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Summary: The critical pitting temperature (CPT) test (ASTM G-150) is an electrochemical test generally
used to evaluate the resistance of stainless steels to pitting corrosion, based on the concept of determining
the potential - independent critical pitting temperature. Although this test has been done on the base
metals of most stainless steels, few studies have been conducted on the weld regions, particularly the
duplex stainless steels. In the present study, CPT and conventional potentiodynamic scanning tests were
conducted on the various weld passes, namely root, filler and cap. Results were compared with the base
material as a reference. The microstructure of the various weld regions, were characterised using optical
microscopy, scanning electron microscopy and EDX analysis. The extent of degradation and the
mechanisms responsible for pitting corrosion in terms of the various microstructural features within the
different weld regions were examined. Variations in the microstructure was observed between the
different weld regions in terms of ferrite/austenite ratio, grain shape and size and the formation of
undesirable secondary phases such as chromium nitride and sigma phase. The CPT measurements
revealed that the lowest pitting resistance was observed for the cap then the root pass; maximum
corrosion resistance being observed for the base metal. Possible correlations between the microstructural
changes and the pitting corrosion resistance of each region are discussed.
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1. INTRODUCTION

Duplex stainless steels such as AISI 2507 have found wide-spread use in industries, such as oil and gas production, pulp
manufacturing, and power plants due to their high corrosion resistance and superior mechanical characteristics, where typical
working environments can contain high levels of chloride attack with operating temperatures in excess of 100 °eC [1]. These
favourable properties arise from the coexistence of ferrite and austenite phases in equal amounts. Duplex stainless steels have
higher strength than austenitic stainless steels, higher toughness than ferritic stainless steels, good weldability, and high
resistance to different forms of corrosion in different aggressive environments [2, 3].

Superior corrosion performance of duplex stainless steels (DSS) is due to the alloying elements such as chromium,
molybdenum and nitrogen, which increase the pitting corrosion and stress corrosion cracking resistance of these steels in a
variety of environments [4]. However, limitations associated with this group of steels, particularly the weld regions, are the
complex microstructural transformations that can occur, dissolution of ferrite, thus altering the ferrite / austenite (8/y) ratio and
formation of secondary austenite and other undesirable chromium enriched intermetallic phases such as M,;Cg, sigma,
chromium nitride, and chi phases. Such changes can be attributed to the rapid cooling involved in most weld thermal cycles.
Consequently, alloy depleted regions associated with the formation of these phases may lead to a massive reduction in the
corrosion resistance of the weld and make it more susceptible to different forms of corrosion such as pitting corrosion and
stress corrosion cracking [4-7].



ASTM G-150, standard test method for electrochemical critical pitting temperature testing of stainless steels, is used for the
evaluation of the resistance of stainless steel and related alloys to pitting corrosion in terms of measuring a potential
independent critical pitting temperature (CPT) which might be defined as the lowest temperature on the test surface at which
stable propagating pitting occurs under specified test conditions indicated by a rapid increase beyond a set limit of the
measured anodic current density of the specimen([8].

Much research has been conducted primarily on the parent material and heat affected zones in terms of its susceptibility to
various forms of corrosion and effects of addition of alloying elements. However there has been little research conducted on
the corrosion characteristics and structural transformation of the weld metal in terms of the susceptibility to intergranular
corrosion of the various successive weld layers namely the root, fill and cap layers [9].

The objective of the present study was (i) evaluate the characteristics of the microstructural transformations that have occurred
in the different weld regions; (ii) measure the CPT for each weld region; (iii) conduct potentiodynamic scans to measure the
pitting corrosion rate at different temperatures in chloride medium for each weld region and (iv) correlate the microstructural
changes that have occurred to the pitting corrosion behaviour of these weld regions.

2. EXPERIMENTAL PROCEDURE

2.1. Material Specifications

SAF 2507 super duplex stainless steel metal plate (10 mm thickness) was used in this study. Multipass welding was carried out
using standard gas tungsten arc welding (GTAW), and 2507 filler wire (AWS A5.9 "ER25.10.4.L). The chemical composition
of the base metal and the employed filler materials as quoted by the supplier (Sandvik) are shown in Tables 1and 2.

