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Abstract

The aim of this work was to investigate the microstructure and evaluate the corrosion
behavior of dissimilar metal welded between carbon steel pipe A106 Gr B and 316L
austenitic stainless steel with nickel alloy 82 and 182 as filler metals. These welded joints
were analyzed in three different conditions, as welded (AW), after post weld heat treatment
(PWHT) and after weld overlay (WOL), both used to minimize the residual stress effect.
Electrochemical tests were carried out considering three types of samples: weld joint, A106 B
and 316L steel base metal in 3.5% NaCl solution. Tafel extrapolation was used to calculate
the corrosion rate. For weld joint, welding heat cycle changed the microstructure of the heat
affect zone (HAZ) on root weld causing an intense grain refinement and polygonal ferrite and
perlite formation. Otherwise, on finish weld was observed allotriormophic ferrite, polygonal
ferrite, acicular ferrite, ferrite with martensite/austenite/carbides aligned and pearlite to AW
and PWHT conditions. Polygonal ferrite and perlite were observed in WOL condition. Similar
corrosion rates among the three conditions of each sample were observed. Base metal 316L
showed the lowest corrosion rate following by welded joint and finally base metal A106 B.

Keywords: A106 Gr B carbon steel; 316L stainless steel; corrosion; dissimilar metal weld;
Tafel extrapolation

Introduction

Dissimilar metal weld (DMW) involving austenitic stainless steel and ferritic carbon steels are
applied in petrochemical, thermoelectrical, nuclear, coil industries and distinct engineering
structures as heat exchangers, nozzles, boilers, pressure vessels and so on (1-3). The auxiliary
use of carbon steels in strategic locals pipe system gives reduction costs, since are cheaper
related to austenitic stainless steels and gives better mechanical properties weld due to joining
metals employed (4-6).

The weld process creates a residual stress due to different physical and mechanical properties
at structure steels (2). Therefore, nickel alloys are employed by having intermediate values,
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which decreases this difference between ferritic carbon and austenitic stainless steels, and
good resistance to corrosion and failure (7-10).

Stress corrosion cracking (SCC) may come from residual stress and leads to crack formation
at metallurgical susceptible metal due to simultaneous action of present residual stress and
corrosion environment. Continuous interaction with seawater, mainly chloride particles,
threats pipe system physical integrity through corrosion effects imposed to its structure. This
type corrosion is very present at oil extraction environment and nuclear power plants, for
instance (11-14).

In order to reduce SCC susceptibility, related to residual stress effects, a post weld heat
treatment (PWHT) may be applied to relief stress at welded joints (15-16). At crack presence,
a weld overlay (WOL) may be applied to impose a compressive tension (opposite to stress
tension caused by residual stress) and a mechanical and corrosive barrier to crack propagation

).

Due to importance application of this weld type, this work aims analyze the corrosion effects
in marine environment, with NaCl 3.5% wt. solution, at base metals and welded joints after
PWHT and WOL. Their corrosion rate was obtained through Tafel extrapolation e compared
to welded joint as welded (AW). In addition, the microstructure of these base metals and
joints were characterized by optical microscopy (OM).

Methodology

Materials and Methods

DMW pipe joints were composed of a seamless carbon steel pipe (ASTM A-106 Gr. B) and a
seamless austenitic stainless steel pipe (ASTM A-312 TP316L), schedule 160 with diameter
of 168.2 mm and wall thickness of 18.3 mm, with length of 150 mm, and two different filler
metals, the nickel alloy 82 (AWS A5.14 ER NiCr-3) with 2.0 mm diameter, buttering and root
layers weld, by gas tungsten arc welding (GTAW), and nickel alloy 182 (AWS A5.11 E
NiCrFe-3) with diameter of 3.25 mm to fill welding, shielded metal arc welding (SMAW).
The chemical compositions of the base metals and weld metals are summarized in Table 1.
asdasdasdasdasdasdasdasdasdasdasdasdasd

Welding, post weld heat treatment and weld overlay

The pipes were machined, bevelled at 30° V format and 200 °C preheated. Root weld about
2.00 mm was composed by two welding beads and buttering layer about 5.00 mm thickness
composed by three welding beads, both nickel alloy 82 by GTAW process. Seven layers of
nickel alloy 182 coated electrode was applicated as filler weld metal by SMAW process.
Root, buttering and fill interpasses were applied at range temperature of 140 °C to 170 °C. The
welding main parameters and the final DMW may be seen in Table 2 and Figure 1,
respectively.

