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Influence of the Phase Morphologies on Pitting Resistance in Different Regions of the
Heat-Affected Zone in GMAW Welds of Duplex Stainless Steel UNS S31803(2205)
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Three different regions in the heat-affected zone are formed when the shielding gas mixture during
the GMAW procedure is argon-rich. The microstructural characterization and corrosion susceptibility
of different heat-affected zone (HAZ) regions in welds of UNS S31803(2205) duplex stainless steel
(DSS), were evaluated by optical images, scanning electron microscopy and transmission electron
microscopy. The pitting susceptibility of the different regions in the HAZ was evaluated by pitting
corrosion tests in an acidified ferric chloride solution. The analyzed HAZ regions showed different HAZ
dimensions and microstructural aspects as grain size, phase fractions, morphologies and compositions
that influenced the pitting resistance. The HAZ region induced by the lower cooling rate showed larger
ferrite grain size. In this region, the Widmanstatten and intragranular austenite fractions were higher,
indicating greater susceptibility to pitting corrosion. The weld with the highest heat input showed the
lowest resistance to pitting corrosion.
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1. Introduction

Duplex stainless steels show optimized properties for a
50:50 ferrite/austenite ratio'. Literature”® has showed the effect
of thermal cycles on the HAZ microstructure, describing that
an increase in the cooling time favors ferrite grain growth
and an increase in austenite content. The effect of the cooling
time on the austenite morphologies (grain boundary austenite
(GBA), Widmanstdtten austenite (WA) and intragranular
austenite (IGA)), has also been qualitatively reported’*.

The ferrite-austenite transformation causes the partitioning
of alloying elements’. Therefore, GBA exhibits a more balanced
composition than nucleated IGA at lower temperatures after
WA formation'#*'°.

As a result of poor partitioning at high cooling rates,
ferrite becomes saturated with N while the austenite is
enriched in Cr and Mo. The low nitrogen solubility in ferrite
favors the chromium nitride (Cr,N) precipitation™*”'""*,
Athigh cooling rates, the CrN may also appear’*'*!*. Many
investigations show that nitride precipitation is a common
cause for initiating pitting corrosion®**”!2, The cooling rate
also influences the formation of the Sigma (o) phase, affecting
corrosion resistance. As ¢ forms at very slow cooling rates,
its presence in welds is unlikely'>!*¢,
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To estimate the susceptibility of the HAZ to pitting
corrosion, the Pitting Corrosion Resistance Equivalent
Number (PREN) can be used. The PREN is based
solely on the chemical composition of the phases®!>!".
Potentiodynamic tests are then used given the nature of
PREN3#07121520 "For welds, literature reports the immersion
test in ferric chloride solution'>!'*!%2!, This permits the
evaluation of welds for pitting corrosion without the need
of specialized equipments?.

It is often assumed that the heat input during welding
fully characterizes all subzones or regions of the heat-
affected zone (HAZ) during a welding process. However,
this overlooks that certain welding processes can produce
subzones with distinct microstructures and properties.
In particular, when the shielding gas mixture in gas metal
arc welding (GMAW) process is argon-rich, the weld bead
cross section exhibits an inflection at the fusion line”. This is
consequence of different cooling rates in different regions of
the HAZ along the fusion line. The morphological changes
of austenite within each region of the heat-affected zone
(HAZ) that result from different cooling rates during this
welding process have not been evaluated in the literature,
to the authors’ knowledge. Therefore, the present study
examines how the local cooling rates influence in the
microstructure and pitting corrosion resistance of different
HAZ regions in GMAW-welds in the UNS S31803(2205)
duplex stainless steel.
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2. Materials and Experimental Procedures

Table 1 shows the composition of the base metal and
the consumable Sandvik 22.8.3.L wire (AWS ER2209).

Single-pass bead-on-plate GMAW welds were made in
sheets (300x150x10 mm) of the UNS S31803(2205) DSS.
Single-pass weld was performed to avoid the formation of
secondary austenite and unwanted intermetallic phases that
can occur in multi-pass welds. The welding process was
performed with an electrode of @=1.2 mm using direct current
with reverse polarity in constant current mode. The shielding
gas was 98% Ar + 2% CO, at 18 I/min. The nozzle-piece
distance was 19 mm. Two heat inputs (1.5 and 2.5 kJ/mm)
were used. The arc current and voltage values were 180 A
and 24 V. The welding speeds were 2.3 mm/s and 1.38 mm/s
for the heat inputs of 1.5 kJ/mm and 2.5 kJ/mm, respectively.