Table (1) Chemical composition for AISI 2507 duplex stainless steel plate
P (max) | S(max) | C(max | N(max) | Si | Cr | Mn | Fe Ni | Mo | Total
0.035 0.015 | 0.03 0.3 0825 |12 |6167|7 |4 100

Table (2) Chemical composition used for the 2507 filler wire

C Cr Ni Mo N Mn Si Fe
0.02 25 9.5 4 0.25 04 0.35 Rest
2.2. Microstructural Evaluation

ASTM A923 method A was employed to confirm the existence of intermetallic phases in the sensitised material and their
absence in the unsensitised samples [10, 11]. Test specimens were initially mounted, ground and polished to 3pm using
standard metallographic preparation techniques. Samples were then electrochemically etched in a 40% NaOH solution at 3V
for 15-60 seconds. The resultant microstructure was evaluated using optical light microscopy (OLM) and scanning electron
microscopy (SEM), specifically the FEI Nova Nano-SEM (2007) with EDAX Si (Li) X-ray detector.

2.3. Pitting Corrosion Study using ASTM G-150 test

The tests were carried out according to the ASTM G150 procedures [12]. The test method determines the potential independent
critical pitting temperature (CPT) by way of a potentiostatic technique using a temperature scan (see Fig. 1). The specimen‘s
exposed surface was immersed in the test solution of 1M NaCl, initially at 0°C. After an initial temperature stabilization
period, the solution was heated at a rate of 1°C/min. About 60 s before the temperature scan was commenced, the specimen
was anodically polarized to a potential above the pitting potential range (a potential of 700 mV vs 3M Ag/AgCl reference
electrode was found to be suitable for most stainless steels and was employed in the current study) [7]. This potential was held
constant during the whole temperature scan. The current was monitored during the temperature scan, and the CPT was defined
as the temperature at which the current increases rapidly, which for practical reasons is defined as the temperature at which the
current density exceeds 100 pA/cm? for 60 s [8]. Pitting of the specimen and absence of crevice corrosion were confirmed
visually after the test using OLM.
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Figure 1 Principal of CPT test [8]
2.4, Potentiodynamic scanning tests

Potentiodynamic scans on the different weld regions and the base metal ere conducted using a Voltalab 21 potentiostat. Scan
range varied from a cathodic maximum of -500 mV to an anodic maximum of +200 mV. The reference electrode was a 3M
Ag/AgCl electrode. Scan rate employed was 1.67 mV/sec. Tests were conducted at 20 °C and 83°C respectively. Corrosion
rates (Icorr values) were determined by Tafel extrapolation, calculated from the Voltamaster software. A typical potential vs.
Log current density plot showing Tafel extrapolation from this software is shown in Figure 2.
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Figure 2 Example of the obtained result

3. RESULTS
3.1. Microstructure Evaluation

The macro structure appearance of the weld joint, base metal, and different weld passes are shown in Figure 3. Engraved light

gray area at the right represent the weld joint consist of the cap pass at the top, followed by the filler pass, then finally the root
pass at the bottom. While the flat dark gray area represent the base metal.
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Figure 3 Macro structure appearance of half weld joint



3.1.1. Base metal

Figure 4 shows a SEM of the base metal where the microstructure consists of equal amounts of elongated ferrite and austenite
grains. Here, the dark regions are associated with the presence of ferrite and the bright regions with austenite. Identification of
these two phases based on EDXS analysis (Figure 5) are quantified in Table 3. The ferrite phase contains a higher
concentration of ferrite promoting elements such as Cr, and Mo. Likewise, the austenite phase contains a higher concentration
of austenite promoting elements such as Mn, Ni, and nitrogen. The volume fraction of ferrite and austenite in the base metal
was determined using standard test procedures according to ASTM E-562 [13]. The obtained results (Table 4) confirmed the
coexistence of an almost equal amount of ferrite and austenite phases in the base metal.

Austenite

Ferrite

gure 4 Microstructure of etched SAF 2507 Figure 5 Qualitative EDXS analysis for the SAF 2507 Base
base metal metal

Table 3 Chemical composition of austenite and ferrite phases

P|S|C|N Si Cr Mn | Fe Ni Mo | Total
Ferrite 0(0|0 O 0.71 | 25.63 | 0.85 | 61.3 | 5.96 | 5.55 | 100
Austenite [0 | 0 | 0 | 0.23 | 0.64 | 23.41 | 0.92 | 62.35 | 8.28 | 4.17 | 100

Table 4 Volume fraction of ferrite and austenite in the base metal

Austenite | Ferrite | Total

Total Area (mm?) | 0.86 0.78 1.64

% 51.83 48.17 100

3.1.2. Weld Fusion Zones

Figure 6 Microstructure of etched SAF 2507 root weld region  Figure 7 Microstructure of etched SAF 2507 root weld region
(X800) at higher magnification (X 10,000)