A thermal blanket was positioned at center weld, with width about 100.00 mm to each side,
and heated the welded joint at 620 °C during 2.5 h, with 220 °C/h heating rate. Cooling was
done with thermal blanket turned off between 620 °C and 300 °C with cooling rate about 400
°C/h and between 300 °C and 100 °C with cooling rate about 75 °C/h. PWHT steps to stress
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relief must include a moderated heating rate, residence time at range temperature between 600
°C and 700 °C to ferritic carbon steels and about 900 °C to austenitic stainless steel and
cooling low rate to avoid new residual stress (15,17-19).

The weld overlay was applied at weld center with five layers of nickel alloy 82 by GTAW
process, with 115.00 mm length, about 45.0 mm to each side, and 7.00 mm thickness,
according to Figure 2:

Both PWHT and WOL applied in this study were efficient to reduce internal residual stress of
this welded sets through microhardness Vickers and Hole Drilling Strain Gage (22,23).

Metallographic analisys

The samples were extracted from longitunial section of welded sets and were identified
according to dissimilar weld original set: as welded (AW), with PWHT (PWHT) and with
weld overlay (WOL). The weld joints samples (WJ) encompas metal base parts, ASTM A-
106 Gr. B ¢ ASTM 312 TP316L, their HAZ’s and weld metals 82 and 182. Whereas base
metals (BM) samples were extracted from side of WJ samples. After, a wire was solded at
each sample before cold mounting in resin epoxy. The working surface to WJ samples was
7.00 cm? and 3.00 cm? to BM samples. Then, the samples were cold mounted in resin epoxy,
grinded in 80#, 220#, 400#, 600#, 1200# e 2000# SiC paper, polished with diamond paste 6
pum, 3 um and 1 um, rinsed with distilled water and ethyl alcohol and dried with hot air before
metallographic analisys.

Macrostructure was revealed by exposing samples to Nital’s reagent 2% (2.0mL nitric acid
and 98.0 mL ethyl alcohol) during 10 s by imersion, followed by Marble’s reagent exposition
(4.0 g CuSO 4, 20.0 mL HCI and 20.0 mL distilled water) during 120 s by imersion, and over
again, with cottom smearing, by Marble’s reagent during 15 s. Microstructure was revealed
by exposing samples to Nital’s reagent 2% during 10 s and electrolytic etching with oxalic
acid solution 10% wt. (10.0 g and 100.0 mL distilled water), 2.0 V during 120 s.
Metallographic examination was carried out using Leica DM4500P optical microscopy.

Electrochemical tests

After metallographic examination, the samples were grinded again in 80#, 220#, 400#, 600#,
1200# SiC paper, rinsed with distilled water and ethyl alcohol and dried with hot air before
electrochemical tests.

Potentiodynamic polaratization tests were carried out at least five times to acquire
reproducibility at room temperature. An electrochemical cell with silver/silver chloride
(Ag/AgCl, 3M KCI) as reference electrode platinum as counter electrode and samples as
working electrodes was used with NaCl 3.5% wt. (g/L) solution. The open circuit potencial
(OCP) was monitored and measured after 900 s (15 min) until its stabilization. Afterward, a
scan rate of 0.5 mV/s was applied, starting at — 250.0 mV (Ag/AgCl) to + 250.0 mV
(Ag/AQCl), related to OCP. A potentiostat Autolab PGSTAT 100 were employed and
polarization curves were produced by software NOVA 2.0. Corrosion rates (icor) were
obtained through Tafel extrapolation with auxiliar equations 1 and 2 (21-22):
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Na = Da. |Og (ia/ icorr) (1)
Ne = be. |Og (|c/ icorr) (2)

where, na e nc, as anodic and cathodic polarization; ba e b, as anodic and cathodic Tafel
slopes; and ia € ic, as anodic and cathodic current densities.

Results and discussion

Metallographic analisys

The surface of the longitudinal section was ground, polished and attacked with Marble and
Nital 2% reagents to reveal macrostructure. Figure 3 shows the etched macrostructure of the
DMW with carbon steel A-106 Gr. B and stainless steel TP316L pipes, with Alloy 82 (Ni 82)
buttering and root weld and Alloy 182 (Ni 182) fill weld metal.