Cross-section samples of the weld were taken for the
metallography analysis, with standard preparation and etched
with Beraha reagent by ~30 s according to ASTM E3-11%.
The microstructure was observed by optical microscopy (OM)
and scanning electron microscopy (Tescan SEM equipped
with a Quantax Microanalysis System using the Spirit
Compact Interface). The phase fractions were determined by
area percentage using the ImageJ software. EDS/SEM semi
quantitative analysis was performed for the composition of
each region in the HAZ.

Thin foils for transmission electron microscopy
(TEM-JEOL 2010 operated at 200 KV and TEM-STEM
Talos F200XG2-Thermo Fisher Scientific) were taken from
two HAZ regions of the welded sample with 1.5 kJ/mm and
electropolished in a Tenupol-5 (10% perchloric acid/ 90%
ethylic alcohol at 0 °C and 20 V).

An acidified chloride solution (6% FeCl3 + 1% HCI),
recommended in the ASTM G 48 standard for methods
C to F??, was utilized to produce pits in the heat-affected
zone (HAZ) regions during the immersion corrosion tests.

Table 1. Chemical composition of the base metal and the electrode.
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Immersion tests were performed at room temperature for
72 h. Three samples were tested for each welding input
energy condition. Prior to the immersion corrosion test,
the samples were carefully embedded in epoxy resin with
2.9 cm? and 3.3 cm? of exposed surface areas corresponding
to the welded samples with 1.5 kJ/mm and 2.5 kJ/mm. The
exposed surface of the samples included the base metal,
weld bead, and HAZ. After the immersion test, the exposed
surfaces were carefully polished and electrolytically etched
in 10% oxalic acid solution at 3 A and 3 V, with a current
density of 1 A/cm? during 20 s. Pitting in the microstructure
ofthe HAZ was observed using optical microscopy and SEM.

3. Results

3.1. Microstructure of the HAZ regions

The cross-section macrographs with both heat inputs
are shown in Figure 1, where the geometry of the fusion
line presents an inflection, giving rise to three regions or
subzones in the HAZ: close to the sheet edge (A), adjacent
to the inflection of the fusion line (B) and below the center
of the bead (C). These regions of the HAZ in the welded
joint are schematically represented in Figure 2, where the
arrows indicate qualitatively the main directions and amount
of heat flow during cooling in correspondence with the
Rykalin 2D model**.

Figure 3 shows the optical and processed images of the
three HAZ regions with both heat inputs. In this figure, the
different ferrite grain sizes and HAZ widths are observed
in the three selected HAZ regions. Figure 4 shows more
clearly these differences because in Figure 3 the scale bar
is different for the two heat inputs. This confirm that the
cooling rates were significantly different in the three HAZ
regions with both heat inputs.

Material C Si Mn Cr Ni Mo N P S
UNS S31803(2205) 0.029 0.37 1.79 22.76 5.38 2.96 0.18 0.037 0.0028
Sandvik 22.8.3.L 0.02 0.50 1.60 23.00 9.00 3.20 0.16 <0.02 <0.025

Figure 1. Macrographs of the welded samples. (a) 1.5 kJ/mm, (b) 2.5 kJ/mm.
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Figure 5 shows the volume fractions of the different
austenite morphologies in the HAZ regions with 1.5 and
2.5 kJ/mm respectively.

Figure 5 shows that the HAZ region with a larger ferrite
grain size (Figures 3 and 4) showed a lower GBA volume
CG HAZ fraction with higher WA and IGA contents. In addition, all
HAZ regions of the welds with1.5 kJ/mm showed higher
GBA fractions and lower WA and IGA contents, when
compared to the 2.5 kJ/mm HAZ regions.

heat flow

HAZ
Base Metal

Figure 2. Graphical representation of the different HAZ regions in
the cross-section of the weld.
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Figure 3. Images of the three HAZ regions. The GBA, WA and IGA, in the processed images, are colored in yellow, blue and red, respectively.
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Figure 4. Average values of the HAZ width and the average ferrite grain size in the three HAZ regions of the welded samples obtained

with both heat inputs.
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Figure 5. GBA, WA and IGA volume fractions of the HAZ regions with 1.5 and 2.5 kJ/mm. The total austenite volume fractions are also

showed in the different HAZ regions.

