm weld
Rs (KQ m?) 9.1 x 1078 92 x 1078 9.5 x 1078 9.7 x 1078
Rp (KQ m?) 0.0092 0.0082 0.0127 0.0178
CPE 1-T (F/m*S™™) 2.13 x 107! 273 x 107! 1.85 x 107! 1.14 x 107!
CPE 1-P 0.92 0.92 0.94 0.97

Table 5 Details of the passive film properties obtained from EIS
results in nitric acid

Sample Double-layer Thickness of the
capacitance passive film
(Car = 1/|Z]) (WF/m?) 1=2A(A)

6 mm weld 0.0001 3.67

6 mm base 0.0001 3.54

3 mm base 0.0093 3.80

3 mm weld 0.0093 7.15

4 Conclusions

In the present work, different thickness of GTAW welded
304L stainless steel of microstructure, hardness and cor-
rosion resistance behavior have been evaluated. Based on
the present experimental result, the following conclusion
can be drawn:

1. All the welded samples showed an austenite
microstructure with some amount of d-ferrite. The &-
ferrite showed interdendritic features and decreased
with thickness from 6 mm-weld to 3 mm weld metal.
The lathy and skeletal features within austenite were
also evident.

2. The microhardness value of the welded region near to
the base metal region showed maximum value,
attributed to the higher percentage of d-ferrite present
near to HAZ. The hardness value was maximum for
6-mm-thick welded sample.

3. The measured grain sizes were 40 um and 22.2 pm for
6-mm and 3-mm base metals, and the corrosion rate of
6-mm-thick base material (11.42 mpy or 0.29 mm/y)
was higher than that of 3-mm-thick base material (8.26
mpy or 0.21 mm/yr) attributing to the reduction in
thickness affected by rolling of the samples.

4. The corrosion test was performed on the composite
zone (fusion + HAZ + base), and marginally lower
corrosion rate of the weldment material of 10.1 mpy or
0.26 mm/yr (6 mm) and 7.47 mpy or 0.19 mm/yr
(3 mm) indicated that the delta ferrite contents with
higher amount of chromium than that of the austenite
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matrix in the microstructure resulted in lower corro-
sion rate in the weldment compared to its base material
as evident from the EDS/EDAX measurements.

5. Potentiodynamic anodic polarization and ASTM
A-262 practice-C test (Huey test) revealed shift in
corrosion potential value towards noble potential
depending on the weld and base metal thickness.
Further, a lower corrosion current density and passive
current density in base metal of type 304L SS was an
indication of an increase in corrosion resistance.

6. The EIS analysis from Nyquist and Bode plots showed
that the polarization resistance value for 3-mm weld
metal was larger (R, = 0.0177076 kQ m?) than the
6-mm weld (R, = 0.0092581 kQ m?) and correspond-
ingly marginal variation in phase angle between base
and welded metals were observed and could be
attributed to the nature of passive film stability.
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