Figure 4 shows microphotographs DMW samples AW (a), PWHT (b) and WOL (c), etched
by Nital 10% at 10 seconds plus Marble at 120 seconds plus swab for 15 seconds.

The microstructure of the BM A 106 B samples to all conditions, showed by Figure 5, etching
Nital 3% during 10 seconds, consists of the ferrite (dark areas) and perlite (light areas) grains,
with 10 um grain size. According to Figure 6, the microstructure of MB 316L samples
etching with oxalic acid 10% with 3V during 120 seconds, consists of equiaxial austenite
grains, with 60 pum grain size, to all conditions. Dendrites grains were observed with
inclusions and precipitates in WJ sample to all conditions AW (6a), PWHT (6b) and WOL
(6¢), both nickel alloys 82 root pass and nickel alloys 82 top pass, according to Figure 6

About Figure 7, microstructure observed in ZTA root weld between carbon steel A106 B and
nickel alloy 82 to WJ sample showed polygonal ferrite and fine perlite to all conditions (7a,
7b and 7c). On finish weld region to AW and PWHT conditions (7d and 7e) were observed
polygonal ferrite (PF), grain boundary allotriomorphic ferrite F(GBA), acicular ferrite (AF),
perlite (P) and ferrite with martensite/austenite/carbides aligned F(AC) (28). The weld overlay
applied at WOL condition (7f) caused a grain refinement of polygonal structure. HAZ
microstructure of austenitic stainless steel 316L with nickel alloy 182 was composed by
growth austenitic grains to all conditions without deleterious phases.

According Figure 8, to WJ sample of WOL condition was observed growth austenitic grains
in HAZ between weld overlay and austenitic stainless steel 316L (8a). The HAZ between
weld overlay and carbon steel A106 B showed grain size refinement with ferrite polygonal
equiaxed grains (8b).

Electrochemical tests

The potentiodynamic polarization Tafel scans of welded joint (WJ), base metals ASTM A106
Gr. B (A 106 B) and ASTM 312 TP316L (316L) samples show their electrochemical
behavior at 3.5% wt. NaCl solution through Figure 9a, Figure 9b and Figure 9c, respectively.
In addition, the parameters of each test are listed in Table 3 to WJ samples, Table 4 to A 106
B samples and Table 5 to 316L samples.
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Polarization curves of conditions AW, PWHT and WOL were very similar at each sample.
The noblest corrosion potential was appointed by 316L samples, followed by WJ samples and
finally, A 106 B samples. Presence of filler metals nickel alloys may be the reason for this
intermediate position for WJ since such alloys are more resistant to corrosion (7-10). Both WJ
and Al 06 B polarization curves were predominately under anodic control unlike 316L that
was more influenced by cathodic reaction (27).

These similar curves behaviors lead to similar corrosion rate among conditions at each
sample, according Table 3, Table 4 and Table 5. Even considering standard deviation, this
similarity was maintained due to insignificant difference results between them. In addition,
the punctual presence of F(GBA), AF, PF, P and F(AC) microstructures at HAZ region
between carbon steel A106 B and nickel alloy 82 top pass were not sufficient to cause
significantly changes in electrochemical results, however some researches had been reported
the influence of the microstructure in the corrosion behavior (2, 24-31).

Conclusions

DMW sets involving carbon steel ASTM A-106 Gr. B, austenitic stainless steel ASTM 312
TP316L with nickel alloy 82 and 182 as filler metals was evaluated about corrosion effects in
NaCl 3.5% wt. solution through corrosion rate comparison among AW, PWHT and WOL
conditions. Furthermore, their microstructure were acquired

Microstructure of BM A106-B and BM 316L samples revealed no significant variation about
all conditions. Related to WJ samples, at 316L HAZ root weld and finish weld was observed
growth austenitic grains without deleterious phases to all conditions, whereas at A-106 B
HAZ root weld were observed polygonal ferrite and perlite to all conditions, too. Finish weld
region at A-106 B HAZ showed presence of polygonal ferrite (PF), grain boundary
allotriomorphic ferrite F(GBA), acicular ferrite (AF), perlite (P) and ferrite with
martensite/austenite/carbides aligned F(AC) microstructures to AW and PWHT samples. At
this region to WOL condition was observed a grain refinement. The HAZ between weld
overlay and A-106 B caused grain size refinement of ferrite polygonal equiaxed grains and
the HAZ between weld overlay and 316L caused growth austenitic grains. Dendrites grains
were observed at nickel alloys 82 and 182.