To obtain a relationship between the heat input Q and the
ferrite grain size, equivalent simulated HAZs of the same DSS
were performed with a Gleeble thermo-mechanical simulator
using five heat inputs’. It is known that the ferrite grain
growth is controlled by the dissolution of austenite during
heating™. As the spacing between the austenite grains is small
in the base metal of the studied DSS (as-received condition),
the ferrite grain growth is insignificant during high heating
rates to reach the peak temperature, (~1350 °C determined
by the Thermo-Calc software for this alloy composition).
In addition, the short holding time at this temperature (2 s.)
do not allow an appreciable growth of the ferritic grain.
Therefore, the differences in the ferritic grain sizes at the
simulated and real weld HAZs are determined by the cooling
rate from the peak temperature up to approximately 1200 °C.
This is because the formation of GBA along the ferrite grain
boundaries at approximately 1200 °C hinders further ferrite
grain growth. Hence, it is justified that similar grain sizes
between a HAZ region in the welded joint and a simulated
HAZ (for a given heat input) have similar cooling times
regardless of how the heat was dissipated. An excellent
linear fit resulted between the heat input Q and the average
ferrite grain size <d> corresponding to five simulated HAZs
of the UNS S31803(2205) DSS.

0=0.0188*d —0.5092, (R2 =0.9949). (1)

Equivalent heat inputs (Qqu) of the HAZ regions of the
real welds (Table 2) can be obtained by replacing the ferrite
grain size (d) in equation (1), with that of the real weld HAZs
(d"). The cooling times between T, 1200 °C and T,=800 °C

(At,, ) or between 800-500 °C (At ) are calculated through
equation (2) derived from the 2D Rykalin model*:
2
Af Qeq . 1 - 1 . @)
amip | (T -Ty)? (T —Tp)

where L=10 mm (plate thickness), T =25 °C the start
temperature of the plate, p =0.005304 J/mm? °C the specific
heat per unit volume and A= 0,022 J/mm? °C the thermal
conductivity of the material. Both p_and % are average values
between ambient temperature and solidus temperature®**.

3.2. Susceptibility to pitting

Table 3 shows the average values of the main chemical
elements in the different phases and austenite morphologies
at the HAZ regions. These average values were obtained
of three EDS spectra acquired in each HAZ region.
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Table 2. Equivalent heat inputs (Qeq), average ferrite grain sizes (d"), At12/8, At8/5, $12/8(cooling rate between 1200 °C and 800 °C)

