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ABSTRACT

Duplex stainless steel (DSS) is an important material used for corrosion resistance in various
harsh environment plants such as petrochemical, offshore subsea component, and other
chemical industries. An approximately equal amount of austenite and ferrite (A/F) ratio
grants good mechanical properties and rust protection on. The detrimental intermetallic
phase frequently occurs due to an unbalanced A/F ratio caused by the welding’s thermal
cycle. Backing gas is commonly applicable in the field combined Gas Tungsten Arc
Welding (GTAW) process. However, the use of backing gas to complete a single weld
from root to cap joint required huge additional costs for consumables. Maintaining the
thermal cycle in the welding parameter and GTAW process with ER2209 filler metal
for DSS below 10 mm thick can reduce the backing gas sequence. The research aims to
efficiently substitute full backing gas consumption, which meets a desirable quality in terms
of corrosion resistance. The effect of backing gas reduction was studied. All specimens
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backing gas sequence on the root until filler-pass obtained 0.04 mm/year, which is the
desirable corrosion resistance and met the requirement of ASTM A932.

Keywords: Backing gas, corrosion resistance, detrimental intermetallic phase, duplex stainless steel, GTAW

INTRODUCTION

Due to their lightweight and long life-cycle, Duplex Stainless Steel is commonly used in
oil and gas plants, construction, petrochemical, and others chemical industries. The local
microstructure of DSS is heavily influenced by the fabrication process, especially the
welding process (Bhattacharya & Singh, 2007; Chen & Yang, 2002). During multipass
welding, the microstructure of DSS can transform to the detrimental phase, such as
chromium nitride precipitation and secondary austenite formation, leading to significant
unbalanced the austenite-to-ferrite (A/F) ratios (Badji et al., 2008; Chan & Tjong, 2014;
Liou et al., 2002; Varbai et al., 2019; Zhang et al., 2016). As a result, the DSS acquires a
dual microstructure consisting of an approximately equal volume fraction of a-ferrite and
g-austenite phases. However, the unequal A/F ratio is frequently encountered due to heat
input and reheat cycles, decreasing ductility, toughness, and corrosion resistance (Varbai
etal., 2019; Verma & Taiwade, 2017; Wang et al., 2011). Moreover, the DSS may become
more prone to stress corrosion cracking in the presence of high temperature, tensile stress,
and an aggressive environment (Bhattacharya & Singh, 2007; Verma & Taiwade, 2017).
The A/F ratio is an important factor in the welding of DSS. Several studies have been
performed to mitigate the excessive contraction of austenite content in the weld metal.
For example, Verma et al. (2017) reported that higher austenite composition was obtained
during quenching if the welding filler metal had 2% to 4 % more Ni than the base metal.
However, researchers tried to replace the filler metal of Ni-based alloy over ER 2209 due
to the fluctuation of Ni-based alloy, which can be ten times more expensive (Lippold et
al., 1988; Nana & Cortie, 1993). The effect of mixing 2% nitrogen added 98% argon as
backing gas for greater than 10 mm thickness, improving the corrosion resistance (Sales
et al., 2016). Furthermore, several authors reported utilising nitrogen in the shielding and
backing gas, leading to an increase of the austenite formation and lower chromium nitrides
in the weld metal microstructure (Baghdadchi et al., 2020; Betini et al., 2019; Gozarganji
etal.,2021; Liuetal., 2020; Matsunaga et al., 2013; Muthupandi et al., 2005). In contrast,
the unbalance A/F transformation still occurred even with mixing a small percentage of
nitrogen in argon for shielding gas or backing gas because the solubility and diffusion
kinetics of atomic nitrogen in the solid-state is not in the liquid phase. Thus, the solution to
obtain the balance A/F phase transformation governed by thermal exposures can control the
welding parameters such as the subsequent cooling rate, proper filler metal selection, and
maintaining heat input (Varbai et al., 2019). The correct thermal setting of duplex stainless
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steel eliminates these detrimental phases. Rapid cooling during the thermal exposures in
the temperature range 320 to 955°C provides the maximum resistance to the formation
of detrimental phases by subsequent thermal exposures (Geng et al., 2015; Ramkumar et
al., 2015).