Electrochemical results showed the smallest corrosion rate to BM 316L, followed by WJ e,
finally BM A-106 G samples. It was not possible appoint the best condition (AW, PWHT and
WOL) of each sample (WJ, BM A-106 B and BM 316L) due to similar behaviors of showed
polarization curves and, consequently, similar results. Although some observed
microstructures could be decisive to electrochemical results, as acicular ferrite and polygonal
ferrite for instance, their punctual presence was not sufficient for that.

This work continues and its forward step will consist to evaluate susceptibility SCC of these
DMW sets in NaCl 3.5% wt. solution at room temperature by slow strain rate test.
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Figures

168.3 mm 131.7 mm

1-ASTM A-106 Gr B 3- Dissimilar welding alloy 182
2- Buttering and root weld alloy 82 4- ASTM A-312 TP 316L

Figure 1 — Schematic representation of DMW pipe (left) and DMW pipe (right)

and Marble.
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Figure 4 — Longitudinal section of DMW (a) AW, (b) PWHT and (c) WOL. Nital 2% and Marble.

Figure 5 — Micrographics of BM A106 B samples of AW (a), PWHT (b) and WOL (c,) conditions.

(b) (©
Figure 6 - Micrographics of BM 316L samples to AW (a), PWHT (b) and WOL (c) conditions.
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(©) f
Figure 6 — Micrographics root pass (a, b and c) of nickel alloys 82 and top pass (d, e and f) pass with
nickel alloy 182 to AW (a, d), PWHT (b, e) and WOL (c, f) conditions.

(d) (€ M
Figure 7 — Micrographics of MB A106 B samples showing ZTA root (a, b and c) and top (d, e and f)
pass with nickel alloy 82 to AW (a, d), PWHT (b, e) and WOL (c, f) conditions.

@) (b)
Figure 8 — Micrographics ZTA’s regions of 316L (a) and A106 B (b)
of WJ sample in WOL condition.
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Figura 9 —Polarization Tafel scans of WJ (a), A106 B (b) and 316L (c) samples at each condition.
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Tables
Table 1 — Nominal chemical composition (wt. %) of pipes and filler metals.
Metal/Elem. C Mn Si Cr Mo Nb Ti Ni Fe
A-106 0.30 0.29-1.06 0.10 0.40 0.15 - - 0.40 Bal
316L 0.035 2.00 1.00 16.00-18.00 2.00-3.00 - - 10.00-14.00 Bal
82 <0.10 2.50-3.50 <0.015 18.00-22.00 - 2.00-3.00 <0.75 >67.00 <3.00
182 <0.10 5,00-9.50 <0.015 13.00-17.00 - 1.00-2.50 <1.00 >59.00 <10.00

Table 2 — Welding parameters of DMW fabrication.

Local/filler metals Process Rod (mm) Current (A) Voltage (V) Velocity(mm/s)

Butter/82 GTAW 2.00 120-150  10.0-12.0 2.40-3.20
Root weld/82 GTAW 2.60 110-120  19.0-21.0 0.80-1.20
Fill weld/182 SMAW 3.60 115-130  20.0-22.0 1.50-2.00

Table 3 — Tafel parameters of JS samples at each condition.

Condition Ecorr icorr Corrosion Rate
(Ag/AgCD) (V) (105 Alcm?) (mm/year)
AW -0.589 + 0.022 293+0.77 0.03+£0.01
PWHT -0.517 £ 0.032 443+0.74 0.05%+0.01
WOL -0.589 + 0.018 4,01+0.16 0.05+0.00

Table 4 — Tafel parameters of A106 B samples at each condition.

Condition Ecorr icorr Corrosion Rate
(Ag/AgC) (V) (10° Alcm?) (mm/year)
AW -0.440 £ 0.010 1.08+0.13 0.13+0.02
PWHT -0.425 + 0.007 1.31+001 0.15+0.01
WOL -0.439 + 0.032 3.78+0.01 0.17+0.00

Table 5 — Tafel parameters of 316L samples at each condition.

- Ecorr icorr Corrosion Rate
Condition (Ag/AGCH (V) (10%.Alcm?) (umlyear)
AW -0.153 + 0.016 7.23+0.46 0.84+0.05
PWHT -0.118 + 0.029 433+0.84 050+0.10
WOL -0.139 + 0.027 5.66+0.63 0.66 +0.07
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