and ¢8/5in each HAZ region

HAZ region d", um Q. kJ/mm At 8 At s ¢ °C/s g5 °C/s
Heat input Q=1.5 kJ/mm
A 65 0.713 3.26 9.59 122.66 31.28
B 181 2.894 53.73 158.05 7.45 1.90
C 89 1.164 8.69 25.57 46.02 11.73
Heat input Q=2.5 kJ/mm
A 188 3.025 58.70 172.69 6.81 1.74
B 369 6.428 265.05 779.75 1.51 0.38
C 243 4.059 105.69 310.92 3.78 0.96
Table 3. Composition of phases (wt%) and PREN,  values in each HAZ region.
Region Phase Si Cr Mn Fe Ni Mo N PREN
0.33+0.01  23.26+0.07 1.65+0.02 66.74+0.04 4.82+0.04 3.2+0.04 0.05 35.32
UNS §31803(2205) 0.29+0.01 21.35+0.03  1.80+0.03 67.86+0.04 6.50+0.06 2.2+0.05 0.31 37.97
) 0.30+0.01  23.02+0.17  1.60+0.11 66.73+£0.18 5.51+0.13 2.94+0.02 0.05 34.22
AHAZ GBA  0.32+0.03 22.56+0.08 1.63+0.18 66.62+0.65 6.20+0.68 2.68+0.1  0.51 46.46
1.5 kJ/mm WA 0.34+0.01  22.84+0.31 1.474+0.05 65.10+0.12 7.48+0.31 2.77+0.07 0.49 46.68
IGA 0.36+0.03  22.69+0.03  1.53+0.09 66.46+0.6 6.09+0.67 2.87+0.08 0.47 46.26
3 0.33+0.01  22.75+0.14 1.61+0.03 67.00£0.31 5.32+0.21 2.99+0.04 0.05 34.12
B HAZL.S5 GBA  0.30+0.03 22.46+0.13 1.57+0.09 66.67+0.73 6.28+0.69 2.71+0.06 0.53 47.24
kJ/mm WA 0.30+0.01  22.18+0.35 1.66+0.10 66.77+0.41 6.53+0.80 2.56+0.05 0.50 45.53
IGA 0.2740.01  22.52+0.09 1.80+0.01 67.40+0.04 5.56+0.04 2.45+0.04 0.46 4431
) 0.30+0.01  23.02+0.03  1.76+0.11 66.53£0.30 5.44+0.38 2.95+0.06 0.05 34.26
CHAZ GBA  0.35+0.06 22.494+0.26 1.68+0.14 65.53+1.04 7.16+0.64 2.79+0.21 0.52 47.17
1.5 kJ/mm WA 0.42+0.04 22.56+0.13  1.60+0.08 64.58+0.03 8.04+0.11 2.79+0.12 0.51 47.06
IGA 0.36+0.05 22.39+0.25 1.624+0.05 66.49+0.66 6.53+0.69 2.6+0.04  0.47 45.1
3 0.33+£0.01  22.94+0.02  1.69+0.03 67.02£0.09 5.06+0.08 2.96+0.03 0.05 34.21
AHAZ GBA  0.33+0.01 22.39+0.08 1.74+0.03 67.44+0.09 5.89+0.04 2.54+0.04 0.55 47.27
2.5 kJ/mm WA 0.31+£0.03  22.59+0.01 1.80+0.04 67.35£0.05 5.63+0.11 2.63+0.12 0.53 47.16
IGA 0.3240.01 22.77+0.23  1.67+0.04 67.48+0.22 5.42+0.25 2.65+0.23 0.48 46.03
S 0.32+0.01  22.78+0.09 1.70+0.02 67.08+0.08 5.22+0.03 2.9+0.02  0.05 33.85
B HAZ GBA  0.32+0.01 22.5740.51 1.70+0.11 67.19+0.23 5.50+0.50 2.71+0.32 0.58 48.91
2.5 kl/mm WA 0.334£0.02  22.44+0.13  1.77+0.04 67.35£0.07 5.62+0.12 2.49+0.02 0.53 46.55
IGA 0.31+£0.01  22.51+0.03  1.67+0.01 67.29+0.01 5.50+0.07 2.73+0.07 0.47 45.47
) 0.30+0.01  22.92+0.01 1.66+0.01 69.98+0.01 5.15+0.07 2.99+0.02 0.05 34.29
CHAZ GBA  0.32+0.02 22.274+0.24 1.72+0.05 67.36+0.16 5.76+0.19 2.56+0.13 0.57 47.82
2.5 kl/mm WA 0.30+0.01  22.6+0.14  1.70+0.05 67.09+0.08 5.68+0.12 2.63+0.08 0.52 46.82
IGA 0.31+£0.02  22.58+0.05 1.7240.02 67.19+0.03 5.55+0.05 2.65+0.05 0.48 45.63

The uncertainty was calculated by /(n)"2, where ¢ is the standard deviation and n=3.

It is remarkable partition of the elements between phases.
In the base metal (BM), Ni and Mn are higher in austenite,
while Cr and Mo are higher in ferrite. The ferrite phase in
all HAZ regions has lower Cr and Mo contents with respect
to the BM. Collaterally, the contents of these elements in
austenite are higher in the HAZs than in austenite of the
BM. The Ni amount increased in ferrite of the HAZs, when
compared to the BM. The IGA particles show the lowest Ni
content with respect to other austenite morphologies in the
HAZ regions. The nitrogen content was assumed 0.05% in
ferrite (maximum solubility in this phase)*"°. The Thermo-
Calc software with the Steel/Fe TCFE8 thermodynamic
database was used to estimate the nitrogen content in the
different austenite morphologies. The procedure consisted of

estimating the equilibrium nitrogen content, using Thermo
Calc, for each experimentally determined volume fraction of
austenite within the temperature range where it approximately
forms. First, the nitrogen content was determined for the
GBA volume fraction, first austenite morphology to form, at
approximately 1200 °C. Subsequently, the nitrogen content
was determined for the GBA+WA volume fraction, and by
conservation of substance, the nitrogen content in WA was
calculated. This procedure was repeated adding the IGA
volume fraction.