Although many studies on the detrimental phases such as chromium nitride and
austenite precipitation in DSS while welding process has been reported (Baghdadchi et
al., 2020; Betini et al., 2019; Gozarganji et al., 2021; Karlsson et al., 1995; Lippold &
Kotecki, 2005; Liu et al., 2020; Matsunaga et al., 2013; Muthupandi et al., 2005; Ramirez
et al., 2003), not much work has been done to simplify the DSS’s welding method by
reducing backing gas consumption. In this research, the authors simplified its method by
varying sequences of backing gas. Generally, the backing gas is served from the start to
the end of the welding process, requires much shielding gas consumption (Sales et al.,
2016). GTAW is one of the most popular technologies for welding DSS because it produces
soundness welds that meet service requirements (Chern et al., 2011; Zhang et al., 2016).
Soundness weld means the degree of freedom from defects in the weld, which is found
by visual inspection of any exposed welding surface. Geng et al. (2015) found E/ER 2209
with different processes for joining similar and dissimilar DSSs shows better corrosion
resistance and mechanical properties. Therefore, the research aimed to use the combination
of GTAW and the E/ER 2209 for DSS below 10 mm thick. Reducing the backing gas
sequence method can optimally and efficiently substitute full backing gas consumption,
costing a desirable quality corrosion resistance standard.

In the present work, the influence of each reduction of the backing gas sequence was
further investigated. Special attention was given to the influence of the R-F joint and the R
joint on the corrosion resistance and ferrite content. The ferrite content was measured by
ferrite-scope, while a light microscope analysed the microstructure of its varying joint. Also,
the corrosion rate of the varying joint was evaluated by utilising the electrochemical test.

MATERIAL AND METHODS

The base metal studied in this research was the DSS type 2205; according to ASME section
II part C and section IX QW/QB-422, the material can be categorised as SA 240 type 2205
UNS No. S31803, P-No = 10H, Group No =1.

Table 1
Chemical composition of the DSS type 2205 and ER2209
wt %
Type . .
C Mn P S Si Cr Ni Mo N
2205 0.02 0.95 0.02 0.01 0.95 22.00 5.00 3.00 0.18

ER2209 0.013 1.54 0.018 0.007 0.49 22.92 8.61 3.18 0.17
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The base metal was machined to 300 mm x 300 mm x 6 mm to form a single V-groove
of 60°. The joints were carried out by filler metal of @ 2.4 mm ER2209. The chemical
composition of DSS type 2205 plates and ER2209 were analyzed as given in Table 1.

These specimens were welded using GTAW. The welding was conducted manually on
the 1G (flat) welding position with direct current straight polarity and maintained interpass
temperature at approximately 150°C. The Ultra-High Purity (UHP) of 99.99% Argon gas
served as a shielding gas and backing gas. The backing gas flow path installation of was
commenced by sticking aluminium foil and tacked welds, as shown in Figure 1. Once the
utilisation sequence of backing gas eliminates each welding layer, it will affect the cooling
rate during welding. For example, the R-C joint also accelerates the interpass temperature
because backing gas is served to protect the weld pool during welding from the other atom

-

—— 4‘*“- J

Backing gas inlet

Figure 1. Configuration of backing gas flow path

Table 2
Welding parameter
D Weld  Weld Current  Voltage Travel speed Heat input .FIOW rate (1/.mir?)
pass run (A) V) (mm/min) (kJ/mm)  Backing gas Shielding gas
1 Root  95-110 9-10 65-75 09-1.0 10-15 10-15
R-C 2 Fill 110-120 11-12 75-90 09-1.0 10-15 10-15
3 Cap 120-130 11-12 65-75 1.0-1.3 10-15 10-15
1 Root 95-110 9-10 65-75 09-1.0 10-15 10-15
R-F 2 Fill 110-120 11-12 75-90 09-1.0 10-15 10-15
3 Cap 120-130 11-12 65-75 1.0-13 - 10-15
1 Root 95-110 9-10 65-75 09-1.0 10-15 10-15
R 2 Fill 110-120 11-12 75-90 09-1.0 - 10-15
3 Cap 120-130 11-12 65-75 1.0-1.3 - 10-15
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being dissolved and contributes to relieving the specimen’s heat energy during welding.

As shown in Figure 2, the research variable was commenced by the varying sequence
of backing gas. First, the R-C joint (root pass — capping) entirely served backing gas.
Furthermore, the R-F joint (root pass—fill pass) defined backing gas limited from root
pass until fill pass. Lastly, the R joint was only applying backing gas at the root pass. The
welding parameter shows in Table 2.