Figure 8 Microstructure of etched SAF 2507 filler weld Figure 9 Microstructure of etched SAF 2507 filler weld
region (X800) region at higher magnification (X 5,780)

R ae B8
Figure 10 Microstructure of etched SAF 2507 cap weld region Figure 11 cotructurf etched SAF 2507 cap weld region
(X800) at higher magnification (X2800)

In general, the austenite regions in the DSS weld metal is formed from ferrite in three modes, as allotriomorphs at the prior-
ferrite grain boundaries, as Widmanstitten side-plates growing into the grains from these allotriomorphs and as intragranular
precipitates. Similar observations have been reported elsewhere [14].

For the different weld regions figure 6-11, elongated platelets of allotriomorphic and wedge shaped Widmanstitten austenite in
ferrite matrix are clearly seen. In addition, intergranular intermetallic precipitates formed at the ferrite/austenite grain
boundaries and idiomorphic secondary phases (possibly sigma, or Chi phases) within the austenite grains are observed.

The root region shows a large amount of allotriomorphic ferrite, Widmanstétten-ferrite and non-lamellar ferrite is evident,
which may be due to the higher degree of cooling. In the root region, the observed structure mainly consisted of grain
boundary allotriomorphs, large elongated platelets and small fine, eqiaxed dendritic regions, surrounded by fine discontinuous
regions of ferrite. However, the austenite seen within the grain could be associated with either intragranular precipitates or
Widmanstitten austenite.

Large regions of ferrite were observed in the fill regions, which consisted of elongated bands of austenite surrounded by ferrite
as well as intragranular precipitates. Normal grain growth was observed predominantly in these regions of the weld,
characterised by the development of austenite, associated with Widmanstétten type structures dominating the observed
morphology. The development of these growth mechanisms can be attributed directly to the variations in the degree of under
cooling, where there is a higher degree of under cooling occurring within the cap region as opposed to the fill region.

The cap region shows smaller continuous regions of ferrite, in addition to some intragranular precipitates. Widmanstitten side
plates and grain boundary allotriomorphs were observed to be the dominant morphologies. Analysis of the cap region at higher

magnifications reveals a structure consisting of small grains of ferrite, secondary austenite, intermetallic precipitates, and
secondary phases.

3.2. Electrochemical Corrosion Tests

3.2.1. Critical Pitting temperature measurements
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Figure 12. Current vs temperature plot for the different weld Figure 13. CPT for the different weld regions
regions

Figure 12 shows the current versus temperature plot for the different weld regions. During a typical test, the passive current
density was less than 1pA for most of the test. However, a few small spikes would be seen as the CPT was approached. Figure
13 shows the CPT values for the different weld regions.

The lowest CPT values were observed for the cap and root regions (79 and 81 °C respectively) compared with the filler and
base regions yielding CPT values of 84 and 87.5 °C). This have been proved by the obtained corrosion rate measured at 20 C
and 83 as discussed below.

3.2.2. Corrosion rate measurements
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Figure 14. Corrosion rate values for the different weld regions

Figure 14 shows corrosion rate for the different weld regions measured at 20 °C and 80 °C in 1 M NaCl. Higher corrosion rates
were observed for tests conducted at 83 °C compared to 20 °C, for any given region, However, the difference in the two
values at the different vs temperatures was much less for the base and filler compared with the root and cap regions. In
particular, the corrosion rate of the base metal at 20 °C was very similar to that measured at 83 °C. Consequently, some
correlations can be drawn between the CPT and potentiodynamic scanning studies. Generally, potentiodynamic scanning
studies conducted below the critical pitting temperature induced lower corrosion rates than those conducted above the CPT.
The elevated CPT for the base material, which was greater than the temperatures at which both the potentiodynamic scans
were conducted at, may be responsible for the little variation observed in the corrosion rates. However, the large difference
observed for the tests conducted on the cap region can be attributed to the fact that the lower temperature test was conducted
below the CPT, whereas the higher temperature study was conducted above the CPT.



4. DISCUSSION

4.1. Microstructure Evaluation

Analysis of the base metal microstructure revealed the presence of a two-phase banded structure typical of such materials. It
consists of large elongated lathe type ferrite and austenite regions in equal proportions. This has been attributed to the
processing of the base metal where rolling of the plate has resulted in the production of elongated phases. However, the
structures observed in the weld regions were quite different to those observed in the base material. Variations in the observed
microstructures and relative distributions of the austenite and ferrite regions can be observed not only between the base metal
and weld regions, but between the different weld regions themselves. Similar observations have been observed elsewhere[15].