Table 3 also show the PREN, values in each HAZ
region: PREN, =%Cr+3.3%Mo+30%N"".

Critical pitting temperature (CPT) allows for the
evaluation of corrosion resistance of DSS. Therefore, ASTM
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Figure 6. Optical images of the HAZ regions after the immersion testing in an acidified ferric chloride solution. SEM images of the
A HAZ region with 1.5 kJ/mm showing metastable pits. The arrows indicate the place where the pits are originated.

G438 in its method C establishes an equation to estimate the
minimum critical pitting temperature (CPTmin) based on
the chemical composition of the alloy at room temperature®.
According to this standard, the equation for this alloy is:
CPTmin.= 2.5%Cr+7.6%Mo+31.9%N-41. Although the
CPTmin value calculated by this equation may not coincide
with the CPT of the alloy that is determined experimentally,
it allows an initial assessment of the resistance to pitting
corrosion of phases in this alloy with different chemical
compositions. Applying this equation to the present UNS
S31803 DSS (Table 1) a value of 44.1 °C is obtained. This
result is consistent with the values reported by'**’, who
experimentally obtained a CPT value 0f 44.8 °C'"” and between
40 °C and 45 °C”’ for the DSS UNS S31803 using an acidified
ferric chloride solution according to ASTM G48. As the ferrite
in the HAZ is the phase most susceptible to pitting corrosion
(Table 3), the CPTmin values of this phase were calculated
using the compositions given in Table 3. The results were:
40.5°C,40.2 °C and 40.6 °C for A, B, and C HAZ regions of
the welded joint with a heat input of 1.5 kJ/mm. Similarly,
for the A, B and C HAZ regions of the welded joint with a
heat input of 2.5 kJ/mm, the CPTmin values of ferrite were:
40.4 °C, 39.6 °C and 40.6 °C respectively.

The ferrite CPTmin values in the A and C HAZ regions
are similar with both heat inputs. For the B HAZ regions,
the CPTmin values were slightly lower, especially for the B
HAZ region of the welded joint with 2.5 kJ/mm as heat input.

Figure 6 shows the optical and SEM images where
small pitting (or metastable pitting) are observed in the
microstructure, preferentially within the ferrite grains and
at the IGA-matrix interface.

4. Discussion

The austenite morphologies (GBA, WA and IGA)
were observed in the different HAZ regions (Figure 3).
No partially dissolved austenite was evidenced, indicating
that the austenite was formed from a fully ferritic matrix.
During cooling ferrite transforms into austenite on the ferrite
grain boundaries. The first nucleated austenite (~1200 °C) is
known as allotriomorphic austenite (GBA). The GBA along
the ferrite grain boundaries hinders the ferrite grain growth
consuming nitrogen®’. At low temperatures, (1000-800 °C)
the WA nucleates from the GBA towards the ferrite grain
with an specific orientation relationship with ferrite matrix.
The WA laths are larger with larger ferrite grain sizes®”!>%*.
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The WA morphology formed at high temperature has
a better partition of the chemical elements with the matrix,
while the one formed at lower temperatures is fragmented to
balance its composition®**. The IGA nucleates and grows at
higher undercooling after the WA formation, given the lower
nitrogen content in the matrix and limited nucleation sites,
as depicted in Figure 3. In this Figure is observed that the
ferrite grains where the WA volume fraction predominates,
the IGA volume fraction do not have a strong presence and
vice versa. The IGA nucleated at lower temperatures develops
more interfaces with specific orientation relationships (OR)
(Kurdjumov-Sachs/Nishiyama-Wassermann) than the IGA
formed at higher temperatures’”’.

The results (Figures 4 and 5) show that the ferrite-to-
austenite transformation has a dual dependence with the
heat input. On one hand, higher heat inputs promote more
WA and IGA, while, on the other hand, higher heat inputs
favor the growth of the ferrite grain size, decreasing the
GBA fraction. Thus, the ferrite-to-austenite transformation
is governed by the cooling time of each HAZ region. The
total austenite fraction of each HAZ region increases with
the decrease of the cooling rate, in agreement with>*’.