All welds were inspected by non-destructive visual examination by following the
criteria of ASME section IX QW-144 and QW-194. The visual inspection equipment was
a welding gauge type Cambridge and digital vinier calliper to measure the dimension
of weldment profile. Visual was only using a naked eye with a flashlight with minimum
1000 lux light intensity. According to the interpretation and evaluation of visual testing,
there was no discontinuity exceeding the applicable code. All specimens were cut and
prepared into the cross-section of the welds. Hereinafter, the cross-section degreased in
chlorinated solvents abrades with SiC paper 180 grits to removed burrs. After that, the
cross-section of welds was ground to 240, 320, 500, 800, 1000, 1500, 2000, and 5000 grit
by SiC paper usage. Once grinding was completed, specimens were polished using 0.05
um sol-gel alumina suspension according to the standard metallographic technique for

Specimen
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L J
Repair & Re-
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Figure 2. Research flowchart
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etched conditions. The electrolytic etching was performed by creating a solution of 100 ml
H,0, added 10-gram C,H,0, (Oxalic Acid). Hereinafter, the cross-section of weld joints
was electrised 12 Voltage 3 Ampere using the direct current power supply for detecting
detrimental intermetallic phases.

The metallographic examination of crystal structure was executed in the light
microscope with 200x magnification. The ferrite content measurement was performed by
ferrite scope, which took a sample from the capping layer, filler pass, and root pass of the
varying weld joints. The Hardness Vickers (HV) testing with a load of 5 kgfwas examined
on the cross-section of the weldment, which took 18 of HV’s indention per the varying
joints. The HV’s indention was taken from Heat Affected Zone (HAZ), Base Metal (BM),
and Weld Metal (WM). The corrosion rates of the research experiment were determined
in the electrochemical measurement according to ASTM G102, which was performed by
three cell electro system at the scanning rate of 1 mV/s with a mixed solution of 5 Liter
water and 3.5% HCL. Autolab PGSTAT302N was the instrument being used to conduct
linear polarisation. The electrodes include work electrode, which is made from all variants
of weldment; reference electrode made from Silver/ Silver Chloride (Ag/AgCl); and
counter electrode from Platinum (Pt). According to the ASTM G102 standard (ASTM
G102-89(2015)el, 2015), this research use Faraday’s law to calculate the corrosion rate
the form Penetration Rate (CR) in units of (mm/year), as expressed in Equation 1:

CR = K, (‘T) EW (1)

Where,

CR define Corrosion Rate in (mm/year)

L. is density of the corrosion current (LA/cm?)

K,=3.27 x 103, (mm g/uA cm year)

p is density of the material in (g/cm?)

Furthermore, EW means equivalent weight or the amount of metal mass that will be
oxidised when getting an electric charge of one Faraday. Therefore, EW can be expressed
in Equation 2:

1

EW =5 )

The Q value for a material consisting of several elements is calculated based on the
formula as shown in Equation 3:

0= Yk )

Where,
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n is the number of valence electrons of the constituent elements of the metal alloy

f is the mass fraction of the constituent elements of the metal alloy

W is the atomic weight of the alloying elements

The metal constituents used to calculate Q are elements with a mass fraction greater
than 1%. Therefore, in accordance with the test results of the DSS type 2205 specimen’s
material composition, we only use the element FE to calculate Q.

The calculation of corrosion rate was conducted automatically by NOVA software.
The parameters were density of Fe at 7.8 gram/cm? and EW valued at 55.84 gram/mol.
The execution of the electrochemical test began with the dimensional measurement of the
sample using a vernier calliper and calculated the area, and then connected the instrument
to the electrodes. Hereinafter, created the mixing solution and soaked the electrodes in this
mixing solution for 55 minutes. Next, measure the potential value using the AVO meter
toward the reference electrode. The value indicates the free corrosion potential (E,,,). Then,
they turned on the instrument, adjusted the voltage until the potential metal value was
shown 50mV below E.,. Finally, NOVA software will automatedly calculate the corrosion
rate. Repeat all the steps for all variants of a specimen.

RESULT AND DISCUSSION
Effect of Reduction of Backing Gas Sequence on Microstructure

The etching process is applied to the cross-section of weldments that will emerge from
the weld zone. Hereinafter, examination conducts in the light microscope with 200x
magnification. The microstructure of the 2205 base metal observed that morphology
consists of two phases: the ferrite in dark grey colour and the austenite in white grey, as
presented in Figure 3.

According to the Fe-Cr-Ni ternary alloy phase diagrams, the 2205 DSS comprises
d-ferrite when cooled from the solidification point to 1200°C. Following a high cooling rate
from 1200 to 800°C, austenite (g-phase) is precipitated from the ferrite’s grain boundary
(d-phase). The nucleated austenite evolves into flakes and grows as Widmanstatten plates
into the d-ferrite grains (Kordatos et al., 2001; Wu et al., 2017). The morphology appearance
of 2205 base metal is a clear boundary in the elongated and white-grey austenite distributed
into the ferrite matrix. The phase fraction is composed in equal amounts and distributed
uniformly along the rolling direction. All of the varying weld joints indicated no influence
on the excessive evolution of austenite to ferrite fraction in the base metal during the
welding process caused by the reduction of backing gas.