The welding of duplex stainless steels is known to induce microstructural changes resulting in the formation of unbalanced
austenite/ferrite ratios compared with the base material. In addition, austenite can be present as intergranular , intragranular
and secondary austenitic. Such transformations are accompanied by high rates of cooling and production of weld structures
with higher ferrite contents in the filler and root [16] and formation of a coarsened ferrite structure in the cap region[14].

For all weld pass regions, the possible presence of, fine intermetallic precipitates were observed between the ferrite and
austenite grains and secondary phases (possibly sigma or chi phases) within the austenite grains. The presence of such
precipitates has been known to lead to significant reduction in the mechanical properties and corrosion behaviour of these weld
regions [7]. However, the specific composition of these precipitates could not be identified from the current facilities available
as the sizes of the precipitates were too small and hence this precluded identifying the type of precipitate present. However
previous studies [17] have observed similar findings and reported that such observed features have been attributed to the
presence of chromium nitride and sigma phases. .Scanning electron microscopy has revealed that the size of the precipitates
are generally in the range 1 um to 2 um. However, the overall percentage content of precipitates cannot be accurately
determined using current analytical facilities. Accurate determination of size and distribution of precipitates require other
more sophisticated analytical techniques (image analysis with appropriate software or TEM). This analysis is for future work.

4.2. Electrochemical Tests

The CPT, as determined by the ASTM standard method, is primarily a reflection of the conditions for initiation of a “stable”
pit provided that the initiated pit, or pits, can generate a current equivalent to 100 pA/cm?” averaged over the surface area of the
specimen.

It is quite likely that the CPT is determined by the extent of alloying element depletion, particularly if there is a localised
region of severe depletion and other induced microstructural features. The possible formation of chromium rich intermetallic
precipitates and secondary phases in the different weld regions are likely to result in the existence of chromium depleted
regions that may reduce the pitting corrosion resistance of the different weld regions compared to the base metal. Additionally,
shifts in the austenite/ferrite ratio as a result of different heating/cooling cycles associated with the welding process, can
strongly influence the pitting corrosion resistance. The base metal, followed by the fill region, shows the highest CPT, which
might be due to the austenite/ferrite phase balance. The reduced amount of austenite observed in the fill region (Figure 8)
compared with the cap and root region (Figures 6 and 10) may be responsible for the increased CPT of the fill region.
Increased levels of austenite observed in the root and cap regions may be responsible for the reduced CPT’s. Generally, the
lower observed CPT values for the weld regions compared to the base metal may be attributed to the possible presence of
intermetallic precipitates, which are absent in the base material.

5. CONCLUSIONS

1. The critical pitting temperature (CPT) test (ASTM G-150) was successfully applied to study the base material and
various weld regions within a 2507 grade super duplex stainless steel welded plate.

2. Differences in the microstructural features were not only observed between the base metal and the weld region, but
between the different weld regions themselves. This may be associated with different thermal cycles and subsequent
different cooling rates associated with the welding process. This resulted in different ferrite / austenite ratios being
observed, in addition to the presence of secondary austenite and possible intermetallic phases within the weld regions



3. The critical pitting temperature was shown to be a maximum for the base material and lowest for the cap region. The
CPT was observed to be strongly influenced by the microstructure, such as ferrite/austenite ratio, grains shape and
size, and the presence of chromium rich intermetallic precipitates and secondary phases.

4. The pitting corrosion resistance (elevated CPT) was observed for the weld regions with increased ferrite (fill region).
Likewise, increased amounts of austenite (cap and root) were accompanied by a reduction in the CPT.

5. Correlations were observed between the CPT studies and potentiodynamic scans at different temperatures. Lower
corrosion rates were observed for studies conducted at temperatures lower than the CPT. Large differences were
observed for the regions where the lower temperatures studied were below the CPT and the higher temperatures
studied above the CPT. In contrast, corrosion rates for the base material were similar as both temperatures studied
were lower than the CPT.

6. The CPT appears to be influenced by microstructural features such as the austenite / ferrite ratio and the presence of
intermetallic phases, resulting in alloying element depleted regions. Future work in this area is recommended for a
more detailed systematic examination of the microstructural features and influence on CPT, to include variations in
chemical composition, volume fraction of precipitates and detailed evaluation of the intermetallic precipitates and
secondary phases.
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