The effect of different heat inputs on the microstructure
and on the localized corrosion behavior of the simulated and
real HAZ in the UNS S31803 duplex stainless steel (DSS)
has been widely discussed in the literature. Most articles
about duplex steels explain the resistance to localized
corrosion in the HAZ considering only the total austenite
and ferrite volume fractions. Few articles qualitatively
describe the influence of cooling rate on the change of
the different morphological forms of austenite in the HAZ
of this DSS showing contradictory results®>!%*%3!, Thus,
the quantification of the austenite morphologies and their
compositions, Figures 3, 4, 5 and Table 3, allow a correct
assessment of how these volume fractions influence the
susceptibility to corrosive attack in each region of the HAZ
through the PREN values.

As described in Table 3, the PREN of the ferrite is
lower than of the austenite in the BM, due to a higher N
content in austenite. The PREN of the GBA and WA in the
A and C HAZ regions, do not show significant variations.
The formation of these austenite morphologies in the
A and C regions had similar cooling rates, consuming the
nitrogen around them. The most significant variations in
the PREN for the austenite morphologies occurred in the B
regions, which presented the lowest cooling rate, favoring
the partitioning of the main chemical elements between the
austenite morphologies and, therefore, greater variations in
the PREN values. Given that the equilibrium between the
austenite morphologies in all HAZ regions is not obtained,
their PREN values are higher in the HAZ regions than in the
BM austenite. On the contrary, the ferrite PREN in the base
metal is higher than the PREN corresponding to the ferrite
in the different HAZ regions. GBA had the highest PREN,
in comparison to the other austenite morphologies due to its
higher nitrogen content. IGA had the lower PREN values than
other austenite morphologies. As observed in Figure 5 and
Table 3, region B in both HAZs is the most susceptible to
pitting corrosion because it has a higher volume fraction of
IGA with the lowest PREN value. This region of the HAZ

is also characterized by a larger ferritic grain size and a
lower GBA volume fraction, which increases susceptibility
to corrosive attack, as will be detailed later.

Figure 4 shows the increase of the HAZ width and the
ferrite grain size with the heat input. Furthermore, Figure 5
shows that the total ferrite fractions in each particular HAZ
region do not present significant differences. The above leads
to the consideration that the increase in the area of the HAZ
region, as a consequence of the growth of the ferrite grain
size, constitutes an aspect that contributes to the increase
in the pitting corrosion rate with the heat input. It has been
reported that ferrite grain growth increases susceptibility
to localized corrosive attack due to the precipitation of
chromium nitrides in the central region of the grains'. Other
authors report that small grain sizes improve the formation
and adhesion of the protective film by increasing the density
of boundaries*”.

The microstructures after the immersion testing in
acidified ferric chloride solution revealed pits mainly inside
the ferrite grains or at the IGA-ferrite interfaces, Figure 6.
Since the nitrogen content for all austenite morphologies is
higher than in ferrite, they have higher PREN values and are
better protected against pitting'. In addition, the presence
of Cr,N nitrides inside the ferrite grains constitutes suitable
sites for the pit nucleation’’. It is recognized in the literature
that the nitride precipitation generates chromium depleted
regions around the Cr,)N within ferrite grains and at the
austenite-ferrite boundaries'’**. These chromium-depleted
regions can cause a further decrease in the PREN, further
contributing to pitting. However, recent reports**** indicate
that a fine dispersion of Cr,N does not appear to act as an
initial site for localized corrosion. The susceptibility of Cr,N
as an initial site for pitting corrosion will depend on its size,
distribution, and the surrounding chemical environment. The
elimination of chromium-depleted zones around nitrides
depend on the particle spacing, the diffusivity of chromium,
and the cooling rate*.

When the cooling rate is significantly high, Cr,N
nucleation could be associated with the previous CrN?,
since CrN precipitation is more favorable, while chromium
diffusion is more difficult. The presence of Cr,N and CrN
is reported in**'***’_For a faster cooling, the CrN fraction
increases. When the cooling rate is higher than 100 °C/s,
the CrN dominates", decreasing the pitting formation, as
the Cr depletion at the vicinities of CrN particles is small,
reducing its effect on pitting corrosion'.