The microstructure of the fusion zone presents the coarser microstructure and columnar
grains, as shown in Figure 4. The DSS weld’s epitaxial and competitive ferrite grain growth
promotes a coarse and columnar ferrite grain structure (Lippold & Kotecki, 2005). The
ferrite phase in Figures 4 (a) and 4(b) is presented in columnar grains. The austenite phase
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nucleated at the ferrite grain boundaries and formed a continuous distributed network. A
fraction of this newly transformed ferrite is retained upon rapid cooling triggered by full
backing gas usage. Thus, the ferrite-to-austenite transformation is incomplete—a smaller
austenite fraction results in the R-C weld pass deposit area. Since a portion of the original
austenite fraction has transformed and retained as ferrite fraction, the austenite fraction in
the R-C weld pass was decreased, as shown in Figures 4(a) and 4(b). However, the high

50 pm

Figure 3. Base metal microstructure of weld joints #1 and #2: (a) (b) represent an R-C joint, (c) (d) define
an R-F joint, and (e) (f) is an R joint. The ferrite phase is in dark-grey, and austenite is in white-grey
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Figure 4. Weld microstructure of weld joints #1 and #2: (a) (b) represent an R-C joint, (c¢) (d) define an R-F
joint, and (e) (f) is an R joint. The ferrite phase is in dark grey, and austenite is in white grey

3020 Pertanika J. Sci. & Technol. 29 (4): 3013 - 3027 (2021)



Backing Gas in Duplex Stainless Steel Weldment

austenite microstructure obtained in Figures 4(c), 4(d), 4(e), and 4(f) while backing gas
sequence being reduced. Due to the effect on the weld thermal cycle, the weld heat input
has been shown to have a significant influence on the microstructure. In contrast, high heat
input (low cooling rate) prevents excessive ferrite grain growth in these weld regions. The
multipass welding simulations in this experiment showed that solid-state reheating of as-
welded microstructures would increase austenite fraction in the weld metal. Thus, using
reduction of the backing gas sequence shows the lower cooling rate, which is resulted
in an increasing austenite fraction in the HAZ because there was more time for nitrogen
diffusion during the solid-state ferrite-to-austenite phase transformations (Gozarganji et
al., 2021; Kordatos et al., 2001; Varbai et al., 2019).

Effect of Controlling Thermal Cycle on Austenite/ Ferrite Ratio

The emergence of the weld zone due to the etching process will aid to determine the
ferrite content measurement spot. The ferrite scope measures six spots per weld joint
variation, which spread on the capping, the side weld, and the root. As indicated in the
previous microstructure sub-section, the A/F ratio balance in fusion zone microstructures
is influenced by the local weld thermal cycle and compositional effects. The weld thermal
cycle depends on the cooling rate in the specific transformation temperature range. On the
other hand, a good compositional effect relays on the base alloy composition, filler metal
composition, and shielding gas composition. Interestingly, Zhang et al. (2016) found that
using filler metal ER2209 combined GTAW in the DSS weldment can be an austenite
stabiliser, which promotes face-centred cubic structure, resulting in good toughness and
pitting resistance. Figure 5 shows the value of ferrite content measurement using the ferrite
scope.
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Figure 5. Ferrite content measured in all varying of the weld joint #1 and #2
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The R-C weld joint obtains the highest ferrite content than other varying weld joints
because a higher cooling rate influenced by utilising backing gas will be decreasing the
austenite fraction. In Figure 5 can be understood that reducing of backing gas sequence is
significantly affected by ferrite fraction. According to ISO 15156-3, the ferrite content in
the fusion welded joint should be within the range of 30% to 70% (ISO 15156-3, 2015).
Therefore, ferrite content on all varying weld joints is approximately 38% to 45% which
means within in range acceptable standard.

Effect of Cooling Rate on Hardness

HV’s indention has 18 spots per the varying joint with a load of 5 kgf, which spreads the
BM, the HAZ, and the WM. Figure 6 presents the microhardness Vickers of weld joint #1
and weld joint #2. Figures 6(a) and 6(b) shows that the microhardness value on the weld
metal (WM) of the R-C weld joints is the highest value than of the R-F weld joint and
the R weld joint. Varbai et al. (2019) found that the high cooling rate increases the ferrite
fraction, which provides a high microhardness value. Due to the utilising of backing gas,
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Figure 6. Microhardness Vickers of (a) weld joint #1; (b) weld joint #2
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a high cooling rate was obtained, whereas the R-F weld joint and the R weld joint are
slightly lower hardness values upon backing gas sequence being reduced. However, the
mechanical property of welded 2205 DSS does not vary considerably for normal heat input
(0.3 to 2.0 kJ/mm) or a weld metal of ferrite level between 23% and 53% (Giridharan &
Murugan, 2009; Hertzman, 2001; Verma & Taiwade, 2017). Accordingly, heat input being
applied is around 0.9 to 1.3 kJ/mm in Table 2, and ferrite level acquired about 38% to
45%. As shown in Figure 6, there is no significant effect on microhardness by reducing
the backing gas sequence.

Electrochemical Corrosion Resistance

Based on the result of linear polarisation using the Autolab PGSTAT302N and calculated
by NOVA software in electrochemical using three cell electrodes, obtains corrosion rate
of welded joint with all varying backing gas on the DSS weldment is presented in Table 3.

The highest corrosion resistance value was found in the R-C, specimen at 0.012 mm/
year, while the lowest was found in the R, specimen at 0.062 mm/year. In Figure 5, the R-C
weld joint has about 45% of ferrite level, which indicates the highest value over another
varying weld joint. The huge amount of ferrite fraction in weldment contributes to better
corrosion resistance toward the DSS weldment. The high cooling rate influenced by the
backing gas utilisation lets ferrite fraction grow widely, as shown in the R-C weld joint.
Consequently, reducing of backing gas sequence gives a slightly decreasing ferrite level in
weldment, as shown in Figure 5. In many industrial applications, a ferrite content of 35%
to 65% is recommended for optimum corrosion resistance (Lippold & Kotecki, 2005; ISO
15156-3,2015; Varol et al., 1992; Verma & Taiwade, 2017). According to ASTM A 923, the
maximum acceptable corrosion rate is 10 mdd (ASTM A923-14,2014). The equivalency of
1 mm/year is 250 mdd which means 10 mdd equal to 0.040 mm/year (Charles, 2013). The
average corrosion rate of the R weld joint does not pass the maximum acceptable in ASTM
A 923. Despite the corrosion rate of the R weld joint is slightly exceeding the maximum
value, its ferrite content is about 38% within the recommended range for optimum corrosion

Table 3
Experimental results of electrochemistry
Specimen Polarisation Corrosion Rate Average
No p E.u(mV) iy (LA/cm?) . Corrosion Rate
ID resistant (kQ) (mm/years)
(mm/years)
R-C, -40.42 3.07 9.02 0.017
1 0.014
R-C, 29.24 113.03 99.56 0.012
R -F, -2.23 497.09 7.29 0.046
2 0.040
R-F, 94.13 747.07 36.77 0.034
R, 154.85 283.64 133.89 0.062
3 0.054
R, -194.78 19.17 4.15 0.047
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resistance. The R weld joint can be applied as long as not in an aggressive environment,
but further corrosion protection is needed. Additionally, Conradi et al. (2012) stated that
the application of DSS 2205 in many aggressive environments, such as a chloride-ion
environment, required to spray a thin polymer coating synthesized from 30-nm and 600-
nm silica particles dispersed in polyvinyl chloride (PVC), which is improving corrosion
resistance. Reducing the backing gas sequence method can substitute full backing gas
consumption in the R-F weld joint because it has approximately 40% ferrite level and
corrosion rate acquired 0.040 mm/year.

CONCLUSION

In this paper, the reduction of the backing gas sequence in the 2205 DSS weldment was
studied. The influence of the thermal cycle due to the reduction of the backing gas sequence
will affect the microstructure, microhardness, and corrosion resistance. The effect of various
reductions of the backing gas sequence has been investigated for below 10-mm thick.
Combining the GTAW process and ER2209 filler metal provides the soundness welds as
represented in the microstructure. Even using the R weld joint was not affected the hardness
value because the heat input was applied around 0.9 to 1.3 kJ/mm. By controlling heat
input will lead to the balance A/F ratio. Ferrite content acquired about 38% to 45%, which
is accepted within the various applicable industrial standard. The R weld joint showed
slightly improper corrosion resistance and did not pass ASTM A932 acceptance criteria.
However, the R-F weld joint’s use improved the sufficient corrosion resistance at 0.04 mm/
year, which reached the requirement of ASTM A932. Thus, reducing the backing sequence
affects backing gas consumption and costs a desirable quality corrosion resistance with a
lower deviation standard.
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