Table 2 shows that the A HAZ region with 1.5 kJ/mm had
a cooling rate of 122.66 °C/s. Thus, the nitrides precipitated
in this HAZ region should be mostly CrN, with a lower
tendency for pits. In the B and C HAZ regions (for both
heat inputs) the cooling rates were lower than 100 °C/s
(Table 2). Therefore, Cr,N nitrides are favored in these
regions of the HAZs.

So, the diffusion distances of the Cr and N atoms into
the ferrite grains were calculated between 1200 and 800 °C
in the different HAZ regions”*’'%3:

4

x= IDif(T)dt : 3)
0
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1 cooling time, D, (T): diffusion coefficient, expressed as:

Dy (T) =Dy exp(—%], )

with D =1.13 x 10 m?*s for N and D, =2.3 x 10 m?s for Cr.
The activation energies for N and Cr are £ = 83(1-14.03/T)
kJ/mol and E = 239 klJ/mol respectively. Temperature in
Equation (4) is expressed by the relation 7=T -¢t, where
T is the starting temperature (1200 °C) and ¢(°C/s) the
cooling rate between the two temperatures. Table 4 shows
the calculated diffusion distances for nitrogen and chromium
atoms in ferrite corresponding to different HAZ regions. The
Cr diffusion distance is significantly lower than N. Therefore,
chromium recovery in ferrite around Cr,N nitride may be
retarded, which locally decreases its PREN.

Materials Research

In Table 4, the nitrogen diffusion distances for all HAZ
regions are of the same order as the grain diameters. Therefore,
the conditions for nitride formation inside the ferrite grains,
with respect to N, in all HAZ regions (for both heat inputs)
are similar. As can be seen in Figure 4, the total austenite
fractions in all HAZ regions with both heat inputs are lower
than the ferrite fractions. In Table 4 it is observed that the A
HAZ region, with 1.5 kJ/mm, has the shortest N diffusion
distance, when compared to the other regions. The A region
also has the lowest fraction of IGA+WA (Figure 5), and the
highest Cr content in ferrite (Table 3). Consequently, in the
ferrite in the A HAZ region, the precipitation of Cr,N could
be significant in addition to the CrN,

Figure 7 shows the bright field TEM-STEM images of
the A and B HAZ regions with lower heat input (1.5 kJ/mm).

Table 4. Ferrite grain size (d"), At12/8, $12/8 and diffusion distances (1200- 800 °C) of N and Cr in the ferrite grains (A A for the

three HAZ regions.
HAZ region d" um At12/8 s $12/8 °C/s A um A, pm

Q=1.5 kJ/mm

A 65 3.26 122.66 43 0.65

B 181 53.73 7.45 175 2.60

C 89 8.69 46.02 70 1.06
Q=2.5 kJ/mm

A 188 58.70 6.81 183 2.70

B 369 265.05 1.51 388 5.90

C 243 105.69 3.78 245 3.70

Q=1.5 kJ/mm | Q=1.5 kl/mm §

_AHAZ

B HAZ

region
- :

i /‘ \\ M (5.'

l;“w‘{ LWJ et

100 Position (nm) 300

Figure 7. Bright field TEM-STEM images of the A and B HAZ regions (1.5 kJ/mm). CrN (a) and Cr)N (c,d) are evidenced by SAED
patterns in (b) and (e). Line scan between nitrides in (f) shows de Cr-depleted region around the nitride particles. The arrows in HAZ

show the locations of the thin foils.
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The Aregion shows both nitrides CrN and Cr,N (Figure 7(a, b)),
while in the B one only Cr,N persists (Figure 7(c, d, ¢)). The
dispersion and relative sizes of the Cr,N nitrides are also
highlighted. Nitride chains can be observed along the grain
sub-boundaries in the B HAZ region (Figure 7(c)). These
nitride chains favor the existence of nearby Cr-depleted
regions as shown in Figure 7(f) making the B region more
prone to pitting corrosion.

The formation of rod-like Cr,N and sheet-like CrN in
simulated HAZ of UNS S31803(2205) DSS at two cooling
rates, 150 °C/s and 40 °C/s, was investigated’, showing
that the density and size of the Cr,N is higher for the lower
cooling rate, while the density of the CrN is higher for
the higher cooling rate. The C HAZ region of the welded
sample with 1.5 kJ/mm had a cooling rate (46.02 °C/s)
similar to? (40 °C/s). Then, it is assumed that both types of
nitrides (Cr,N and CrN) can exist in C region. The other
HAZ regions with lower cooling rates are prone only for
the Cr,N precipitation.

The aforementioned justifies different fractions and sizes
of Cr,N in the HAZ regions with 1.5 kJ/mm. The A region,
with the highest cooling rate (122.66 °C/s), is believed
to present a higher fraction of CrN and a few and small
dispersed particles of Cr,N. In the C region (46.02 °C/s), the
fraction of less dispersed and more coalesced Cr,N increases,
while in region B, chains of coalesced Cr,N predominates
as shown in Figure 7(c). The spacing between the Cr,N
particles in these chains is relatively small (~50 nm), which
creates Cr-depleted regions around them as it is shown in
Figure 7(f). In this Figure 7(f) the Cr content around the
nitrides, in this chain, is much lower than the nominal Cr
concentration (23 wt%) of the alloy. At 2.5 kJ/mm, the
cooling rates of the HAZ regions are much lower than at a
heat input of 1.5 kJ/mm. For this reason, the susceptibility to
corrosive attack of their HAZ regions showed no significant
differences. Thus, in the HAZ with the lowest heat input,
the greatest variations in corrosion resistance were detected
between its different regions. The B HAZ regions had the
lowest corrosion resistance being more intense for the heat
input of 2.5 kJ/mm. As evidenced in Figure 6, the pits are
larger and more frequent in the HAZ regions with lower
cooling rate, while for the A HAZ region with higher cooling
rate, the pits are smaller and less frequent.

Another important aspect for the HAZ with heat input of
2.5 kJ/mm, that contributed to a lower corrosion resistance,
is the higher amount of incoherent &/y interfaces, when
compared to 1.5 kJ/mm. As shown in Figure 5, the IGA
fractions in the three HAZ regions with 2.5 kJ/mm are
higher than the same regions with 1.5 kJ/mm. According
to**, the IGA formed at lower cooling rates (At > 80 s)
presents a more random interfaces with the ferrite matrix,
favoring the emergence of pits. In the B HAZ region, the
higher fraction of IGA particles, Figure 5, with lower PREN
and higher fraction of 8/y incoherent interfaces favors the
initiation and growth of pitting.

As shown in Figure 6, small pits with different sizes
and densities appear depending on the HAZ region and the
local heat input; these differences are more pronounced
with lower heat inputs. All HAZ regions subjected to a heat
input of 2.5 kJ/mm exhibit lower pitting corrosion resistance

compared to the corresponding regions with a heat input of
1.5 kJ/mm. Among the subzones of the HAZ, region B is
the most susceptible to pitting corrosion due to the presence
of coalesced Cr,N chains and a higher volume fraction of
IGA particles with a predominance of incoherent boundaries.

5. Conclusions

Based on the analysis of the HAZs in welds of DSS

using GMAW, the following conclusions are considered:

*  In single-pass bead-on-plate GMAW welds using
an argon-rich shielding gas mixture, three regions
appear in the HAZ along the fusion line due to
different local cooling rates, related to different
equivalent heat inputs.

e The volume fractions of the different austenite
morphologies in the HAZ regions are determined
by the specific cooling conditions of each zone. A
HAZ region with a slow cooling rate induces ferrite
grain growth, which decreases the GBA fraction
and increases the WA and IGA contents.

e The cooling rate of approximately 122 °C/s in the
A HAZ region of the welded joint with 1.5 kJ/mm
as heat input, promotes the predominance of CrN
and a smaller fraction of Cr,N, while in the C HAZ
subzone, both nitrides are favored. In the B HAZ
region, the precipitated nitrides are mainly Cr,N.
These nitrides appear forming chains in the ferrite
grain sub boundaries. The small spacing between
Cr,N particles in these chains observed in the B
HAZ region caused a local decrease in the PREN
around the particles (Cr-depleted zones) favoring
pitting corrosion. For welded joint with the heat
input of 2.5 kJ/mm, all the HAZ regions showed
a dominant precipitation of Cr,N.

*  The B HAZregions (wide zone) have a higher fraction
of IGA particles with incoherent IGA-ferrite interfaces
and lower nitrogen content, which leads to a more
pronounced susceptibility to localized corrosive attack.
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